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MIXING TIME AND EIGENVALUES OF THE ABELIAN
SANDPILE MARKOV CHAIN

DANIEL C. JERISON, LIONEL LEVINE, AND JOHN PIKE

ABSTRACT. The abelian sandpile model defines a Markov chain whose states
are integer-valued functions on the vertices of a simple connected graph G. By
viewing this chain as a (nonreversible) random walk on an abelian group, we
give a formula for its eigenvalues and eigenvectors in terms of ‘multiplicative
harmonic functions’ on the vertices of G. We show that the spectral gap of
the sandpile chain is within a constant factor of the length of the shortest
non-integer vector in the dual Laplacian lattice, while the mixing time is at
most a constant times the smoothing parameter of the Laplacian lattice. We
find a surprising inverse relationship between the spectral gap of the sandpile
chain and that of simple random walk on G: If the latter has a sufficiently
large spectral gap, then the former has a small gap! In the case where G is the
complete graph on n vertices, we show that the sandpile chain exhibits cutoff

. 1 3
at time —on log n.

1. INTRODUCTION

Let G = (V,FE) be a simple connected graph with n vertices, one of which is
designated the sink s € V. A sandpile on G is a function

o:V\{s} >N
from the nonsink vertices to the nonnegative integers. In the abelian sandpile
model [4, 12], certain sandpiles are designated as stable, and any sandpile can be

stabilized by a sequence of local moves called topplings. (For the precise definitions
see Section 2.) Associated to the pair (G, s) is a Markov chain whose states are
the stable sandpiles. To advance the chain one time step, we choose a vertex v
uniformly at random, increase o(v) by one, and stabilize. We think of o(v) as the
number of sand grains at vertex v. Increasing it corresponds to dropping a single
grain of sand on the pile. Topplings redistribute sand, and the role of the sink is to
collect extra sand that falls off the pile.

This Markov chain (o¢)en can be viewed as a random walk on a finite abelian
group, the sandpile group, and consequently its stationary distribution is uniform on
the recurrent states. How long does it take to get close to this uniform distribution?
We seek to answer this question in terms of graph-theoretic properties of G and
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algebraic properties of its Laplacian. What graph properties control the mixing
time? In other words, how much randomly added sand is enough to make the
sandpile ‘forget’ its initial state?

As we will see in Section 2, the characters of the sandpile group are indexed by
multiplicative harmonic functions on G. These are functions

h:V —=C*
satisfying h(s) = 1 and
p(w)* =) — T h(w)
for all v € V, where deg(v) is the number of edges incident to v, and we write w ~ v
if {v,w} € E. There are finitely many such functions, and they form an abelian

group whose order is the number of spanning trees of G. Associated to each such
h is an eigenvalue of the sandpile chain,

=S o). (1)
veV

Our first result relates the spectral gap of the sandpile chain to the shortest
vector in a lattice. Both gap and lattice come in two flavors: continuous time
and discrete time. Writing H for the set of multiplicative harmonic functions, the
continuous time gap is defined as

Ye =min{l —Re(\,) : he H, h £ 1}
and the discrete time gap is defined as
Yo =min{l — |[Ap| : h € H, h £ 1}.

At times it will be useful to enumerate the vertices as V = {v1,...,v,}. In this
situation we always take v, to be the sink vertex. The full Laplacian of G is the
n X n matrix

deg(v;), i=1j
5(27.7) = 71a Vi ~ Vj (2)
0, else.

The reduced Laplacian, which we will denote by A, is the submatrix of A omitting
the last row and column (corresponding to the sink). Note that A is invertible, but
A is not, since its rows sum to zero.

The lattice that controls the continuous time gap is A~'Z"~!, the integer span
of the columns of A~!. To define the analogue for the discrete time gap, we consider
the Moore-Penrose pseudoinverse AT of the full Laplacian. We also define:

R{ : the subspace of vectors in R" whose coordinates sum to zero,
Zg - the set of vectors in Ry with integer coordinates,

W™ : the orthogonal projection of Z™ onto Rj.

Theorem 1.1. The spectral gap of the continuous time sandpile chain satisfies
2 2
8||y||2 <. < 27T2||?/H2’
n n

where y is a vector of minimal Euclidean length in (A=1Z"=1)\ Z"~1.
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The spectral gap of the discrete time sandpile chain satisfies
2 2
QB oyl
n n

where z is a vector of minimal Fuclidean length in (ATZE)\ W™,

The upper and lower bounds in Theorem 1.1 match up to a constant factor. In
Theorem 2.11 below, we will also prove a simple lower bound for the discrete time
gap, namely

8
> -
m (3)

where d, is the penultimate term in the nondecreasing degree sequence. The reason
for the appearance of the second-largest degree is that v, (unlike 7.) does not
depend on the choice of sink, which can be moved to the vertex of largest degree.

The standard bound of the mixing time in terms of the spectral gap is tmix =
0(7;1 log|G|) where G is the sandpile group. The size of this group—the number
of spanning trees of G—can be exponential in nlogd,, so the factor of log |G| can
be significant. The resulting upper bound on the mixing time obtained from (3)
is often far from the truth. To improve it, our next result gives an upper bound
for the L? mixing time of the sandpile chain in terms of a lattice invariant called
the smoothing parameter. Let A be a lattice in R™, and let V' = Span(A) C R™.
Denote the dual lattice by A* ={z € V : (z,y) € Z for all y € A}. For s > 0, the

function
Fals) = Z s N3
€A\ {0}
is continuous and strictly decreasing, with a limit of co as s — 0 and a limit of 0
as s — oo. For & > 0, the smoothing parameter of A is defined as 7. (A) := f1'(¢).

Theorem 1.2. Fiz € > 0 and let 0 be any recurrent state of the sandpile chain.
Let H and P. denote the distributions at time t of the continuous and discrete
time sandpile chains, respectively, started from o. The L? distances from U, the
uniform distribution on recurrent states, satisfy:

|H: —U||2 < e forall t > 11671 -2 (AZ" Y,

T
16

The smoothing parameter 7. can be bounded in terms of n and d,, allowing us
to show in Theorem 4.3 that every sandpile chain has mixing time of order at most
d?nlogn. In the case of the complete graph K,,, we use eigenfunctions to provide
a matching lower bound. The upper and lower bounds taken together demonstrate
that the sandpile chain on K, exhibits total variation cutoff.

|PL—Ul|3 <e forallt > —n-n2(AZ").

Theorem 1.3. Let P. be the distribution of the discrete time sandpile chain on
K, after t steps started at a fized recurrent state o, and let U be the uniform
distribution on recurrent states. For any ¢ > 5/4,

1
| Pt —Ulpy < e ¢ for all t > 472”3 log n + cn®,
I8

1
[P: = Ullry >1—e° forall 0 < ¢ < 472713 logn — cn®.
™
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While the lower bound is specific to K,,, the upper bound holds for any graph
with n vertices. Therefore, as the underlying graph varies with a fixed number of
vertices, the sandpile chain on the complete graph mixes asymptotically slowest:
For any graph sequence (,, such that G,, has n vertices,

tmix Gn
lim sup y

n—00 mix (Kn)

<1

1.1. An inverse relationship for spectral gaps. Given the central role of the
graph Laplacian A in Theorems 1.1 and 1.2, one might ask how the eigenvalues
{An : h € H} of the sandpile chain relate to the eigenvalues of the Laplacian itself.
In particular, how does mixing of the sandpile chain on G relate to mixing of the
simple random walk on G?7 The sandpile chain typically has an exponentially larger
state space, so there is not necessarily a simple relationship. Indeed, certain local
features of G that have little effect on the Laplacian spectrum can decrease the
spectral gap of the sandpile chain. An example is the existence of two vertices z,y
with a common neighborhood, which enables the multiplicative harmonic function

h(z) =>4, h(y) =e>™/4  h(z)=1for z # z,y,

where d = deg(x) = deg(y). The corresponding eigenvalue A, is close to 1, so the
spectral gap of the sandpile chain is rather small whenever two such vertices exist.

Nevertheless there is a curious inverse relationship between the spectral gap of
the sandpile chain and the spectral gap of the Laplacian. According to our next
result, if the simple random walk on G mixes sufficiently quickly, then the sandpile
chain on G mixes slowly!

Theorem 1.4. The spectral gap of the discrete time sandpile chain satisfies

< 472
4= B2y

where 0 = By < B1 < -+ < Bn_1 are the eigenvalues of the full Laplacian A.

For a bounded degree expander graph, this upper bound on v; matches the lower
bound (3) up to a constant factor.

1.2. Related work. We were drawn to the topic of sandpile mixing times in part
by its intrinsic mathematical interest and in part by questions arising in statistical
physics. Many questions about the sandpile model, even if they appear unrelated
to mixing, seem to lead inevitably to the study of its mixing time. For instance,
the failure of the ‘density conjecture’ [15, 24, 32] and the distinction between the
stationary and threshold states [27] are consequences of slow mixing. Our char-
acterization of the eigenvalues of the sandpile chain may also help explain the
recent finding of ‘memory on two time scales’ for the sandpile dynamics on the
2-dimensional square grid [34].

The significance of the characters of G for the sandpile model was first remarked
by Dhar, Ruelle, Sen and Verma [11], who in particular analyzed the sandpile group
of the square grid graph with sink at the boundary. Our multiplicative harmonic
functions h are related to the toppling invariants @ of [11] by h = €27,

In the combinatorics literature the abelian sandpile model is known as ‘chip-
firing’ [8]. For an alternative construction of the sandpile group, using flows on the
edges instead of functions on the vertices, see [3]; also [7] and [19, Ch. 14]. The
geometry of the Laplacian lattice AZ" is studied in [I, 31] in connection with the
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combinatorial Riemann-Roch theorem of Baker and Norine [5]. We do not know
of a direct connection between that theorem and sandpile mixing times, but the
central role of the Laplacian lattice in both is suggestive.

The pseudoinverse At has appeared before in the context of sandpiles: It is used
by Bjorner, Lovdsz and Shor [8] to bound the number of topplings until a configu-

ration stabilizes; see [20] for a recent improvement. In addition, the pseudoinverse
is a crucial ingredient in the ‘energy pairing’ of Baker and Shokrieh [0].
The smoothing parameter was introduced by Micciancio and Regev [29] in the

context of lattice-based cryptography. Our interest lies in results that relate the
smoothing parameter to other lattice invariants, many of which have natural inter-
pretations in the setting of the sandpile chain. Relationships of this kind have been
found by [30, 17, 36].

1.3. Outline. After formally defining the sandpile chain and recalling how it can be
expressed as a random walk on the sandpile group, Section 2 applies the classical
eigenvalue formulas and mixing bounds for random walk on a group, giving the
characterization (1) of eigenvalues in terms of multiplicative harmonic functions.
Although the sandpile chain is nonreversible in general, the usual mixing bounds
hold thanks to the orthogonality of the characters of the sandpile group. Our
first application of (1) is the lower bound (3) on the spectral gap 4. Section 2
concludes by showing how one can sometimes exploit local features of G, which we
call ‘gadgets,” to infer an upper bound on 74. In many cases, this upper bound
matches the lower bound from (3) up to a constant factor.

The next two sections are the heart of the paper. Section 3 proves a correspon-
dence between multiplicative harmonic functions and equivalence classes of vectors
in the dual Laplacian lattices A=1Z"~! and A*Z?, leading to Theorems 1.1 and 1.4.
Section 4 proves Theorem 1.2 and thereby obtains sharp bounds on mixing time in
terms of the number of vertices and maximum degree of G.

The final Section 5 treats several examples: cycles, complete and complete bi-
partite graphs, the torus, and ‘rooted sums.” For the complete graph, we show a
lower bound on mixing time that matches the upper bound from Section 4, proving
Theorem 1.3. The examples are collected in one place to improve the flow of the
paper, but some readers will want to look at them before or in parallel to reading
the proofs in Sections 3 and 4.

1.4. Notation. Throughout the paper, N = {0,1,2,...} and log is the natural
logarithm. We denote the usual inner product and Euclidean norm on R™ by (-, )
and ||-||2. We use standard Landau notation: f(n) = o(g(n)) if lim,,« f(n)/g(n) =
0; f(n) = O(g(n)) if f(n) < Cg(n) for some C' < co and all n; f(n) = Q(g(n)) if
f(n) > cg(n) for some ¢ > 0 and all n; and f(n) = O(g(n)) if f(n) = O(g(n)) and
f(n) =Q(g(n)). At times we write f(n) < g(n) to mean f(n) = o(g(n)).

2. THE SANDPILE CHAIN

We begin by formally defining the sandpile chain. Let G = (V, E) be a simple
connected graph with finite vertex set V' = {vy,...,v,}. We call v, the sink and
write s = wv,. A sandpile is a collection of indistinguishable chips distributed
amongst the non-sink vertices V = V \ {s}, and thus can be represented by a
function 7 : V — N. The configuration n corresponds to the sandpile with n(v)

chips at vertex v. We say that 7 is stable at the vertex v € V if n(v) < deg(v),
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and say that n is stable if it is stable at each non-sink vertex. If the number of
chips at v is greater than or equal to its degree, then the vertex is allowed to topple,
sending one chip to each of its neighbors. This leads to the new configuration 7’
with 7/(v) = n(v) — deg(v) and n'(u) = n(u) + 1 if {u,v} € E, and n'(u) = n(u)
otherwise. Toppling v may cause other vertices to become unstable, which can lead
to further topplings, and any chip that falls into the sink is gone forever. Since we
are assuming that GG is connected, the presence of the sink ensures that one can
reach a stable sandpile from any initial configuration (in finitely many steps) by
successively performing topplings at unstable sites. An easy argument shows that
the final stable configuration, which we denote by 77°, does not depend on the order
in which the topplings are carried out, hence the appelation abelian sandpile [12].

Define the sum of two configurations by (o + n)(v) = o(v) + n(v). The abelian
property shows that if we restrict our attention to the set of stable configurations
S ={neN" :y(v) < deg(v) for all v € V}, then the operation of addition followed
by stabilization, n@o = (n+0)°, makes S into a commutative monoid. The identity
is the empty configuration ¢ = 0. In light of this semigroup structure, it is natural
to consider random walks on S: If i is a probability on S, then beginning with some
initial state ng, define ny41 = n¢ @ o411 where 01,09, ... are drawn independently
from p. A natural candidate for p is the uniform distribution on the configurations
dy(u) = 1{u = v} as v ranges over V. (Note that d; = ¢.) In words, at each time
step we add a chip to a random vertex and stabilize. N

Now define the saturated configuration by n.(v) = deg(v) — 1 for each v € V.
Our assumptions ensure that from any initial state, the random walk on S driven
by the uniform distribution on {d, },ev will visit 7, in finitely many steps with
full probability. (If M = > i (deg(v) — 1), then the probability of visiting 7.
within M steps from any stable configuration is at least n=.) The random walk
will thus eventually be absorbed by the communicating class G = {n € S : n =
N. @ o for some o € §}. Accordingly, the configurations in G are called recurrent.
In the language of semigroups, G = 1, @ S is the minimal ideal of §. To see that
this is so, suppose that Z is an ideal of S (that is, Z& S C 7) and let o € Z. Define
o(v) =deg(v) —1—o(v). Theng € S,s0n. =c+a=0®7€ZHS CZ, hence
G C Z. As the minimal ideal of a commutative semigroup, G is a nonempty abelian
group under @. (Briefly, for any a € G, G C a® G C G since G is the minimal ideal,
hence a & = = b has a solution in G for all a,b € G.) The article [2] contains an
excellent exposition of this perspective.

Because the random walk will eventually end up in the sandpile group G anyway,
it makes sense to restrict the state space to G to begin with. Rather than thinking
of this Markov chain in terms of S acting on G, it is more convenient to consider
it as a random walk on G so that we may draw on a rich existing theory. To this
end, let id denote the identity in G (which is not equal to ¢ in general). Then
for each v € V, 0, := §, ® id € G since G is an ideal of S containing id. Also,
oy ®n =10, ®id®dn = 9,®n for all n € G. The process of successively adding chips
to random vertices and stabilizing can thus be represented as the random walk on
G driven by the uniform distribution on .S = {O'U}vev.l Since G is an abelian group
generated by S, we can conclude, for example, that the chain is irreducible with

IMore precisely, the pushforward of the uniform distribution on V' under the map v — oy.
Lemma 4.6 in [5] implies that the o,’s are distinct as elements of G if and only if G is 2-edge
connected.
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uniform stationary distribution and that the characters of G form an orthonormal
basis of eigenfunctions for the transition operator [33].

Though the foregoing is all very nice in theory, even computing the identity
element of the sandpile group of a specific graph in these abstract terms is typically
quite involved, so it is useful to establish a more concrete realization of G. Recall
that the reduced Laplacian A of G is the (n — 1) x (n — 1) submatrix of the full
Laplacian A formed by deleting the nth row and column (corresponding to the sink
vertex). We claim that

g ~ Zn_l/AZn_l,

an isomorphism being given by n > (n(v1),...,m(vn_1)) + AZ"" L. Note that this
implies that |G| = det(A), which is equal to the number of spanning trees in G
by the matrix-tree theorem [35]. The interpretation is that z € Z"~! corresponds
to the configuration having z; chips at vertex v;, where we are allowing vertices to
have a negative number of chips—a hole or a debt, say. For z € Z"~!, adding Az to
z corresponds to performing —z; topplings at each vertex v;. (A negative toppling
means that the vertex takes one chip from each of its neighbors.) Isomorphism is
established by showing that each coset contains exactly one vector corresponding to
a recurrent configuration. One way to see this is to observe that the lattice AZ"~!
contains points with arbitrarily large smallest coordinate, so from any z € Z"™ !,
there is an z € AZ"~! with (z + 2); > deg(v;) for all 1 <i < n — 1. Then use the
fact that stabilizing such a configuration amounts to adding some y € AZ"~! and
results in a unique recurrent configuration. We refer the reader to [21] for a more
detailed account.

In this view, the sandpile chain is a random walk on I' := Z"~1/AZ"~! driven
by the uniform distribution on {ey,...,e,_1,0}, where e; is the vector with a one
in the ith coordinate and zeros elsewhere. Geometrically, we are performing a
random walk on the positive orthant of Z"~! by taking steps of unit length in a
direction chosen uniformly at random from the standard basis vectors of Z"~! (with
a holding probability of 1/n), but we are concerned only with our relative location
within cells of the lattice AZ"~!.

2.1. Spectral properties. Since the sandpile chain is a random walk on a finite
abelian group I', we can find the eigenvalues and eigenfunctions of the associated
transition matrix in terms of the characters of I', that is, elements of the dual group

[ := Hom(T, T)

where T is the set of complex numbers of modulus 1. We emphasize that the
sandpile chain is not reversible in general, as our generating set {ej,...,e,_1,0} is
generally not closed under negation modulo AZ" !, Nevertheless we will see that
the usual bounds on mixing still hold due to orthogonality of the characters.

Our starting point is the following well-known lemma, which is particularly sim-
ple in our case thanks to the fact that all irreducible representations of an abelian
group are one-dimensional. See [13] for the general (nonabelian) case.

Lemma 2.1. If p is a probability on a finite abelian group A, then the transition
matriz for the associated random walk has an orthonormal basis of eigenfunctions
consisting of the characters of A. The eigenvalue corresponding to a character x is
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given by the evaluation of the Fourier transform
Al =Y nla)x(a).
acA

Proof. Let Q(z,y) = p(yr~!) denote the transition matrix. For any character Y,
we have

(@0(z) =D Qz,y)x(y) = Y plyz™ x(v)

yeA yEA
= Z w(z)x(zz) = x(z) Z n(2)x(2),
2€A z€EA

hence x is an eigenfunction with eigenvalue fi(x). The result follows by observing
that there are |A| characters and they are orthonormal with respect to the standard

inner product (f,g) = ﬁ > aca fla)g(a) on cA. O

To apply the preceding lemma, we are going to express the characters of the
abstract group I' in terms of functions defined on the vertices of our graph G.
These are the multiplicative harmonic functions

h:V =T
satisfying h(s) = 1 and
h()*5®) = TT h(u) (4)

for all v € V. We will refer to (4) as the ‘geometric mean value property’ at vertex
v. We pause to make two remarks about this definition.

Remark 2.2. We could equivalently take the codomain of & to be all nonzero com-
plex numbers. The geometric mean value property implies A(log|h|) = 0, so log |A|
is a constant function. Since h(s) = 1 it follows that h takes values on the unit
circle T.

Remark 2.3. The identity
[T rw)ts® = TT 11 aw) ()
veV veV u~v

holds for any function h. Therefore if the geometric mean value property holds at

every vertex but one, then in fact it holds at every vertex.

Denote by H the set of all multiplicative harmonic functions on G. This set is
nonempty since it contains the constant function 1. One readily checks that it is
an abelian group under pointwise multiplication.

For each h € H, define x}, : Z"~! — T by

n—1

Xi(z) = [T hlvs)™, (6)

j=1

and define yj, : Z" 7' /AZ"™! — T by xp(z + AZ"') = x},(2). The ensuing proof
shows that xyp is well-defined.

Lemma 2.4. The characters of T are precisely {xn }thewu-
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Proof. From (6), each function ), is a homomorphism. For each standard basis
vector e; € Z" 1,

Ya(Aey) = hv) =@ T hw)™ =1, (7)

VU,

using the geometric mean value property and h(s) = 1. Therefore x}, is constant
on cosets of AZ" ! and thus descends to Y, € T.

Conversely, every x € T lifts to a homomorphism x’ : Z"~! — T that is identi-
cally 1 on AZ"~!. Define h: V — T by h(v;) = x'(e;) for j <n —1 and h(s) = 1.
Since x’ is a homomorphism, it satisfies equation (6), so x = x5. By equation (7),
h satisfies the geometric mean value property at every non-sink vertex, implying
that h € H. O

Observe that the map h — xp, gives an isomorphism between H and T. Since I is
a finite abelian group, we have H = IS G. Thus examining the multiplicative
harmonic functions on G can give insights about the structure of the corresponding
sandpile group. For example, the following proposition gives another way to see
that the sandpile group of an undirected graph does not depend on the choice of
sink.

Proposition 2.5. If H, denotes the group of multiplicative harmonic functions on
G with sink at v, then the map ¢ : Hy — Hay given by ¢(h)(v) = h(w) " h(v) is an
isomorphism.

Returning to the language of sandpiles, we see that the characters of G are the
functions {f; : G — T}ren, where

fu(m) =TT h(o)"™.
vev
Thus Lemma 2.1 implies the following.

Theorem 2.6. An orthonormal basis of eigenfunctions for the transition matriz
of the sandpile chain on G is {fn}ren. The eigenvalue associated with fp, is

1
Ap = — .
R n E h(v)
veV

Proof. Letting p denote the uniform distribution on {o, } ,cy, we see that the eigen-
value associated with fj is

P = i) = 30 2 fulon) = - 3 hio). O

neg veV veV

Before proceeding to our main topic of mixing times, we remark on two ways to
extend the above analysis.

Remark 2.7. Theorem 2.6 holds for an arbitrary chip-addition distribution g, with
the only change being that f, then has eigenvalue Ay = > .y p(v)h(v). For
example, we may choose to add chips at a uniform nonsink vertex, in which case
the eigenvalue associated with fj, is

= e S ).

veV
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Since the only multiplicative harmonic function that is constant on Vish=1 (as
can be seen by applying the geometric mean value property at a neighbor of the
sink), we have |Xh| < 1 for all nontrivial h € H. Therefore, this ‘non-lazy’ version
of the sandpile chain is aperiodic despite the lack of holding probabilities.

Remark 2.8. Suppose that G is a directed multigraph in which every vertex has a
directed path to the sink. In this setting there is a Laplacian A analogous to (2)
although it is no longer a symmetric matrix: its off-diagonal entries are Ao = —Cuv
where ey, is the number of edges directed from w to v, and its diagonal entries
are Ayy = dy — ey where d,, is the outdegree of vertex u. The sandpile group is
naturally isomorphic to Z"~!/ATZ"~! where A is the transpose of the submatrix
omitting the row and column of A corresponding to the sink s. Unlike in the
undirected case, this group may depend on the choice of s (but see [14, Theorem
2.10]). If we define

Hs = {h : V — T such that h(s) = 1 and h(u)®™ = H h(v)¢= for all u # s}
veV
then nearly all of this section carries over to the directed case. The exceptions are
(5) and Proposition 2.5, which hold only when G is Eulerian.

2.2. Mixing times. Since the sandpile chain is an irreducible and aperiodic ran-
dom walk on a finite group, the law of the chain at time ¢ approaches the uniform
distribution on G as t — co. Our interest is in the rate of convergence. To avoid
trivialities, we assume throughout that G is not a tree, so that |G| > 1.

The metrics we consider are the L? distance
1

= vlla = (1613 Iug) = v(9)?)”
g9€g
and the total variation distance
= vlirv = 5 7 o) — vl)| = max (u(4) ~ v(4)
9g€eg -

Note that Cauchy-Schwarz immediately implies || — v||rv < 3[lp — vll2.

We always assume that the chain is started from a deterministic state o € G. As
a random walk on a group, the distance to stationarity after ¢ steps under either
of these metrics is independent of o, so without loss of generality we take o = id
henceforth. Writing P}, for the distribution of the sandpile chain at time ¢ and U
for the uniform distribution on G, the following lemma (proved in [33]) shows that
|Pt, — Ull2 is completely determined by the eigenvalues from Theorem 2.6.

Lemma 2.9. Let Q% be the t-step distribution of a random walk on a finite abelian
group A started at the identity and driven by a probability measure u, and let w be
the uniform distribution on A. Then

QL — =3 =D IRC)I*
x#1
where the sum is over all nontrivial characters.

For the sandpile chain, this says that

1P - U= > [l (®)

heH\{1}
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Lemma 2.9 is a special case of the famous Fourier bound from [13]. Tt also follows
by an eigenfunction expansion exactly as in the standard proof of the spectral bound
for reversible chains (see [26, Ch. 12]). Though sandpile chains are not reversible in
general, many of the same arguments still apply because of the orthogonality of the
eigenfunctions. Probabilistically, this orthogonality is equivalent to the statement
that the transition operator commutes with its time reversal.

Total variation convergence rates can also be estimated in terms of spectral
information. To make this precise, we introduce some terminology. Let A, =
maxp e\ (1} |An| denote the size of the subdominant eigenvalue of P. The (discrete
time) spectral gap is defined as 74 = 1 — A, and the relazation time as te = fyd_l.
The mizing time is tmix(e) = min{t € N : |Pf, — Ullrv < €}. The following
proposition is standard for reversible Markov chains. It holds in our context as well
using the above definition of relaxation time.

Proposition 2.10. The mixing time of the sandpile chain satisfies

1 3
log (25) (tret — 1) <tmix(e) < {bg (LZL > trel“ .

Proof. The upper bound follows from (8) and the L? bound on total variation by
bounding the summands with A2!. Arithmetic manipulations then give the mixing
time bound; see [26, Ch. 12] for details.

The lower bound is Theorem 12.4 from [26]. Reversibility is used there only to
conclude that the constant function is orthogonal to nontrivial eigenfunctions in the
inner product weighted by the stationary distribution. However, the same state-
ment holds also for nonreversible chains since the stationary distribution, as a left
eigenfunction with eigenvalue 1, is orthogonal to all nontrivial right eigenfunctions
under the standard inner product. (Il

Our next result gives a universal lower bound on the spectral gap 4 (and thus
an upper bound on t,¢) in terms of the number of vertices n and the second largest
degree d, of the underlying graph.

Theorem 2.11. Suppose that G has degree sequence dy < -+- < d,—1 < d,, and
set dy = dp_1. Then the spectral gap of the (discrete time) sandpile chain on G
satisfies

The proof uses the following inequality.

Lemma 2.12. Suppose 0 < r < 27. Then cos(x) < 1 — cx? for all |x| < r, where
17(2025(7’)

Proof. Let f(z) = [1 — cos(z)] /22, with f(0) = 1/2 so that f is continuous on R.
We will show that f is decreasing on the interval [0, 27]. The inequality f(z) > f(r)
for 0 < z < r < 27 rearranges into the desired inequality cos(z) < 1 — cx?. Since
f is even, the inequality also holds when —27 < —r <z < 0.

We have f'(x) = g(x)/x3, where g(x) = zsin(z) —2(1 —cos(x)). Thus, it suffices
to show that g is negative on the interval (0,27). Note that g(0) = g(27) = 0.
As well, ¢'(z) = x cos(z) — sin(x) and ¢’ (z) = —x sin(x). This means ¢’ is strictly
decreasing for x € [0, 7] and strictly increasing for z € [, 27]. Since ¢’(0) = 0 and

CcC =
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g’ (2m) = 2m, there is xg € (7, 27) such that ¢’(xg) = 0 and ¢'(z) < 0 for z € (0, x9)
and ¢'(x) > 0 for « € (x,27]. Therefore g is strictly decreasing for « € [0, x¢] and
strictly increasing for z € [zg, 27]. Because ¢g(0) = g(27) = 0, we conclude that
g(x) < 0 for z € (0,2m), as desired. O

Proof of Theorem 2.11. We note at the outset that Proposition 2.5 implies that
the moduli of the eigenvalues are invariant under change of sink, so we may as-
sume without loss of generality that s is located at a vertex of maximum degree.
Accordingly, deg(v) < d, for all v € V.

Now fix h € H and suppose that there exists an arc C,, = {€? : 2ma < 6 < 27b}
with 0 < b — a < 1/d, such that h(v) € Cyyp for every v € V. We will show this
implies h = 1. Write h(v) = >™9(") where g : V — [a,b]. Note that for all v € V,

Ag(v) =Y (9(v) — g(w))

wn~v

is an integer, by the geometric mean value property of h at v. On the other hand,
since g(V) € [a,b),

[Ag(v)| <> lg(v) — g(w)| < du(b—a) < 1

w~v

for all v € V. Since the left side is an integer it must be zero, so g is harmonic on
V in the usual sense. Uniqueness of harmonic extensions implies g = ¢(s) and thus
h = h(s) =1, as desired.

For any fixed h € H \ {1} write A\, = re? with r > 0. The preceding argument
shows that h(V) is not contained in any segment of the unit circle having arc
length less than 27 /d,. For each v € V, let A(v) be the unique angle —7 < ¢ <7
such that h(v) = e+, Let ¢; = minyey A(v) and ¢y = max,cy A(v), so that
¢2 — ¢1 > 27 /d,. We have

[An] = % Z cos(A(v)) < % [n— 24 cos(p1) + cos(¢a)] .
veV

Using the identity

cos(¢1) + cos(¢2) = 2 cos (QJ)Z —; ¢1> cos (qbg ; qbl) < 2cos (W) :

along with 7/d, < (¢2 — ¢1)/2 < 7 and the fact that cosine is decreasing on [0, 7],

we have
1
[An| < — {n—2+2cos <7T)] .
n dy

Recalling our assumption that G is not a tree, 7/d, < 7/2, so Lemma 2.12 gives

1 4 7\ 2 8
< —_ — _ — _— = _ —_—
Anl < n [n 2+2 (1 2 (d*) >] L d2n H

Note that the number of stable configurations, and thus the order of the sandpile
group, is at most d?~!, so it follows from Theorem 2.11 and Proposition 2.10 that
tmix(€) = O ((d?logd.)n?). In Section 4, we will show that this bound can be

improved to O (dfnlog n)
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2.3. Gadgets. In many cases, one can determine the order of the relaxation time
tre1 of the sandpile chain by constructing just a single multiplicative harmonic func-
tion. For bounded degree graphs, Theorem 2.11 shows that ¢,.; = O(n). Thus to
show that t.e) = ©(n), it suffices to find an h € H with |Ay| > 1 — C/n for some
constant C'. Since the eigenvalues are all of the form A, = = 3> i, h(v), we see that
large eigenvalues correspond to ‘nearly constant’ multiplicative harmonic functions.
In particular, if there is an h € H which is constant on U C V with |V \ U| = m,
then [Ap| > (n — 2m)/n.

For example, consider the m-fold Sierpinski gasket graph SGo(m) defined recur-
sively as follows: SG2(0) is the triangle K3 and SG2(m) for m > 1 is obtained by
gluing three copies of SG5(m — 1) to obtain a triangle with center cut out. We take
the ‘topmost’ vertex as the sink (Figure 1).

S S
C a
a
b b
SG,(1) SG(2)

FI1GURE 1. Sierpinski Gasket Graphs

It is easy to see that SG(m) has [V (m)| = 3 (3™ + 3) vertices, and it is known
[9] that the number of spanning trees is |G (SGa(m))| = 22380 570m) with
a(m) =1 (3m-1), B(m) =1 (3" +2m+1), v(m) = 2 (3™ —2m — 1). To the
best of the authors’ knowledge, the invariant factor decomposition of G (SG2(m))
is an open problem.

Each SG2(m) contains a copy of SG5(1) in the lower right corner. Referring to
Figure 1, define h by h(a) = h(b) = h(c) = —1 where a,b, ¢ are the three inner
vertices of this copy of SG2(1); and h(v) = 1 for all other vertices v of SGa(m).
Then h is multiplicative harmonic with associated eigenvalue A\p, = 1 — 6/|V(m)],
hence the relaxation time is Q (|V(m)|). Since SGz(m) has bounded degree, we
conclude that t,) = O]V (m)]).

Because large eigenvalues so often arise in this fashion, it is useful to introduce
the following definition.

Definition 2.13. Let G’ = (V', E’) be a vertex induced subgraph of G, and let A/
be a function from V' to T. We call (G, h') a gadget of size m > 0 in G if:

(1) K satisfies the geometric mean value property (with respect to G') at every
veV.

(2) The interior int(V') ={v € V' : h/(v) # 1} has size m.

(3) The boundary OV’ =V’ \ int(V') contains the subgraph boundary
{v/ e V' : {v',u} € E for some u € V\ V'}.

Often we refer to the gadget (G', h') simply as G’ for convenience. For example,
the Sierpinski gasket graph SGa(m) has a gadget SG2(1) of size |{a,b,c}| = 3.
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. . . . 2
Proposition 2.14. If (G', ') is a gadget of size m in G, then vg < <™.

Proof. Since 74 is independent of the choice of sink vertex, we may assume that
s ¢ int(V’). Define h : V — Tby h=h" on V' and h=1o0on V\ V', Tt is easily
checked that h € H(G) and |\n| > Re(Ay) > 1 — 22, O

n

The next example shows that a gadget can have size as small as 2. Suppose that
v1,v2 € V have common neighborhood N = {u € V:iu~vi} ={u €V : u~ vy}
with d = |[N| > 1. Then the induced subgraph with vertex set V' = int(V’) U 9V’,
int(V’') = {vy,v2}, OV’ = N, is a gadget of size 2 in G. Indeed, if w is any nontrivial
dth root of unity, then the function h: V' — T given by

w, v=u;
h(v) =< w™, v=1uy
1, else

is multiplicative harmonic on G. Taking w = e2™/¢_ the eigenvalue corresponding
tohis A\, =1— % (1 — cos (%’T)) Thus, in any graph on n vertices, two of which
have the same neighborhood of size d, the spectral gap of the discrete time sandpile
chain has order at most 1/(d?n).

The common neighborhood gadget can also be understood from a more proba-
bilistic perspective. The eigenfunction corresponding to h gives information about
the difference mod d between the number of chips at vy and vs. For the chain to
equilibrate, it must run long enough for this mod d difference to randomize. Since
v1 and wve have all neighbors in common, the mod d difference is invariant under
toppling; it changes only when a chip is added at v; or vs.

Small gadgets can drastically affect the mixing time of the sandpile chain. For
example, the sandpile chain on the cycle C,, mixes completely after a single step
(see Section 5); but if we add just two extra vertices u, w and 2d extra edges {u, v;}
and {w,v;}, j =1,...,d for some d > 2, then the relaxation time of the sandpile
chain becomes Q(d?n).

The following theorem provides one way to rule out the presence of a small
gadget.

Theorem 2.15. If G has girth g, then all gadgets in G have size at least g/2.

Proof. We note at the outset that the relevant definitions preclude the existence
of gadgets of size 1, so the theorem is vacuously true when g < 4. When g > 5,
assume for the sake of contradiction that G = (V, E) is a counterexample having
vertex set of minimum size. Let (G',h’) be a gadget in G whose interior W has
size |W| < g/2, and let h be the extension of h’ to V' by setting h =1 on V' \ V| so
that h satisfies the geometric mean value property at every v € V. Any vertex of
degree 1 could be deleted without affecting the girth of G or the value of h at the
other vertices, so by minimality, every vertex of G has degree at least 2.

We now define a new graph K on the vertex set W. We draw an edge between
the distinct vertices a,b € W if {a,b} € E or if there exists ¢ € V \ W with
{a,c},{b,c} € E. Since any cycle in K would give rise to a cycle in G of length
at most 2|W/|, the graph K has no cycles. Therefore there is a € W such that
degg(a) =0 or 1.

Since degg(a) > 2, the vertex a has at least one G-neighbor v € V'\ W. If v has
no other neighbors in W, then 1 = h(v)d°8®) =] h(w) = h(a), a contradiction.
Therefore v is adjacent to some b € W, which must be the unique K-neighbor of
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a. The edge {a,b} ¢ E because G has no triangles. Thus a has no G-neighbors in
W, and it must have another G-neighbor v € V' \ W. By the reasoning used for
v, v’ is also adjacent to b. But now the edges {a, v}, {v,b}, {b,v'}, {v',a} form an
illegal 4-cycle in G. This contradiction proves the theorem. ([l

3. DUAL LATTICES

In Section 2 we saw that the sandpile chain is a random walk on the lattice
quotient I' = Z"~1/AZ"=! . Tts character group I' is naturally isomorphic to

f o (Aflznfl)/znfl.

We refer to A1Z"~1 as the dual Laplacian lattice because it equals (AZ"~1)*
{x € R"™! : (z,y) € Z for all y € AZ"~'}. Since the group H of multiplicative
harmonic functions is isomorphic to T’ (see Lemma 2.4), each h € H can be identified
with an equivalence class zj, + Z" 1 C A='Z"1 of dual lattice vectors.

Given h € H, choose z;, € A~'Z""! of minimal Euclidean length that corre-
sponds to h. The first main result in this section, Theorem 3.4, relates the length
sz to the eigenvalue A, = 23 1 h(v) of the sandpile chain. Specifically, the
length ||xp|2 determines the gap 1 — Re(Ay) up to a constant factor. This prop-
erty lets us translate information about the lengths of dual lattice vectors into
information about the convergence of the continuous time sandpile chain.

What about the discrete time sandpile chain? As it turns out, we get parallel
results to the continuous case if we use a slightly different dual lattice, constructed
using the pseudoinverse of the full Laplacian matrix A. The pseudoinverse con-
struction leads to a quick proof of Theorem 1.4, which states that if the spectral
gap of A is large, then the spectral gap of the discrete time sandpile chain is small.

This section is organized as follows. Section 3.1 provides preliminary details
about the discrete and continuous time sandpile chains. Sections 3.2 and 3.3 con-
struct the two dual lattices and prove the correspondence between dual lattice
vector lengths and sandpile chain eigenvalues. Section 3.4 proves the inverse re-
lationship (Theorem 1.4) and uses it to determine the order of the sandpile chain
spectral gap for families of expander graphs.

3.1. Discrete and continuous time. In this subsection we compare the discrete
time sandpile chain with its continuous time analogue. In discrete time, the mix-
ing properties are essentially independent of the choice of sink vertex, while in
continuous time, the choice of sink can affect the mixing by up to a factor of n.
Recall that the transition matrix P for the discrete time sandpile chain has
eigenvalues {\; : h € H}, where A\, = L3 _ h(v). The continuous time chain,
which proceeds by dropping chips according to a rate 1 Poisson process, has kernel

=Y et P’“ (n.0) = e U=, 0).

k=0

The eigenvalues of H' are {e~*(1=2) . b € H}.
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If the chains are started from the identity configuration, then after time ¢ the L?
distances from the uniform distribution U are

1P = Uls =" > [l

heH\{1}
|HE, — U2 = Z ’eft(l—Ah)r _ Z o—2t(1=Re(An))
heH\{1} heH\{1}

The mixing of the discrete time chain is controlled by the eigenvalues with mod-
ulus close to 1, while the mixing of the continuous time chain is controlled by the
eigenvalues with real part close to 1. This motivates the definitions for the discrete
and continuous time spectral gaps given in Section 1:

v =min{l = |\t h € M, h# 1},
~ve = min{l — Re(A\p) : h € H, h £ 1}.

Proposition 3.1. Fvery eigenvalue A\, of the discrete time sandpile chain satisfies
1—|Anl <1—=Re(An) <n(l—|A)).

Hence a4 < e < nva.

Proof. The lower bound is immediate. For the upper bound, since h(s) = 1, we
can write

A = %[1 +(n—1)2,

where z = - > pei M(v) satisfies 2| < 1. Therefore

n—1

1~ Re(Ay) = “—1

[1 = Re(z)]
and
An|® = % [1+2(n —1)Re(2) + (n—1)%|2%] .

Using that |z|2 <1,

-2 2000 e = 2 1 Re(uw).
Hence
1= Re(M) < 2 (14 ) = al) < n(1 = [An)): O

We have seen that the magnitudes |\ |, and thus the values of v4 and ||P¥,—U||2,
do not depend on the location of the sink. By contrast, the choice of sink can affect
the values of . and ||Hf; — U||2. Proposition 3.1 shows that the value of 7. cannot
vary by more than a factor of n. In Section 5, we will see two examples where
moving the sink changes «. by a factor of roughly n/2.

3.2. Dual lattice: Continuous time. In this subsection, we define the first of
two dual lattices and describe the correspondence between multiplicative harmonic
functions and dual lattice vectors. Then we show the relationship between lengths
of dual lattice vectors and eigenvalues of the continuous time sandpile chain.
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Proposition 3.2. The map from A=1Z"~' — H given by
e if1<j<n—1,
1 ifj=mn,

is a surjective homomorphism with kernel Z"~'. Therefore H =2 A‘lZ”_l/Zn_l.

x:(xh...,mnl)n—)h(vj):{ (9)

We treat = as a column vector; the notation = (z1,...,2,-1) is purely for
convenience.

Proof. Suppose x* € R"~! maps to h by (9). We claim that h € H if and only if
Az € Z"!. Indeed, h satisfies the geometric mean value property at v; # s if and
only if

1= h(vj)deg(vj) H h(vg) ™! = h(vj)deg(vj) H h(vg) ™",

V™~V Vg ~v;

VEFES
where the second equality holds because h(s) = 1. As the right-hand side is

exp(Qm':I:j deg(v;) — Z 27m':1:k) = ?mi(AT);
1<k<n-—1:
VLN
we see that Ax € Z"~! if and only if h satisfies the geometric mean value property
at every non-sink vertex (and thus at the sink as well by Remark 2.3).
It follows that (9) defines a surjective homomorphism from A='Z"~1 to H. It is
immediate from the definition that the kernel is Z"~1. O

Remark 3.3. The isomorphism H = A~!'Z"~!/Z"~! is the dual version of the
isomorphism G = Z"~! /AZ"~*. Although finite abelian groups are non-canonically
isomorphic to their duals, in this case there is a natural map from Z"~*/AZ"~!
to A—tzn1 / Z"™~ !, namely multiplication by A~!. The corresponding map from
G to H can be described as follows: Given a sandpile configuration n viewed as
an element of Z"!, let x = A~n. Set h(v;) = €™ for all 1 < j <n —1 and
h(s) = 1. If n and 7’ are equivalent configurations (that is, n —n’ € AZ"~1), then
the resulting functions h, h’ will be equal.

When G is a directed graph, A is not symmetric, and H = A~tzn-1/zn-1
whereas G = Z"~! /ATZ"~; these groups are still isomorphic, but not naturally.

Fix h € H, and choose |z;| < 1/2 such that h(v;) = > for all 1 < j < n. (In
particular, 2, = 0.) The next theorem quantifies the following simple idea: If the
eigenvalue

1 n
)\h _ § e27rzzj
n -
Jj=1

is close to 1, then the vector (z1,...,2,—1) should be close to 0; more precisely, the
squared length ||x||3 is within a constant factor of 1 — Re(\).

Theorem 3.4. Given h € H, choose x € A~'Z""1 of minimal Euclidean length
such that x — h via (9). Then

2

2
N P 14
n n
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Proof. We know that |z;| < 1/2forall 1 <j <n—1,so |2rz;| < m. We will use
the inequality 1 — t2/2 < cos(t) <1-— 2t2/7r2 for all |¢t| < 7, where the upper bound
is Lemma 2.12. Since
1« I
1—Re(Ap) = — 1 — Re( — [1-— (2
e(An) n;[ e( - zz: cos(2mx;)],
it follows that

1% 1 1
ﬁ 772 27TfL'J < 1 —Re )\h E J:Zl 5 27T.’17j 5
which is the de51red result. O

We can bound the continuous time spectral gap v. by minimizing Theorem 3.4
over all h # 1. Since h = 1 corresponds to vectors € Z" !, we immediately obtain
the first statement in Theorem 1.1:

Corollary 3.5. The spectral gap of the continuous time sandpile chain satisfies

2 2
Wl _ sl
n n

where y is a vector of minimal Euclidean length in (A=1Z"=1)\ Z"~1.

There are cases in which the shortest vector in A=1Z"~1\ Z"~1 is much longer
than the shortest nonzero vector in A='Z"~!. For example, if G is a cycle on n
vertices, then the length of the shortest vector in A=1Z"~1\ Z"~! has order \/n.
But since Z"~! C A7!Z"1, the lattice A=!Z"~! contains vectors of length 1.

3.3. Dual lattice: Discrete time. To analyze the discrete time sandpile chain
using H = A7'Z"~1 /7"t we could argue as follows. The eigenvalue A, is close
to the unit circle when the values h(v;) are close to each other. This happens when
the equivalence class in A~!'Z"! associated with h contains a vector z close to
the line {c1 : ¢ € R}, where 1 denotes the all-ones vector. Instead of pursuing
this approach, we start over with a different dual lattice construction that puts the
sink on an equal footing with the other vertices. We will show that the analogue
of A=17Z"~1 in this new construction is naturally associated with the discrete time
sandpile chain in the same way that A~1Z"~! is associated with the continuous time
sandpile chain. Although the construction is somewhat involved, the reward—an
easy proof of Theorem 1.4—makes it worthwhile.

We first provide a sink-independent analogue of the group Z"! / AZ" 1. Re-
call that A is the full n-dimensional Laplacian matrix of G. If 2 € R", then
Az € Ry. It can be checked that under the map from Z"~! to Z? that sends
(X1, 1) = (X1, Ty, — Z;:ll x;), the image of AZ™ 1 is exactly AZ™.
Hence Z"~! /AZ"~! = 7y /AZ". This isomorphism is used in [21] to prove that
the sandpile group is independent of the choice of sink.

The analogue to A71Z"~! is the dual lattice (AZ")* = {z € R} : (z,y) €
Z for all y € AZ"}. We will see below that (AZ")* = A*Z! where AT is the
Moore-Penrose pseudoinverse of A, an n-dimensional symmetric matrix which we
now define.

Because the graph G is connected, A has eigenvalue 0 with multiplicity 1, and
its kernel is ker A = {cl : ¢ € R}. The orthogonal subspace to ker A is R. Since
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A is symmetric, RY is an invariant subspace for the map z + Az. Indeed, this
map is invertible when restricted to Ry. Any vector in R™ can be written uniquely
as y + cl for y € RY and ¢ € R. The matrix At is defined by At (y + cl1) = =,
where z is the unique vector in R} such that Az = y. Thus the maps = — Ax
and y — ATy are inverses on R?. Also, ker AT = ker A, and the maps = — ATAx
and y — AATy on R" are both the same as orthogonal projection onto RZ. If the
eigenvalues of A are 0 = By < B1 < Bg < -+ < Bp_1, then the eigenvalues of AT
areO<5{,11 Sﬂ,}lQ < "'§51_1~

To see why (AZ")* = ATZ2, suppose first that 2 = A*a for some a € Z%. For
any b € Z", (z,Ab) = (AATa,b) = (a,b) € Z. Thus z € (AZ")*. Conversely, if
z € (AZ™)*, then x € R} and (Ax,e;) = (x,Ae;) € Z for all 1 < j < n. This
means Az € Z, so x € ATZY.

Here is the parallel to Proposition 3.2.

Proposition 3.6. The map from ATZE — H given by
z=(z1,...,3,) — h(v;) = 27 —n) (10)
is a surjective homomorphism with kernel W". Therefore H = E*’ZG/W".

Proof. We first observe that the function E(vj) = 2™ is in H if and only if the
vector y = (y1, . - ., yn) satisfies y,, € Z and Ay € Z2. This is because the geometric
mean value property is the statement

1 :E(Uj)deg(vj) H ﬁ(vk)—l _ e2m‘(5y)j

Vg~V

as in the proof of Proposition 3.2. Note that Ay € Z if and only if Ay € Z" since
the columns of A sum to zero. The condition ¥, € Z is equivalent to h(s) = 1.

Let 2 € ATZy and define h by (10). We write h(v;) = e*™¥i where y = z—x,1.
Then y, = 0 and Ay = Ax € AATZE = Z2, implying that h € H.

It is clear that the map (10) is a homomorphism. To see that it is surjective, take
any h € H. Let h(v;) = e*™i so that Ay € Z5. Let ¢ = %(yﬁr' -++y,) and define
z =y —cl. Then z € Ry and Az = Ay € Z, meaning that x = ATAz € ATZP.
In addition, x; — &, = y; — yn and so e>™@i=%n) = h(v;)/h(v,) = h(v;) for each
j. Thus z — h via (10).

For the kernel of (10), first note that W* = ATAZ" C ATZZ. A vector x €
ATZ7 maps to h = 1 via (10) if and only if x; — z,, € Z for all j. If z € W", we
can write x = y — c1 for some y € Z" and c € R. Then each z; —x, = y; —Yn € Z.
Conversely, if z; — x, € Z for all j, let y = z — 2,1 € Z". Since z € R} is a
translate of y by a multiple of 1, z is the orthogonal projection of y onto Rf, so
x € W". This proves that W™ is the kernel of (10). O

Remark 3.7. As in the other dual lattice construction, multiplication by A% gives
a natural map from Z§ /AZ"™ (which is isomorphic to G) to ATZy/ATAZ" =
Z"‘Z(’)‘/W" (which is isomorphic to H). The corresponding map from G to H is the
same one described in the remark following Proposition 3.2.

Suppose h € H is given. Every x that maps to h via (10) arises by the following
recipe: Choose y € R™ such that h(v;) = €2™%¥i for all j; set ¢ = %(yl + 4 yn);
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and let x = y — c1. Then

n
215 =D (g5 — ),
j=1
so x is short when the values y; are close to each other. This can only happen if
the eigenvalue A\, = %Z?Zl h(vj) is close to the unit circle. The next theorem,
which is parallel to Theorem 3.4, makes this intuition precise.

Theorem 3.8. Given h € H, choose x € ATZE of minimal Euclidean length such
that x — h via (10). Then

2 2
N Y
n n

Proof. The upper bound is straightforward: Since cos(t) > 1 — t2/2,

1\~ omi 1 ; 1 o
M| = | = 2mi(zj—wn) | — 2miz; | ZR 2mix;
MR P ERHN

j=1 j=1
1y N [EdlEs
=—) cos(2mz;) >1— =) 2r%af =1-2r"12,
o (2rzx;) > - Z ] (i
Jj=1 j=1
For the lower bound, let » = |\,| and write A\, = re? . We will construct a

vector zy € ATZY that maps to h via (10) for which 8|zg||3/n < 1 —r. Since
lz|l2 < ||zol|2, the result will follow.
Choose y € R™ such that for all j, h(v;) = > and |y; — 0] < 1/2. Then

. 1 & , 1 & .
A\, = re?™0 = — 62”””, which implies that r = — e2miy; =)
h o ]Zl p n ;

Since cos(t) < 1 —2t* /72 for all [t| < 7 (by Lemma 2.12),
1 & 1 —
M| =7 =Re(r)=— 2m(y; —0) <1—=) 8(y; —0)% 11
Al = =Refr) = £ 3 cos(any; ~0) S1- 5 8 =0 (D)

It follows that )
—01
Jy-ous
n

Let zp be the orthogonal projection of y onto Rfj. Then zy = y — cl, where
c= %(yl + .. +ﬁyn). The surjectivity argument in the proof of Proposition 3.6
shows that o € ATZ and that zo — h via (10). Since zg is also the orthogonal
projection of y — 01 onto Ry, ||xoll2 < ||y — 61||2. Hence

2 2 _ 2
8”35”2 < 8”550”2 < 8Hy 1|3 <1-r 0
n n n

By minimizing Theorem 3.8 over all h # 1, noting that h = 1 corresponds to
vectors x € W™, we obtain the second statement in Theorem 1.1:

Corollary 3.9. The spectral gap vq of the discrete time sandpile chain satisfies
2 2
szl oy alzl
n n

where z is a vector of minimal FEuclidean length in (ATZE)\ Wn.
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As with the remark following Corollary 3.5, the cycle on n vertices provides an
example where the shortest vector in ATZy\ W™ has length of order /n, while the
shortest nonzero vector in ATZJ has length slightly less than 1.

3.4. An inverse relationship. Let 0 = fy < 51 < --- < f,,—1 be the eigenvalues
of the full Laplacian matrix A. The least positive eigenvalue 3; is called the spectral
gap of the graph G, or sometimes the algebraic connectivity of G. When G is a
d-regular graph, 31 /d is the spectral gap of the simple random walk on G.? Larger
values of 81 mean that G is ‘more connected,” and in the d-regular case that the
simple random walk on G mixes faster (setting aside issues of periodicity).

In this subsection we prove Theorem 1.4, which says that the spectral gap of the
discrete time sandpile chain satisfies

< 472
=B

Surprisingly, large values of 5 cause the sandpile chain to mix slowly! This inverse
relationship is reminiscent of the bound of Bjorner, Lovasz and Shor [8, Theorem
4.2] on the number of topplings until a configuration stabilizes, which has a factor
of 81 in the denominator and is also proved using the pseudoinverse A™.

Proof of Theorem 1.4. By Corollary 3.9, ~4 is determined up to a constant factor
by the length of the shortest vector in the dual lattice ATZ? that is not also in
the sublattice W". The eigenvalues of At are 0 < ﬁ;_ll < 577_12 < ... < 51_1.
Therefore a lower bound on 3 gives an upper bound on the operator norm of At.

Since H = E"’Z{)‘/W” by Proposition 3.6, we may assume that W is a proper
sublattice of ATZY (otherwise we would have |H| = 1 and 7, itself would be
meaningless). As the lattice Z{} is generated by the vectors e; —ep, 1 <i <n—1,
we can choose j such that A*(e; —e,) ¢ W". This gives

2
_ - 2
Kt(o _oyp< lesmenld _ 2
By Corollary 3.9,
22 472
+ 2
%0 < TIE e —enlF < 2 a

Later in this subsection we will consider a class of graphs for which the bound
in Theorem 1.4 is accurate to a constant factor. In many cases, though, it can be
far from sharp. For example, when G is the torus Z,, x Z,, (so that n = m?), 3
has order 1/n.

The analogue of Theorem 1.4 for the continuous time spectral gap is harder to
prove because we must use A~! instead of At. If 0 < p; < py < --- < pp_1 are
the eigenvalues of A, then the Cauchy interlacing theorem [23, Ch. 4] implies that
Bi—1 < pj < B foralll < j < n—1. Therefore the eigenvalues p;il,...,pgl
of A=! are all bounded above by 61_1, but pl_1 may be much larger than ﬁl_l. A
parallel argument to the proof of Theorem 1.4 would break down because of this
large eigenvalue. Nevertheless, with considerable effort we can show the following
bound. We omit the proof for reasons of space.

2The second-largest eigenvalue of the transition matrix is 1— 1 /d. This disagrees with our ear-
lier definition of the spectral gap as the minimum absolute distance between a nontrivial eigenvalue
and the unit circle, but it accords with standard usage for reversible Markov chains.
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Theorem 3.10. Suppose the graph G has no vertices of degree 1. The spectral gap
of the continuous time sandpile chain satisfies

2 2
< 472 4+ O(1/n) < 1om .
- pin - Bin
Combining Theorems 2.11 and 1.4 gives both upper and lower bounds on the
discrete time spectral gap:

dfn =% > ﬁ12'n7
where d, is the second-largest vertex degree. We now introduce a class of graphs for
which the upper and lower bounds have the same order. These are, in our language,
the expander graphs with bounded degree ratio.

Loosely, the graph G is an expander if it is sparse and if the simple random
walk on G mixes quickly. Expanders have many applications in pure and applied
mathematics as well as theoretical computer science. See the surveys [28, 22] for
more information.

For the purposes of this paper, we will not need the requirement of sparsity. Let
K be the transition matrix for the simple random walk on G, and let L =T — K
be the random walk Laplacian. Since K is reversible with respect to the stationary
distribution m(v) = deg(v)/ >, ey deg(w), L has real eigenvalues 0 = 6y < 6 <
0y < --- < 60,_1. The value 6, is called the spectral gap of L. When G is d-regular,
A =dL and so B = db;.

Definition 3.11. Fix a > 0, and let L be the random walk Laplacian matrix for
the graph G. We say G is an a-ezxpander if the spectral gap of L satisfies 6; > «.

The following lemma, whose proof is postponed to the end of this section, gives
a relationship between $; and 6; when G is not regular.

Lemma 3.12. Let G have minimum and mazimum vertex degrees dmin and dmax-
The eigenvalues 0 = By < B1 < -+ < Bp_1 of A and 0 =0y < 0, < --- < 0,,_1 of
L are related by

dmingi < ﬁz < dmax0i7 0 < { <n-— 1.

In particular, 81 > dpinf1. Thus if G is an a-expander and the degree ratio
dmax/dmin 18 bounded by a constant R, then 81 > (a/R)dmax-

Proposition 3.13. Suppose that for fivred o, R > 0, the graph G is an a-expander
and dpax/dmin < R. Then

- 42 R? [o?
Bt~ T B
Proof. The lower bound is Theorem 2.11. The upper bound is Theorem 1.4 com-
bined with Lemma 3.12, as discussed above. ([l

For expanders with bounded degree ratio, Proposition 3.13 determines the spec-
tral gap 4 of the discrete time sandpile chain up to a constant factor.

Note that we could replace dpyax With d, in the statement of Proposition 3.13 to
get a slightly stronger result with the exact same proof. This is useful in graphs
where a single vertex has much higher degree than all the others.

We can prove an analogue of Proposition 3.13 for the continuous time spectral
gap .. The proof uses Theorem 3.10 when dy,;, > 2 and a separate argument when
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dmin = 1. The lower bound is the same, since v, > 74. In the upper bound, the
numerator 4m2R?/a? is replaced by 1300R3/a?.

Proposition 3.13 allows us to determine the order of the relaxation time for the
sandpile chain on some well-known random graphs.

Proposition 3.14. Fiz d > 3, and let (G,) be a sequence of random d-regular
graphs with |V (G,)| = n — o0.® The spectral gaps vyq(n) for the discrete time

sandpile chain satisfy vq4 = ©(1/n) almost surely.

Proposition 3.15. Let p = p(n) satisfy 0 < p < 1 and np/log(n) — oo asn — oo.
Let G,, = G(n,p) be independently chosen Erdds-Rényi random graphs on n vertices
with edge probability p. The spectral gaps vq(n) for the discrete time sandpile chain
satisfy v4 = ©(1/n3p?) almost surely.

Both these propositions are simple applications of Proposition 3.13. For Propo-
sition 3.14, all we need is the well-known fact that random d-regular graphs are
expanders. A famous result of Friedman [16] says that for every € > 0, the random
walk spectral gap satisfies 81 > 1 —2v/d—1 / d — ¢ asymptotically almost surely.

For Proposition 3.15, we first note that in our regime, dmin/np and dmax/np
converge to 1 almost surely as n — oo. (Use Bernstein’s Inequality to show that
the degree of each vertex concentrates around its mean (n — 1)p, then take a union
bound over all the vertices.) To prove expansion, Theorem 2 of [10] implies that
because np/log(n) — oo, almost surely 6; > 1 — o(1).

We conclude with the proof of Lemma 3.12.

Proof of Lemma 3.12. Define Z = Z;-L:l deg(v;). The stationary distribution 7 of
the simple random walk on G is m(v;) = deg(v;)/Z. Consider these two inner
products on the space RY = {f : V — R}:

(f,9)m = Z Fpgv)m(vy),  (f.9) = Z F(;)g(v;).

The matrix A is self-adjoint with respect to (+,-), while L is self-adjoint with respect
to (-,)r. We have A = DL where D is the diagonal matrix with entries D(j, j) =
deg(v;). The two inner products are related by

(f,Dg) = f(v;) deg(v;)g(v;) = Z{f,g)x-

Jj=1

In addition,

dmin " d (%] dmax
w7 gy < S0 B po2 = i, < Doy gy,

j=1

It follows that for f £ 0,

b () _ 2L {1.DL) (A1)

(Fohe ) Zldw)fi e~ LD HH

o <<f, Lf>7r> Z(f, Lf )= (f,DLf) _ (f.Af)

D)~ Zldma)f D) = L) (S

(12)

3More precisely, assume that for each n in the sequence, the set of simple d-regular graphs on
n vertices is nonempty. Choose Gy, uniformly from this set, independently for each n.
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Since A is symmetric, the variational characterization of eigenvalues (see [23]) says
that for each 0 < i <n —1,

, (f,Af)
i = . 13
AT BT 1
dim(U)=i+1

Here the minimum is taken over all linear subspaces U C RY of dimension i + 1.
Likewise, L is self-adjoint with respect to (-, ), so

: (f,Lf)x
; = . 14
UIE%IV fenrljvafxféo <f7 f>7'r ( )
dim(U)=i+1

Comparing the characterizations (13) and (14) and using the upper and lower
bounds in (12), we conclude that

dminei S Bz S dmax0i~ |:|
4. THE SMOOTHING PARAMETER

This section discusses the relationship between the mixing time of the sandpile
chain and a lattice invariant called the smoothing parameter, which was introduced
by Micciancio and Regev [29] in the context of lattice-based cryptography. Our
main result, Theorem 4.1, is a slightly stronger version of Theorem 1.2. It provides
an upper bound on the L? mixing time in terms of the smoothing parameter for
the Laplacian lattice.

The starting point of the proof is the relationship between lengths of dual lattice
vectors and eigenvalues of the sandpile chain developed in Sections 3.2 and 3.3.
Previously we focused on the consequences for the spectral gap. Here we consider
all the eigenvalues in order to control the L? distance from stationarity.

With Theorem 4.1 in hand, we can take advantage of existing results that relate
the smoothing parameter to other lattice invariants. By this approach, we show
that if d, is the second-highest vertex degree in G, then the mixing times for both
the discrete and continuous time sandpile chains are at most %dfnlog n. The
precise statement is Theorem 4.3 below.

We already knew from Theorem 2.11 that the relaxation time is at most édfn, 0]
(by Proposition 2.10) the mixing time is at most - (d?logd,)n?. The new bound
of %dznlogn is a significant improvement. When d, > /n, Theorem 4.5 further
improves the leading constant from % to ﬁ. We will see in Section 5 that this
bound is sharp for the discrete time sandpile chain on the complete graph.

Let us begin by recalling the definition of the smoothing parameter from Section
1. Let A be a lattice in R™, and let V' = Span(A) C R™. For s > 0, the function

= 3 el
zeA*\{0}

is continuous and strictly decreasing, with a limit of co as s — 0 and a limit of 0
as s — 0o. For € > 0, the smoothing parameter of A is defined as n.(A) := fy ' ().

Therefore,
Z e~ M)zl — o (15)
zeA*\{0}
In [29] the smoothing parameter was defined only for lattices of full rank. The

definition given above is a natural generalization. Indeed, suppose A has rank k <
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m. Fix a vector space isomorphism ® : V — R* that preserves the standard inner
product. We see that ®(A*) = (®(A))*, so fa(s) = foa)(s) and n-(A) = n-(P(A)).
Results that relate the smoothing parameter to other values invariant under ®,
such as lengths of vectors, carry over without change to the general setting.

The reason for the name ‘smoothing parameter’ is an alternative characterization
that we will not use in our proofs. Let A C R be a full-rank lattice. Given
¢ € R¥ and r > 0, push forward the density for a Gaussian on R¥ with mean ¢
and covariance matrix %Id by the quotient map R*¥ — D := R¥/A. It is shown
in [29] that the L*° distance between this density and the uniform density on D is
independent of ¢, and equals € precisely when r = 1. (A). Thus 7. (A) is the amount
of scaling necessary for a Gaussian to be nearly uniformly distributed over D, with
an L error of €.

Theorem 4.1. Let Hf, and P}, denote the distributions at time t of the continuous
and discrete time sandpile chains, respectively, started from the identity, and let U
denote the uniform distribution on G. For any e > 0,

|Hy~ Ul << forall t > n-n2(AZ"Y), (16)
max {|| By — U, | Pl — U3} <e forall t = n-n2(RZ").  (17)

Since |HL U |3 = |H!,—U||3 and | P —U||% = || P},—U||3 for any o € G, Theorem
4.1 implies Theorem 1.2. The only difference is that the bound (17) applies to both
the continuous and discrete time sandpile chains.

Proof of Theorem 4.1. The proofs of (16) and (17) are almost identical. For (16),
start with the formula

|-~ UF= > RO,
ReH\{1}

In Section 3.2 we saw that each h € H corresponds to an equivalence class of
vectors in the dual lattice A~'Z"~!. Let x;, be a member of the equivalence class
corresponding to h, chosen to have minimal Euclidean length. By Theorem 3.4,

2
1 — Re(hy) > siZnllz.
n
Let W = {x, : h€ H} C A=1Z""1. Since h = 1 corresponds to x5 = 0,
|HE, — U3 < Z e tlell < Z e~ Btz
zeW\{0} zeA-1Z"=1\{0}

Now using the lower bound on ¢ in (16) along with (15),

DN S S N G T

z€A-1Zm=1\{0} zeA-1Z7—1\{0}

This proves (16).
To show (17), we have

||Hfd—U||§: Z e~ 2t(1=Re(An)) < Z e~ 2= Anl)
heH\{1} heH\{1}

”Pitd B UH% _ Z |)\h‘2t _ Z e2tlog [ An| < Z e 2t(A=1Anl)

heH\{1} heH\{1} heH\{1}



26 DANIEL C. JERISON, LIONEL LEVINE, AND JOHN PIKE

From there the proof is the same as above, using the dual lattice A*Z@ in place of
A~'Z"=1 and Theorem 3.8 in place of Theorem 3.4. (]

Theorem 4.4 will show that the leading constant 7/16 in Theorem 4.1 can be
improved under certain conditions.

To apply Theorem 4.1, we need to bound the smoothing parameter in terms of
other lattice invariants. There are several such bounds in the literature. We will
use the following result of [29].

Lemma 4.2 ([29], Lemma 3.3). For any lattice A of rank k and any € > 0,

() < | ECHLELED )

™

where A\, (A) is the least real number r such that the closed Euclidean ball of radius
r about the origin contains at least k linearly independent vectors in A.

(In [29] the lemma is stated for lattices of full rank. It extends to the general
case by the previous remark about the isomorphism ®.)

If we combine Theorem 4.1 with Lemma 4.2 and bound A\ (A) using the entries
of the Laplacian matrix, we obtain the following bound on mixing time.

Theorem 4.3. Let d, be the second-highest vertex degree in G. For any e > 0,
1
max {||H}; — U3, ||P, — UH%} <e forallt> E(di +ds)nlog[2(n —1)(1+1/¢)].

Proof. To bound \,,_1(AZ"), observe that AZ" is generated by any n — 1 columns
of A. We omit the column corresponding to the highest-degree vertex. All the
other columns satisfy ||x[|3 < d? + d., implying that \2_,(AZ") < d? + d,.
Lemma 4.2 yields
— 1
nZ(AZ") < —(dZ + d.)log[2(n — 1)(1+1/2)]. (18)
The proof is finished by plugging this bound into (17). O

Theorem 4.3 shows that every sandpile chain on a graph GG with second-highest
vertex degree d, has L? mixing time at most Tlﬁdfnlogn plus lower-order terms.
When G is the complete graph, we will see below that the order d2nlogn is correct
but the constant 1—16 is not sharp. By contrast, when G is the cycle graph or the
‘triangle with tail’ (see Section 5), the order d?nlogn is not sharp.

We now state a modified version of Theorem 4.1 which improves the leading
constant from 7/16 to 1/4m at the cost of an extra term. As usual, 7. denotes the
smoothing parameter, and |G| the order of the sandpile group.

Theorem 4.4. For any e > 0,

1 2
|HE, — U3 < 2¢ for all ¢ > yl 2 (AZ" 1) + Z—8nlog (|g|) ,

1 7 2
max {||[H}y — Ull3, [| Py = Ull3} < 2¢ for all ¢t > w n2(AZ"™) + Z—snlog <|g|> .
T

When we combine the second statement of Theorem 4.4 with (18) and the in-
equality log(|G|) < (n — 1)log(d.), we obtain the following result.



MIXING TIME AND EIGENVALUES OF THE ABELIAN SANDPILE MARKOV CHAIN 27
Theorem 4.5. Let d, be as in Theorem 4.3. For any c > 1,
1 n?
max {||[H}; — U3, | P — U3} < e ° for all t > ﬁdinlog(n)—i—z log(d..)+cd?n.
T

We will show in Section 5 that the leading term ﬁdfnlogn is sharp for the
discrete time sandpile chain on the complete graph. In general, Theorem 4.5 is
better than Theorem 4.3 when d, > /n and worse when d, < \/n.

Proof of Theorem 4.4. We start by proving the second statement of the theorem.

Fix b > 0; we will specify its value later. We partition the set H of multiplicative
harmonic functions into two subsets H, Ho as follows. Given h € H, write \;, =
re2™ with » > 0. (If r = 0 then let # = 0.) Choose y € R™ such that for all j,
h(vj) = €™ and |y; — 0] < 1/2. As in the proof of Theorem 3.8,

1 n
An| = = 27 (y; — 0)).
Pl = 5 3 eosCertys =)

Now define
= M 2 ; — <
Hi={het : max Inly; — 0] < b},
={hecH: 2mly; — 6| > b}.
Ha={h €W : max 2mly; — 0] > b}
Note that Hs is empty if b > w. The reason for the partition is that when h € H;,
the cosine approximation from Lemma 2.12 is improved; and when h € Hs, the

existence of j for which 27|y; — 6| > b makes || relatively far from 1.
For h € Hy, Lemma 2.12 yields

1< 1 —cos(b a2 /1 P\ <&
‘)\h| < gz |:1 - T() _471_2(yj _9)2:| <1- 7 (2 _ 24> Z(w _‘9)27
j=1

using that 1 — cos(b) > b%/2 — b*/24 in the second inequality. Compare with (11).
Let z, € ATZY be a dual lattice vector of minimal Euclidean length corresponding
to h. Arguing as in the proof of Theorem 3.8, we conclude that

472 /1 b?
1- > — (- — 2. 1
|An| > - <2 24> lznll (19)

For h € Ha, there exists j such that b < 27|y; — 6] < 7, which gives the bound
1 1
[An] <1— =+ —cos(b).
n o n

Since b < 7, Lemma 2.12 says that cos(b) < 1 — 2b?/72, so

1 2b?

We are now ready to bound max {||H{, — U|3, | P, — U||3}. To begin,

max {|Hl; U3, [P - U3} < Y e
heH\{1}

= Y D 3 -,

heH1\{1} heH 2
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For the first sum, let Wy = {z), : h € H1} € AYZ2. By (19),

1

2

S e o Y 2 ()

heH 1 \{1} zeW;\{0}
If we choose b so that

472 (1 VP —
=) > 2 n
2t p <2 24) >z (AZ"), (21)

then this sum will be at most £ by the definition of the smoothing parameter.
The second sum is zero when b > 7. When b < 7, we use (20) and the inequality
|H2| < |G| to obtain

3 e < |g‘e—% _ los(1g)— 42
heH2
This quantity will be at most ¢ provided that

4tb?
log |g| - —- < loge. (22)

To prove the theorem, we find a value of b that satisfies both (21) and (22). Set

[ IG1\1"*
b—[ul()g(e)] ’

so that equality holds in (22). Then (21) holds if and only if ¢ satisfies the lower
bound in the second statement of Theorem 4.4. This completes the proof.

For the first statement of Theorem 4.4, we retain the same value of b. Given
h € H, choose z € A7'Z""1 such that h(vj) = €*™% and |z;| < 1/2 for all j.
Define

= : <
Hi={heH 1§r]1_125<7127r|x]| < b},
Ho={heH: 1§IJ11§21;<_127T|33j| > b}.

Since

1 —Re(M\p) = Z 1 — cos(2mz;)],

for any h € H1 we can apply Lemma 2. 12 to get

472 b2
1— > (- — 2
Re(v) = T (3 - ) ol

as in the previous argument. Likewise, for any h € Ho we have

1 1 2v?
1—Re(A\p) > —[1 — b)) > —
eOw) = (1 —cos(b)] = =
keeping in mind that H, can only be nonempty when b < 7.
With this preparation, we decompose

”Hztd _ U||§ — Z e—2t(1—Re()\h)) + Z E_Qt(l_RC(Ah)).
heH,\{1} heH2

From here the proof is the same as before, substituting AZ»~! for AZ™. O

The proof of Theorem 4.5 is elementary. No effort has been made to optimize
the constants in the non-leading terms.
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Proof of Theorem 4.5. The only graph on 3 vertices with nontrivial sandpile group
is the cycle C5, for which the result can be checked directly. Therefore we may
assume that n > 4.
Starting from the second statement of Theorem 4.4, we use (18) along with the
inequality log |G| < (n — 1)log(d,). For any € > 0, if
2

t> ﬁ(dz + dnlogl2(n — 1)(1+ 1/2)] + Jonl(n — 1) log(d.) +log(1/2)], (23)

then max {||H}, — U3, | P}, — Ul|3} < 2. Since log(1/¢) < d?log(2 + 2/e), the
right side of (23) is less than

r;(di + d.)nllog(n) +log(2 + 2/e)] + Zf;[n2 log(dy) + d?nlog(2 +2/¢)]. (24)

Using the bound d, log(n) < nlog(d.) (since 2 < d, < n and n > 4) along with
d? +d. < 2d?, (24) is less than

1 20l (n) + iﬁﬁ Zlog(d.) + lﬂﬁ d?nlog(2 +2/e).  (25)
a2 OB T e T g | OB\ T | T g | 108 =
Since
RIS
dn2 48 4’
any t > tizd?nlog(n) + n*log(d.) + cd?n will be greater than (25) as long as
2 2

It remains to show that (26) holds for € = %6_20 whenever ¢ > 1, as this implies
that max {||Hf; — Ul2, |PL, — Ull2} < v2e = e~¢. Using e~2¢ < 1 followed by
c > 1, we have

—2c

e ““+2 2 w2\
log(2 +2/¢) =log <§e—20> < log(6) + 2¢c < (47r2 + 48> c,

and the proof is complete. (I

5. EXAMPLES

We conclude by illustrating our results in a variety of specific examples. We will
use the notation [n] = {1,...,n}.

Cycle graph. If G = C), is an n-cycle with successive vertices vy, ..., v,_1,V, = s,
then for each nth root of unity w, the function defined by h,(vy) = w is easily
seen to be multiplicative harmonic. As there are n spanning trees in an n-cycle,
this completely accounts for the characters of G(C,). Moreover, this shows that
G(Cp) 2 H(C,) ZZ/nZ.

Since Y ;_, w* = 0 whenever w is a nontrivial nth root of unity, we see that
A = 0 is an eigenvalue of the discrete time sandpile chain with multiplicity n — 1.
Thus (8) shows that the chain is stationary after a single step.
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Complete graph. Let G = K,, be the complete graph on n > 3 vertices, vy, ...,
Up—1,Vp = S. Set M = {z € (Z/nz)" : Z;L:_ll 2 = 2p = O} and w = €2™/™. For
every z € M, the function h, defined by h,(v;) = w* is multiplicative harmonic
since

ha(v;) = whim1% =1
1

n

J

[ 7)) = halwor) ™ = he (o)™

ik
for all k =1,...,n. Every element of M is uniquely determined by specifying the
first n — 2 coordinates, so |[M| = n"~2. As this is equal to the number of spanning
trees of K, by Cayley’s formula [25], we have H = {h,}.cnm, so the eigenvalues of
the discrete time sandpile chain on G are \, = %Z?:I w?® as z ranges over M.

and thus

n—2

This characterization of H shows that K, has sandpile group (Z/nZ)

By construction, no z € M \ {0} can have all coordinates in {0, 1} or {0, —1}, so
z« = (1,-1,0,...,0) gives the maximum modulus of a nontrivial eigenvalue. (Any
permutation of the first n — 1 coordinates of z, or of +(2,1,...,1,0) also gives a
nontrivial eigenvalue of maximum modulus.) The inequality cos(z) < 1 — 2522 for
|z] < 27/3 (Lemma 2.12) gives

1 2 2 27
)\Z*zn(n—2+w+w_l):1—(1—cos(§>> <1l-—.

n
Using cos(z) > 1 — 22/2, we see that the relaxation time of the sandpile chain is
trel(Kp) = O(n?).

Now the standard bounds relating relaxation and mixing times (Proposition
2.10) imply the order of tni(K,) is between n® and n*logn. Our next goal is to
prove Theorem 1.3, which says that the truth is in between: t,;x(K,) has order
n3 log n, and moreover the sandpile chain on K, exhibits cutoff at time #n?’ logn.
The upper bound follows easily from Theorem 4.5, which gives:

Proposition 5.1. Let P be the transition operator for the discrete time sandpile
chain on K, and U the stationary distribution. For anyc > 5/4, ift > ﬁng log n+
en?, then ||PY, — Ullry < e .

To obtain a matching lower bound, we turn to the eigenfunctions. The basic idea
is to find a distinguishing statistic p for which the distance between the pushforward
measures P{,00~! and Uop ™! can be bounded from below using moment methods.
Specifically, we appeal to Proposition 7.8 in [26], which shows that for any ¢ : G —
R

9

2
1PL— Uy > 1 4 . R < 2 (Ep;d[sO] - lEu[w])

= — ———— whenever :

id ™= 4+ R(t) = Varp: () + Vary ()
Natural candidates for ¢ are eigenfunctions of P corresponding to a large real
eigenvalue A\. The reason for using such eigenfunctions is that if X; is distributed as
P!, and Y has the uniform distribution, then E [¢ (X;)] = A¢(id) and E [p (Y)] = 0,
so their difference is relatively large when ¢ is not too big. When A has high
multiplicity, we can average over a basis of eigenfunctions to reduce the variances

of ¢ (X;) and ¢ (Y).

(27)
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Proposition 5.2. Let P and U be as in Proposition 5.1. For any ¢ > 0, we have

100 1
W for all 0 S t S Rng logn — C'n,g.

Taken together, Propositions 5.1 and 5.2 show that the discrete time sandpile
chain on K, exhibits cutoff at time ;1zn®logn with cutoff window of size O(n?).

Also, Proposition 5.2 implies the lower bound in Theorem 1.3 since for all ¢ > 5/4,
100 < 100 < —35c.
100_|_e47r2c — edn?c —
Proof of Proposition 5.2. First note that the statement is true when n = 3 since
the only integer ¢ in the allowed range is ¢ = 0, where the inequality can be checked
directly. Therefore we may assume that n > 4.
To describe our choice of ¢, write D, = {(j, k) € [n —1]* : j # k} and set w =
e/ For (j, k) € D,,, define

[Py —Ulloy > 1 -

w v = ’Uj
h]"k(v) = w_l, V=V -
1 else

It is clear that h; € H, so the function f;; : G — T given by
finl H Bk )"V = )=k
veV
is an eigenfunction for the sandpile chain with eigenvalue
Zh —1—{2—2005(2;;)].
" eV
As Ay does not depend on (j, k), the function

e(n) = (n*l— Z Fir(n

(3,k)€D,,

is also in the A;-eigenspace. Moreover, ¢ is R-valued because f; = fTJ
To apply (27), we first observe that since ¢(id) = 1 and Py = A1,

Epy ] = A and Ey[g] =0.

(The latter expectation used the fact that U is a left eigenfunction with eigenvalue
1# A1, so Eylp] = (U, ) =0.) So the numerator of (27) is

2 (Epy ¢l - Bulel) =223

Next we need an upper bound on the denominator Var p;d(cp) + Vary (¢). Since
‘H is closed under pointwise multiplication, we have h; 3 h; ., € H for all pairs
(4, k), (I,m) € D,,. The corresponding eigenfunction is

Fimam@) = [T hik @) by (07 = £51(0) frm ().
veV
The associated eigenvalue depends on the 4-tuple (4, k,1,m). For example, when
(4, k) = (I,m), the product hjih;m sends UJ to w? and v; to w2 and all other
vertices to 1, glvmg an elgenvalue of 1 — L [2—2cos (22)]. If (k,j) = (I,m),
then hjihim = 1. If j,k,1 are distinct and £ = m, then h;rh;,, sends v; and
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v to w and v to w2
1-1[3-2w—w?].

Writing

and all other vertices to 1, so the resulting eigenvalue is

(n—1)%*(n —2)%” = Z Jiketym

(4:k),(L,m)E€Dn
as a linear combination of eigenfunctions, we can count the number of f; i m
corresponding to each eigenvalue. This information is given in Table 1.
It follows that
Varpe () + Vary (9) = Epe [0%] + Eu [¢°] = Epe. [0]° — By [¢]?
2 2(n —3) 1
= A b
m-Dm-2 n-Dn-2 T m_Dm_22
+(n—3)(n—4) ' 2(n—3)
n—1)n-2)"" (n-1)(n-2)
To simplify, we note that A3 < A\?. Thus
(n—3)(n—4)
(n—1)(n—-2)

In addition, [A\4] < A1, so Re(A]) < [A\4]" < AY. This follows from the computation

o2 fon ()] e () ()]

where all of the terms are nonnegative since n > 4. Finally, Ay < A;. Therefore

2 P e SV ISPV
n—1)n-2) m-1)n-2)"""n2" "

again using n > 4 in the final inequality. The function

Re (A}) — AT

AL — A2 <.

Varp: () + Vary (o) <

203
R(t)= +—=—
KRS
thus satisfies the condition in (27).
Eigenvalue ‘ Multiplicity in (n — 1)%(n — 2)%¢? ‘
Ao =1 (n—=1)(n-2)

M=1-21[2-2cos(2F
)\2:1—%[2—2005( T
(

Agzl—l[4—4cos

n

)] 2(n —1)(n —2)(n —3)
)] (n—1)(n—2)
)] (n—1)(n —2)(n = 3)(n — 4)
M=1-13-2w-w? (n—1)(n—2)(n—3)
A=1-1[3-2w7"—u? (n—1)(n—2)(n—3)

N

n
™

o~]

n

TABLE 1. Expansion of (n — 1)%(n — 2)2¢? in the eigenbasis for P.
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Next we find a lower bound on \;. Since cos(z) > 1 — 22/2, we have \; >
1 — 472 /n3. Therefore

47

1 4 3 2
thg(Al) > (4:7_‘_2“ log(n) —cn ) log <1 — n3> .

Since n > 4, 47%/n3 € [0,7%/16]. Now we use that log(l — x) > —z — 22 for
0 <z < 72/16. This is because the function f(z) = z + 22 + log(1 — z) satisfies
f(0) =0, f(x%/16) > 0, and f'(z) = z(1—2x)/(1—=x), implying that f is increasing
on [0,1/2] and decreasing on [1/2,72/16]. This yields
1 472 167
tlog(Ay) > (4772713 log(n) — cn3) (—W _ 16w )

n3 nb

4 2
> —log(n) + 4r%c — % log(n).
n

Thus , , ,
n>‘t1 — elog(n)+tlog()\1) > 67471' log(n)/n3647r € > a647r c

)

where o = =47 108()/4° Tt follows that
R(t) = 2(nAY)? o (e )2 202687 ¢ _ ( 202 ) e

64+ 5(nAt) = 6+ 5(aet™c) T (6 4 ba)elc 6 + 5 ’
where the first inequality used that the function x + 22%/(6 + 5z) is increasing for
x > 0. Since 2a2/(6 + 5a) > 0.04, we conclude from (27) that

4 . 100
4+ 0.04e47%c 100 + edr2c’

Complete bipartite graph. Suppose that G = K,, ,, is the complete bipartite
graph having vertices {u1,...,Um,v1,...,v,} and edges {{uj, V& }}jem]kem)- In
this case, there are essentially two possible choices for the sink, u,, or v,. We will
assume the former as the other case then follows by interchanging the u’s and v’s
(or appealing to Proposition 2.5). Any h € H must satisfy h(u,,) = 1 and thus
1= h(um)™ =TTi_; h(vg) = h(u;)" forall j = 1,...,m. If we let h(u;) be arbitrary
nth roots of unity for j = 1,...,m—1, then, writing p = H;ﬂ:l h(u;), we must have
h(vg)™ = pforeach k = 1,...,n. Letting h(v1),. .., h(v,—1) be arbitrary mth roots
of p, h(vy) is then determined by the condition 1 = [];_, h(vy). Any such function
is multiplicative harmonic by construction, and there are n™~!m"™~! such functions
corresponding to the different choices of nth roots of 1 for h(uy),...,h(um—1) and
mth roots of p for h(vy),..., h(v,—1). Since this is the number of spanning trees in
K [25], we have found all possible choices for h.

When 3 < m < n, we claim that the discrete time sandpile chain has relaxation
time t,e) = O(n3). (The m = 2 case will be discussed shortly.) To see that this is
so, observe that d, = n, so Theorem 2.11 implies that v4 > 8/[n?(m + n)] > 4/n3.

Conversely, the function

[P —Ullrv >1 O

2mi
no, V= Uy
2mi

n, U=1U2

e
h(v) = Qe
1, else

is multiplicative harmonic and the corresponding eigenvalue has modulus

1 2 2 2
|An| = —— m+n2+200s<7r)]1 (lcos<7r>>,
m+n n m+n n
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2 2T 4m? 472
l—cos|—))|<—— < —.
m+n n (m+n)n? = nd

Torus. Let G = Z,, X Z,, be the m-by-m discrete torus (square grid with periodic
boundary). Since G is 4-regular, each eigenvalue 3 of the full Laplacian A arises
from an eigenvalue A of the transition matrix K for simple random walk on G, with
B =4(1—)). Since K is a tensor product of transition matrices for random walks
on cycles, the eigenvalues of K are \;; = % [cos (2%) + cos (%)] for j,k € [m],
so the matrix-tree theorem gives

1 o ok
|g|:ﬁ | H (4—2cos<m>—2cos(m>).
(4,k)€[m]>\(m,m)

Interpreting the log of the product as a Riemann sum shows that

%log(|g(Zm X L)|) — 45@2) ~ 1.1662 as m — oo
m T

hence

Ya <

where 3(2) is the Catalan constant [18].
At this point, it is convenient to state the following simple bound for random
walks on abelian groups.

Lemma 5.3. Suppose that A is an abelian group of order N which is generated by
a set S = {s1,...,8,}, let ™ be the uniform distribution on A, and let Q° be the
distribution of the random walk driven by the uniform measure on S after t steps
started at a. For any initial state a and any € > 0,

QL — 7|ty > 1 — ¢ whenever ¢ < log,(eN) — n.
Proof. Since A is abelian, the random walk at time ¢ must be at an element of the
form as{* - -- st where x1,...,2, € N with 1 + -+ 4+ 2, = t. Letting S; denote
the set of all elements of this form, we have [S;| < (*7771) < 2071 Since @, is
supported on Sy,
t+n—1

1QL — 7|lrv > |QZ (St) —m (St)| >1-
whenever ¢t < log,(eN) — n. O

>1—c¢

We can now estimate the mixing time for the sandpile chain on the torus.

Proposition 5.4. Let P be the transition operator for the discrete time sandpile
chain on Zuy, X Zpy and U the stationary distribution.
For any ¢ > 2,

|PL — Ullry < e ¢ for all ¢ > ng log(m) + cm?.
There exists mg > 0 such that if m > mg, then for any ¢ > 0,
| Pt — Ullry >1—27¢ for all t < 0.68m* — c.
Proof. The upper bound follows from Theorem 4.3 and the lower bound from

Lemma 5.3 along with the fact that |G(Zy, X Zy)| > €2166m" for m sufficiently
large. O

Note that the preceding estimate gives bounds which differ only by a log factor of

the number of vertices, and it did not require computing any of the approximately

2 e . .
e!166m” multiplicative harmonic functions.
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Continuous time; Location of the sink. So far in this section, all our exam-
ples have been in discrete time. Recall from Section 3.1 that the moduli of the
eigenvalues (and thus the L? mixing time) of the discrete time sandpile chain do
not depend on the location of the sink. However, changing the sink does affect the
arguments of the eigenvalues and thus the L? mixing time for the continuous time
sandpile chain. The next two examples illustrate this dependence.

Ezample (Triangle with tail). Let G = (V, E), where V = {u, v, w, w1, ..., wy, } and

E = {{u,v},{u,w},{v,w}, {w, w1}, {wi,wa}, ..., {wm—1,wm}}

This graph is a triangle with a long ‘tail’ attached and has n = m + 3 vertices. Any
multiplicative harmonic function h on G must satisfy h(w) = h(wy) = - -+ = h(wm,).
This can be seen by starting from w,, and working backwards.

Let H, be the group of multiplicative harmonic functions on G with the sink
placed at u. Since G has three spanning trees, |H,| = 3. For z € {1, e2mi/3 64”/3},
we define h, € H, by h,(u) = 1, hy(w) = h(w1) = -+ = hy(wy) = 2z, and
h.(v) = 2. If z = 1 then h; = 1 and the associated eigenvalue is 1. If z is one
of the other cube roots of unity, the eigenvalue is A, = (1 — 2)z. Therefore the
spectral gaps of the discrete and continuous time sandpile chains have different
orders: v = % while v, = 2(1 — %) = 21y, The L? distances from stationarity

are also different:
3\ 2
PL-Ulz=2(1-=) ,
Py -vlg=2(1-2)

1Hiy = U3 < 27

If the sink is placed at v, then the eigenvalues are the same as when the sink is at
u. By contrast, if the sink is placed at w or any of the w;, then the multiplicative
harmonic functions {h’, : 22 = 1} are given by b’ (w) = b, (wy) = -+ = b (w,,) = 1,
h.(v) = z, and Rl (u) = z%. The associated eigenvalues are 1 and 1 — 2 with
multiplicity 2. Hence 7. = 74 = %

For intuition on this example, suppose 1 is a recurrent chip configuration on
G. We take one step in the discrete time chain by adding a chip at a uniformly
chosen vertex and then stabilizing. It can be shown that adding a chip at any of
w, Wy, . . ., Wy leads to the same configuration ', so P(n,n’') = "772 When the sink
is at uw or v, the transition matrix can be written as

(1 on-2 1
P = p) = Z | 1 1 n-2,
"lpn-2 1 1

which is nearly periodic. When the sink is at w or one of the w;, the transition
matrix is

1| 2 1 1

pw — plw;) _ — 1 n—29 1

"1 1 n-2
Both discrete time chains converge to stationarity at the same rate, but the con-
tinuous time chain associated with P(*) = P(*) converges much faster than the
continuous time chain associated with P(*) = pP(wi),

Ezample (Unbalanced complete bipartite graph). Let G = Kj ,,, be the complete
bipartite graph where one part has two vertices. Here V = {u1,us,v1,...,0m}
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and F = {{u;,v;} : 1 <i <2,1<j <m} A full characterization of all the
multiplicative harmonic functions was given previously.

When the sink is placed at u;, the multiplicative harmonic function h € H,,
given by h(uy) = 1, h(us) = > /™) and h(v;) = €2™/™ for all j maximizes both
|An] and Re(Ap) over all h # 1. Writing n = m + 2, we compute

2 o 42
’}/d:].—|)\h|:n|:1_cos<n—2>:|%77/37
2 2 2 272
Ye=1—Re(\p) = [14— - cos <n7r2>} [1 — cos (nﬂ2)] ~ %,

Ye n+ 21 n
— = — +cos ~—.
Yo 2 n—2 2

If instead the sink is placed at vy, then the function b’ € H,, given by h'(u;) =
e 2m/m B (ug) = €2™/™ and W (v;) = 1 for all j maximizes both |\;| and Re(\s/)
over all Y # 1. In this case, A/ is a positive real number and

2 2w 472
Yda="Ye = — |1 —cos N —.
n n—2 n3

Rooted sums. Let Gy = (V4, Ey),...,Gr = (Vi, Ei) be simple connected graphs
with distinguished vertices sq, ..., sk, and let G = (V, E) be any simple connected
graph with V' = {v1,...,vx}. Construct a new graph G’ from the G;’s by iden-
tifying each s; € V; with v; € V. That is, G’ = (V/, E’) with V' = U?:1 V; and
E = (U?Zl Ek) U{{si,s;} : {vi,v;} € E}. Let H; denote the group of multiplica-
tive harmonic functions on G; with sink vertex s;, H the multiplicative harmonic
functions on G with sink vertex vy, and H’ those on G’ with sink sy.

Define the map ¢ : H x Hy X -+- X Hp — H' by ¥ (h, hy,..., k) = k' where
h' V' — Tis given by h/(v) = h(v;)h;(v) for v € V;. One easily checks that ¢ is an
isomorphism: It is a well-defined injective homomorphism by routine verification,
and it is surjective because every spanning tree in G’ is formed by choosing a
spanning tree from each of G,G1,...,Gy. Writing n; = |V;|, n = |V'| = Z§:1 nj,
we see that the eigenvalue for the discrete time sandpile chain on G’ associated
with W/ = (h, hy,..., hy) is

k
X j=1

veV/’ j=1 weVj

Is a large spectral gap compatible with a large sandpile group? Our last
example is a graph whose sandpile chain mixes relatively quickly. It is an instance
of the rooted sum construction above: Let G = Py be a path on k vertices, and for
J € [k] let G be a cycle on m; vertices, with 2 < my < --- < my. Since H(Py)
is trivial, the multiplicative harmonic functions on the rooted sum G’ are given by
R (v) = hj(v) for v € G; with h; € H(G,). The sandpile group of G’ is isomorphic
to (Z/myZ) x - -- x (Z/miZ), and the largest nontrivial eigenvalue of the sandpile
chain is
Ao=1— L,

my+ -+ my
corresponding to choosing any nontrivial multiplicative harmonic function h; on
the smallest cycle G1, and ho =--- = hp = 1.
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When my = --- = myp = m the rooted sum G’ has mk vertices, sandpile group

of order m*, and sandpile spectral gap 7. = 74 = 1/k. Fixing k gives a sequence of
graphs, indexed by m, with gap uniformly bounded away from 0.

The same construction with k& = n® and m = n'~ for fixed 0 < a < 1 gives a

graph with n vertices, sandpile group of order e(!=®)"108(n) "and sandpile spectral
gap 1/n% > 1/d?>n. We conclude with two questions.

1. Does there exist a graph sequence G,, with v4(G,) > ¢ > 0 such that the
size of the sandpile group |G(G,,)| grows faster than any power of n?

2. Does there exist a graph sequence G,, with log|G(G,)| = Q(nlogd,) such
that v4(Gy) > 1/d?*n?
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