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Abstract

We study the behavior of the activity of the parallel chip-firing upon increasing
the number of chips on an Erdés—Rényi random graph. We show that in various
situations the resulting activity diagrams converge to a devil’s staircase as we
increase the number of vertices. Our method is to generalize the parallel chip-
firing to graphons, and to prove a continuity result for the activity. We also
show that the activity of a chip configuration on a graphon does not necessarily
exist, but it does exist for every chip configuration on a large class of graphons.
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1. Introduction

In this paper, we study the behavior of the activity of the parallel chip-firing
upon increasing the number of chips in the system. Numerical experiments of
Bagnoli, Cecconi, Flammini, and Vespignani ﬂé] suggested that for planar grids,
upon increasing the number of chips in the system, the activity asymptotically
increases as a Devil’s staircase. Later, Levine ﬂé] proved a similar statement
for complete graphs, i.e., if we take a sequence of complete graphs whose size
tends to infinity, and a sequence of chip configurations on them that converge
in a certain sense, then the activity diagrams tend to a Devil’s staircase. In
this paper, we prove analogous statements in various situations for sequences of
Erdés—Rényi random graphs. Our method is to generalize the parallel chip-firing
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to graphons, and then to prove a continuity theorem for the activity. Levine’s
results can be interpreted as a Devil’s staircase result for the constant graphon.
Using our continuity theorem, we can handle the case of sequences of graphons
converging to a constant graphon.

1.1. Preliminaries

Let G be a graph with vertex set V(G) and edge set E(G). We will denote
the number of edges connecting vertex u and v by eg(u,v), and the degree of a
vertex v by degq(v). We will often consider Erdés—Rényi random graphs. By
G(n,p) we denote the random graph on n vertices, where each edge is present
independently with probability p.

For a graph G, a chip configuration assigns to each vertex a non-negative
amount of chips. Hence a chip configuration is a function o : V(G) — R>o,
where R>g = {z € R : & > 0}. In the literature, a chip-configuration is
usually considered to be integer-valued, but since we will be interested in the
change of dynamics as we gradually increase the amount of chips, we choose to
allow nonintegrality. For two chip configurations ¢ and ¢’, ¢ > ¢’ means that
o(v) > o’ (v) for each vertex v.

Firing a node v means that the fired vertex passes a chip along each edge
incident to it, i.e., the chip configuration o gets modified to

o(u) +eq(u,v) if u# v,
o(u) — dega(v) if u=wv.

During a step of the parallel chip-firing, each vertex v of G fires f(v) =
{ o(v) J times, where we call f = f(G, o) the firing vector of o. The resulting

degg (v)
configuration is

Uo(v) = o(v) = degg(v)f() + Y fluea(u,v).

ueV(G)

We will denote by U™ for n € N the chip configuration after n steps of the
parallel chip-firing.

We denote by u,(v) = u,(G,0)(v) the number of times v fired during
the first n turns, and call this function the odometer, that is, u,(G,o)(v) =
Yiso F(G,UR)(v).

It is easy to see that a parallel chip-firing started from the configuration o
on a graph G eventually enters a periodic state, and if G is connected then each
vertex fires the same number of times in a period. Hence, lim,, o (V) ovists
and is the same for each v € V(G). We call this quantity the activity of o and
denote it by a(G, o).

We will be interested in the way the activity changes when we add a small
amount of chips to each node. The activity diagram of G and o is s(y) =
s(G,0)(y) = a(G, 0 +y-degy). Numerical experiments of [2] suggested that for
planar grids of growing size, the activity diagrams tend to a Devil’s staircase.
We will call a function ¢ : [a,b] — [0,1] a Dewil’s staircase, if c(a) = 0, ¢(b) =



1, it is continuous, nondecreasing, but locally constant on an open dense set.
Levine [8] proved such a phenomenon for complete graphs, i.e. that if we take
a sequence of complete graphs whose size tends to infinity, and a sequence of
chip configurations on them that converge in a certain sense, then (with a mild
assumption on the limiting chip configuration) the activity diagrams tend to a
Devil’s staircase. We take this analysis further, and are able to handle the case
of sequences of Erdés—Rényi random graphs.

1.2. Results

To analyze the activity diagram on a (dense) graph, we use the theory of
graphons. In order to do so, we introduce parallel chip-firing on graphons. On
a graphon, the parallel chip-firing is not necessarily eventually periodic, and the
activity of a chip configuration might not exist (see Proposition f1]). However,
we show that if there is a lower bound on the degrees in the graphon then the
activity exists for any chip configuration (see Theorem [A.TT]).

We show a continuity theorem for the activity. This theorem says that for
a graphon with a lower bound on the degrees, and a chip configuration that is
compatible with the graphon in a mild sense, if another graphon with a lower
bound on the degrees is close in cut distance, and the chip configurations are
close to each other in the L' distance, then the activities are also close to each
other. For a precise statement, see Theorem Using the method of [§], we
show in Theorem [6.6] that with some mild assumptions on the chip configuration
o, for the constant p graphon C), the activity diagram s(C), o) is a Devil’s
staircase. Combining this result with the continuity theorem, we are able to
prove Theorem 6.8 that gives a condition on a sequence of Erdés—Rényi random
graphs and chip configurations that the activity diagrams converge to a Devil’s
staircase. Finally, we give a concrete example for a one-parameter family of
random chip configurations, where the activities tend to a Devil’s staircase, see
Theorem

2. Parallel chip-firing on graphons

We now review the notion of graphons defined by Lovdsz and Szegedy [10]
as limits of sequences of dense graphs, then introduce parallel chip-firing on
them. We follow [9] in introducing graphons. See [9] for more information
about graphons.

A graphon is a Lebesgue measurable function W : [0,1]> — [0, 1] which is
symmetric, that is, W(z,y) = W(y,z) for all z,y € [0,1]. We can think of a
graphon as a generalized graph: the vertex set of W is the unit interval [0, 1],
and instead of specifying whether two vertices, x and y are connected in W or
not, we have a real number W(z,y) = W(y, z) describing how well they are
connected.

Here, and everywhere else where we do not specify the measure, we mean
the Lebesgue measure, that we denote by A.

Note that for every (labeled) graph G with vertices {vy,va,...,v,} one can
construct a corresponding graphon Wg the following way: partition [0, 1] into



n measurable sets Aj,..., A, with A(41) = AM(A2) = -+ = A(A,). Then set
Wa(z,y) = 1if 2 € A; and y € A; with (v;,v;) € E(G), and Wg(z,y) = 0
otherwise.

The degree of a vertex x of W is degy, (= fo (z,y) dy. Note that the
degree is well-defined for almost all = € [0, 1]. We define

mindeg(W) = inf{e : A\({x : degy (x) > €}) > 0}.

We use the notation degy, (z, A) fA (z,y)dy

To define the convergence of graphon sequences, a notion of distance of
graphons is needed. It turns out that the right notion is the cut distance of
graphons.

Definition 2.1. The (labeled) cut distance of the graphons U and W is defined

by
// () — W(a.y) dydz] .

The labeled cut distance corresponds to comparing the similarity of two
graphons when identifying vertices of the same label. The unlabeled cut distance
corresponds to the case where we want to find the best identification of the two
vertex sets: dg(U, W) = inf, do(U, W¥) where ¢ runs over the invertible mea-
sure preserving transformations of [0, 1] to itself, and W*¥(z,y) = W(p(x), p(y))
(see |9, Subsection 8.2.2]). For a (labeled) graph G and a graphon W, we use
the notation dg(G, W) = dg(Wg, W), and similarly for ég. dg is a pseudo-
metric on the space of graphons, and by factorizing with the graphons at zero
unlabeled cut distance, one obtains a compact metric space.

In our applications, we consider sequences of Erdés—Rényi graphs G(n,p),
n =1,2,.... Such a sequence is known to converge to the constant p graphon
Cp with probability 1 in the distance dg. Since Cf = C) for any invertible,
measure preserving transformation ¢, ég(W, C,) = dg(W, C,) for any graphon
W. This fact, and the simpler formalization are the reasons that in this paper,
we use the labeled cut distance as a metric on graphons.

The definition of the parallel chip-firing on graphons is analogous to that
on finite graphs. A chip configuration on a graphon is an (almost everywhere)
non-negative function o € L'([0,1]). We denote the set of chip configurations
on a graphon W by Chip(W), and use ||c||; to denote the L' norm of a chip
configuration ¢. For a given chip configuration ¢ on a graphon W, the parallel
update rule is defined similarly as in the case of finite graphs. Let the firing
vector of o be

f(x)—f(w,cf)(x)—{ 2| i degy (@) > 0

do(U, W) sup
STcml

0 if degyy (x) =0,

then we can define the update rule by

Uo() = o(a) — degyy(a / iy



One can easily see that f(W,0) is defined almost everywhere, and it follows
from the following claim that Uo(z) is finite almost everywhere.

Claim 2.2. For a arbitrary graphon W and o € Chip(W), Uo € Chip(W) and
[Ually = llo]s-

Proof. From the definition of the firing vector, o(z) — degy (z) f(x) > 0, hence
Uo is non-negative, and

Vel = [ lot@) - degyy @) 1@ do+ [ [ F)W (e dy ds
—/ ()dw—/degw d:c—i—//f W(z,y)dzxdy

— [o@ s~ [deg(@)f@ o+ [ 1) degiw)dy = lolh,

where we used Fubini’s theorem for non-negative functions to interchange the
integrals. O

As in the case of finite graphs, the odometer u,(z) = u,(W,o)(z) denotes
the number of times = fired during the first n turns, i.e.,

n—1

un(2) = un (W, 0)(@) = 3 f(W,U'0) (@)

=0

To talk about any notion of activity, we need to assume that the graphon W
is connected, that is, there is no measurable partition [0,1] = AU B with A(4),
A(B) > 0 and W(z,y) = 0 for almost all (z,y) € A x B. As we will see in
Section 41l connectedness itself is not enough: there is a connected graphon W
with a reasonably nice chip configuration o such that lim,, L (Wo)(@) qoes
not exists for any x € [0,1]. If for a given graphon W and chip configuration
o there is a real number a = a(W, o) such that lim, M exists and is
equal to a for almost all x € [0,1] then we say that the activity exists and is
equal to a. As we will see in Theorem . TT] the activity of any chip configuration
exists on a graphon with a lower bound on the degrees.

We can also introduce the activity diagram of a chip configuration ¢ on a
graphon W as a straightforward generalization of the graph case: s(W,o)(y) =
a(W,o + y - degy,). The following claim tells us that activity diagrams are
monotone increasing.

Lemma 2.3. If 0/ > o almost everywhere, then u,(W,d")(x) > un,(W,0)(z)
for any graphon W, n € N and almost all x € [0,1].

Proof. We proceed by induction on n. The statement is clear for n = 0, since
uo(W,o")(x) = uo(W,0)(x) = 0 for all z € [0,1].

Suppose that u,(W,o')(z) > u,(W,o)(z) for almost all € [0,1]. Then
almost all z € [0, 1] has the properties that ¢'(x) > o(x) and u,(W,o’)(x) >
un(W,o)(x). Fix such an x € [0,1] towards showing that wu,4+1(W,0")(z) >



Un+1(W,0)(z). By induction hypothesis, u,(W,o’)(z) = w,(W,0)(z) + k for
some k > 0, moreover,

1
Uto(z) = o(x) = un(W, 0)(z) degy () + /0 un(W, o) (y)W(z,y) dy <

o'(z) = (un(W,0")(z) — k) degy (2) +/O un (W, o) (y)W(z,y) dy =
U"o'(z) + kdegy, (z).
It follows that

Unt1(W,0)(2) = uy (W, 0)(z) + {%J < un(W,o)(x) + {%J +k
= un(W,0’)(x) + {%J = Up1(W,0")(2).
This finishes the proof. O

3. The finite diameter condition

In this section we formulate a notion for graphons that is an analogue of the
diameter of finite graphs. We will be able to give a sufficient condition for the
existence of the activity of a chip configuration using this notion.

For a measurable set A C [0, 1], we denote by I'(4) the neighborhood of A
in W, i.e.

I'(A) = {x €0,1] : Jy € A such that W(y,z) > 0}.

For & > 0, we denote by I'.(A) the set of those neighbors of A that receive
at least e chips by firing the set A once, that is,

r.(4) = {x €[0,1]: / Wy, z)dy > 5} .
A
We denote I'*(A) =T o--- 0T (A) and similarly for T'*(A).
————

k
The following definition plays a key role in our results.

Definition 3.1 (Finite diameter condition). A graphon W : [0,1]? — [0,1] is
said to have finite diameter, if there is an N € N such that for all measurable
subset A C [0, 1] with A(A) > 0 there exists € > 0 with A(AUT(A4) UT2(A)U
- uUTNA) =1.

It is reasonable to call the smallest such N the diameter of W, but we
will not use this notion. There are many equivalent ways to define the finite
diameter property. Above we tried to give the most natural definition. The
following theorem gives two more equivalent formulations that will play a role
in this paper. We also note that we could use I'.(A) = AUT.(A) and get the
same property.



Theorem 3.2. The following statements are equivalent for a graphon W :
(i) W has a finite diameter;

(i1) there exist N € N and € > 0 such that for all measurable A C [0, 1] with
AA) = 1, MAUTL(4) UT2(A) U+ UTN(4)) = 1;

(1ii) W is connected and there exists § > 0 such that degy, (z) > 6 for almost
all x.

Notice that (ii) is different from (i) in that we require the existence of an
that is suitable for every “large” measurable set.

Proof. First we prove that (i) and (ii) both imply (iii).

If W is not connected and AU B = [0,1] is a partition witnessing this,
then by supposing A(A) > 1/2, we see that for each N € N and each ¢ > 0,
MAUT(A)UT2(A)U---UTY(A)) = A(A) < 1, contradicting the assumptions
of both (i) and (ii).

If the degrees of W are not bounded from below (so for every € > 0, A({z :
degyy (z) < €}) > 0) then the degrees are not bounded from below on [0, 1)
(i.e. for every e > 0, A({z € [0, 3) : degy (z) < e}) > 0) or on [4,1]. Suppose
that they are not bounded from below on [0, %) and let A = [3,1]. Then for
every € > 0, the set B. = {z € [0, 3) : degy (x) < €} is of positive measure, so
MAUT(A)UT2(A)U---UTN(A)) < A([0,1]\ B:) < 1 for any N € N. Thus
we have proved the directions (i) = (iii) and (ii) = (iii).

To show (iii) = (i) and (iii) = (ii), we first prove the following.

Claim 3.3. If W is connected then for each interval [a,b] C (0,1) there exists
e >0 so that [, [,. W(x,y)dzdy > e for all measurable subset A C [0, 1] with
A(A) € [a,b].

Proof. Suppose towards a contradiction that for some [a, b] there is a sequence
of subsets (An)nen such that A(A,) € [a,0] but [, [,. W(z,y)dzdy — 0.
Our goal is to contradict the connectedness of W by comning up with a subset
A C[0,1] with A(A) € [a,b] and [, [,. W(z,y)dzdy = 0.

Since {14, : n € N} is a bounded subset of L>°([0,1]), and L™ is the dual
of L', there is a weak* convergent subsequence of (14, )nen tending to f € L™
by the Banach—Alaoglu theorem. We can suppose that the subsequence is the
original one, hence

1 1
/ g() - 14, (x)dx — / o) - f(z) da (3.1)
0 0

for all g € L*([0,1]). One can easily see that f(z) € [0, 1] for almost all z € [0, 1]

and fol f(l') de € [aub] by using g((E) = 1{1:]’(z)<0}7 g(x) = 1{x:f(ac)>1} and
g(x) =1in B.I)



It follows from our assumptions on A, that
1,1
| [ W, @ ) deay
0o Jo
1,1
= / / W(z,y)la,(x)(1 —14,(y)) dzdy — 0.
o Jo

Now we show that fol fol ) f(@)(1 = f(y))dzdy = 0. The function z
W (z,y) is in L* for almost all y € [0,1], hence, using again (B.1)),

1 1
| Wi @de - [ Wi ds
0 0
for almost all y. For a fixed € > 0, let ng be large enough so that for

1 1
B= {y :Vn > ng /0 W(z,y)1a, (z)dx _/0 W(z,y)f(z)dz| <

‘/1 /1 Wz, y)1a, (@)(1 = 1a,(y)) dxdy
//W“/ 1_1A())d;vdy‘
; /Olw(:v,y)lAn(x)dx—/O W (z,y) f(x) de| (1 14, (y)) dy

+/BC /01 W(:zc,y)lAn(gc)dac—/O1 Wiz, y)f(z)dx

using that every function here has values in [0,1] and that A\(B¢) < e. The
function y — fol W (z,y)f(x)dz is in L', hence

//ny J(1— 1, >>dwdw/ol/olw<x,y>f<x><1—f(y))dxdy.

Thus,

A(B) > 1 — . Then for each n > ny,

(1-14,(y))dy < 2,

lim sup
n—oo

-/ 1 / W) f@)( — 1) de o <2

/0 /0 Wi(x,y)1a, ()(1 =14, (y))dxdy

for every € > 0, meaning that

/Olfolvv(x,y)un(x)u—u dxdy%//vvxy — f(9)) du dy,



hence [ [ W(z,y)f(2)(1 — f(y))dzdy = 0.

Now we extract a subset from f. Since fol f(z)dz € [a,b] and f(x) € [0,1] for
almost all z, A({z : f(z) =1}) <band A({z : f(z) > 0}) > a. Hence, there is
a measurable set A with {z: f(z) =1} C A C {x: f(z) > 0} and A\(A) € [a,b].
It is easy to check that if for some (z,y) € [0,1]%, f(z)(1 — f(y)) = 0, then
14(z)(1 =14(y)) = 0. Therefore fol fol W(z,y)f(z)(1 - f(y)) dzdy = 0 implies
that fol fol W (z,y)1a(z)(1—14a(y))dzdy =0, hence A witnesses that W is not
connected, a contradiction. o

Now we prove (iii) = (i) and (iii) = (ii). It is enough to prove the cor-
responding statements for the operator I'.(A) = AUT.(A) in place of I'.(4),
since one can easily see by induction on k that (T2)*(A) = AU---U(TL)*(A) C
AUl ny(A)U---U F’;/N(A) for each k£ < N.

The following claim proves (ii) from (iii) and will also be used to prove (i).

Claim 3.4. If W is a connected graphon, and degy, (x) > § for almost every x
for some 6 > 0, then for every a € (0,1] there exist N € N and € > 0 such that
M(TL)N(A)) =1 for every measurable set A with M\(A) € [a, 1].

Proof. Using the lower bound on the degree,

ATL(A)) =1 for every measurable A with A\(4) > 1 — g and ¢ < g (3.2)
Now let ¢’ > 0 be given by Claim IBI{I for [a b] [a,1 — £], then for every
measurable subset A with A\(A) € fo fo (2,9)1 a(2)1ac(y) dx dy >

¢’. Since fol W(z,y)la(z)de <1 for almost all y € A°,

s({re [ W= 2)) =

(A)\A) > %/ for every measurable subset A with A(A4) €
[a,1 — 3]. Then, A((T ,/2)[2/5/W (A)) € [1 — £,1] for every such A. Therefore,
also using @2), N=[2]+1ande = min{ < > 2} satisfy the claim. O

In other words, A(I", 2

The proof of (iii) = (ii) is complete using the claim, so now we move on
to show (iii) = (i). The extra difficulty comes from sets of small measure.
If A is a measurable subset with 0 < )\(A) < 2 then for almost all z € A,

fol W (z,y)1ac(y)dy > %, hence fo fo 2,y)1a(2)Lac(y) dzdy > %AT(A). Let

B = {y € A° :/0 W(z,y)1a(z)dx > 5)2(;4)}.

Since fol W(z,y)1a(z)dr < A(A) for almost all y € A€,

2 //nym( PLac(y) drdy < A(B) - A(4) + 22




therefore \(B) > g 9 and thus )\(I"WA) (A)) > %.

Now we apply ClaimBAlwith a = £ to get N’ and &’ such that A((TL)N'(A)) =
1 for every A with A\(A) > %. Then for any subset A of positive measure, N =
N’ +1 (that is independent of A) and & = min{e’, %} work, A\(T2)N(A)) =
1. O

Let us point out a nice property of graphons with finite diameter. In many re-
spect, unbounded chip configurations are inconvenient. However, for a graphon
with finite diameter, any chip configuration becomes bounded after one step of
the parallel chip-firing.

Lemma 3.5. If a graphon W has mindeg(W) = d > 0, then for any chip
configuration o on W, n > 1 and almost all x € [0,1], we have

lolly Dol

Uto(x) < degy (x) + —— 7 7

Proof. Since by Claim 22 ||Uo||; = ||o||1, it is enough to prove the statement
for n =1.

Uo(z) = o(x) — degy, (x ) + fo (2, y) dy where
fly) = he‘g’im if degy (y) >0
0 if degy, (y) =0

For an  where degy, (x) > 0, we have o(z) —degy, (x) f(z) < degy (). Also,
as W(z,y) < 1 for each x,y € [0, 1], we have fol Fy)W(z,y)dy < f fly)dy <

fol # dy = L||o||1 as o is almost everywhere nonnegative. O

4. Existence of the activity

In this section we investigate the existence of the activity of a chip configura-

tion on a graphon. Recall that by definition the activity of a chip configuration
Uy ()
n

o on a graphon W exists and is equal to a € R if lim,,_, exists and is
equal to a for almost all x € [0, 1].

First, we construct an example showing that the connectedness of the graphon
is not sufﬁcient( for the activity to exist. Howev)er, we show that if W is con-

% is bounded then lim inf %

nected and Tz

is the same for almost every

x € [0,1], and the same holds for lim sup U”T(m) In the main result of this section,
Theorem .11} we show that the finite diameter condition implies the existence
of the activity for any chip configuration.

4.1. An example where the activity does not exist

Proposition 4.1. There exist a connected graphon W and a bounded chip con-
figuration o on W such that the activity of o does not exist.

10



Proof. In our construction we will have lim inf ""T(z) = 1 and limsup ""T(z) =1
for each z € [0, 1].
Let (U,nez Am be a measurable partition of [0, 1] with A(A,,) > 0 for each

m € Z, and let us denote by m : [0,1] — Z the unique function with z € A, ()
for every x € [0,1]. Then let W(z,y) = 1 if and only if |m(x) — m(y)| = 1 and
let W{(x,y) = 0 otherwise. It is easy to see that W is connected.
We say that a set A, is of type 1 with respect to a chip configuration
p if p(x) = MAm—1) for each z € A,,. We say that A,, is of type 2 if
p(x) = MAm=-1) + AM(An+1) for each € A,,, and it is of type 3 if p(z) =
2 - AMAm-1) + MApy1) for each z € A,,. In our example, we will choose the
starting configuration o so that for each n, each set A,, is of type i for some i
with respect to U™o. It is clear that every such chip configuration is bounded.
Now let Z1 U Zs U Z3 = Z be a partition of the integers with the property
that
meZi s m+1e Zs. (4.1)

We define the chip configuration ¢ in the following way:

)\(Am(z),l) if m(x) € 71,
U(‘T) = )‘(Am(m)fl) + )‘(Am(m)+1) if m(x) € Zs,
2- )\(Am(z),l) + )\(Am(z)Jrl) if m(x) € Zs,

that is, the type of A,, is ¢ with respect to o if and only if m € Z,.
Using ([@.1]), we have that

A, is of type 1 if and only if A,,11 is of type 3 with respect to o. (4.2)

Claim 4.2. Suppose that a configuration p satisfies [E2)) and also that each Ay,
is of some type with respect to p. Then for each m € Z, Ay, is of type i with
respect to Up if and only if Am+1 is of type i with respect to p.

Proof. We distinguish multiple cases according to the type of A,, with respect
to p.

If A, is of type 1 with respect to p then using [@2)), A;,+1 is of type 3 and
Apn—1 is of type 2 or 3. Hence, starting from p, the points of A,,—1 U A;pq1
can fire once, but the points of A,, cannot fire at all. Therefore, Up(x) =
2 MAm—-1) + MAp41) for each z € A,,, thus A, is indeed of type 3 with
respect to Up, as is A,,4+1 with respect to p.

If A, is of type 2 with respect to p then again using [{2), A,,—1 is of type
2 or type 3, and A,,4+1 is of type 1 or type 2. Since in this case the points of
Ap—1 U A, can fire once, for each x € A,,, Up(x) = MAp—1) if Ajpgq is of
type 1, and Up(z) = AM(Am—1) + MApmy1) if Apgq is of type 2. Thus the proof
is also complete in this case.

If A,, is of type 3 with respect to p then by @2l), A,,—1 is of type 1, and
Apy1 is of type 1 or type 2. Hence, for each x € A, Up(x) = AN(Am-1) if
At is of type 1, and Up(z) = AM(Am—1) + A(Amt1) if Apg is of type 2. Thus
the proof of our claim is complete. o

11



It is easy to prove by induction on n using Claim 2] that for each n, every
set A, is of some type with respect to U"c and also that U™ o satisfies [@2]). Tt
is also clear that u, (x) equals the cardinality of the set (Z3UZs)N{m(x), m(z)+
1,...,m(xz) + n — 1}. The only thing that remains to finish the construction,
is to choose the partition Z = Z; U Zz U Z3 such that (1)) is satisfied and also
for every x the liminf of |(Z2 U Z3) N {m(x),m(z) +1,...,m(x) + n—1}| asn
tends to infinity is 1/2 and the limsup is 1. Let for example

Zy={neZ:n<1}u|J{nezZ:2k+1)! <n< (2k+2)},
k=1

where k! denotes the factorial of k. We can add the remaining integers alter-
natingly to Z; and Z3 satisfying [@1). It is straightforward to check that this
construction satisfies the above requirements. o

4.2. About the liminf and lim sup

In this section we prove the following theorem.

Theorem 4.3. If W is a connected graphon and o is a chip configuration

on W such that ﬁjzw) < K almost everywhere, then there are real numbers
) tn ()

u, u € [0,1] such that liminf % = w and limsup “== = T for almost all
z € 0,1].

We conjecture that this statement holds more generally, for any chip config-
uration.

Conjecture 4.4. If W is a connected graphon and o is a chip configuration
on W, then there are real numbers u, @ € [0, 1] such that lim inf “"T(x) = u and

Un ()

lim sup =7 for almost all = € [0, 1].

The idea of the proof is the following. The function y dz/;;’g’w))
interpreted as a density describing the neighborhood of z. Even though these
densities can be quite different for different points, if we start a Markov chain
at each point, the transition probabilities of this Markov chain will be close to
each other after a sufficiently large number of steps. We can approximate the
amount of chips received by the points using these probabilities, showing that
the liminf and lim sup of U”T(JC) do not depend on .

We start with collecting the notions regarding Markov chains that we will
need. Let (X,.A) be a measurable space and P : X x A — [0,1] denote the
transition probabilities of a Markov chain, that is, P(x,-) is a probability dis-
tribution for each x € X and P(-, A) is measurable for each A € A. The
higher-order transition probabilities are defined by P!(z, A) = P(x, A) and

can be

Pz, A) :/ P"(z, dy)P(y, A).
X

12



The Markov chain defined by P is said to be irreducible if there exists a
non-zero o-finite measure ¢ on X such that for every A € A with ¢(A) > 0 and
every € X there exists n € N with P"(x, A) > 0.

The probability distribution = is called stationary distribution if

W(A):/XP(:E,A)dW(x)

for every A € A. A Markov chain with a stationary distribution = is aperiodic
if there do not exist disjoint, measurable subsets Ag,..., Ag—1 € X with d > 2
such that for all 0 < 4 < d and all x € A;, P(z, A(i+1) (mod q)) = 1, and
W(Ao) > 0.

We will use the following result, appearing in this form in [5, Theorem 4], in
which the norm of a signed measure is defined as the total variation norm, that

is, [[V]| = supac 4 [V(A)].

Theorem 4.5. If a Markov chain on a state space with countably generated
o-algebra is irreducible and aperiodic, and has a stationary distribution 7, then
for m-a.e. x € X,

lim |P"(x, ) —=(-)|]| = 0.

n—r oo

Now we are ready to prove the main result in this subsection.

Proof of Theorem[{.5 We first claim that we can suppose that degy, (z) > 0
for every x € [0,1]. In order to show this, let A = {z € [0,1] : degy (z) = 0},
and define W’ by W/(z,y) = 1if x € Aory € A, and W'(z,y) = W(z,y)
otherwise. It is easy to check that W’ is a graphon, and W(x,y) = W'(x,y)
for almost all (z,y) € [0,1]?, since the connectedness of W implies A\(A) = 0.
Hence, W' is also connected and degy, (z) > 0 for all z. One can also show
by induction on n, that if degy, (z) > 0 then u, (W, o)(x) = un (W', 0)(x), since
in this case W'(z,y) = W(x,y) for almost all y € [0,1]. Hence if we show
the statement of the theorem for W’ then we are also done for W. Thus we
can indeed suppose that degy, (z) > 0 for all € [0,1]. We also assume that
W is Borel measurable; we can do so, since for any (Lebesgue measurable)
graphon W there is a Borel measurable one W’ such that W = W’ almost ev-
erywhere, hence, using that degy, () = degy (z) almost everywhere, it follows
that u,(W’,0)(z) = un(W, 0)(z) almost everywhere.
Define a Markov chain using W by the transition probabilities

fA W(:v,y)dy'

P A) = 2 e @)

Here, and everywhere else where we do not specify the measure, we integrate
with respect to the Lebesgue measure.

To check that P : [0,1] x B([0,1]) — [0,1], where B([0,1]) is the Borel o-
algebra, indeed defines a Markov chain, one can use e.g. [1, Exercise 17.36] to

show first that = — degyy, (x) is Borel, hence (z,y) — dvxg(;’gf)

is also Borel, and
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then use the same exercise again to show that for each A € B([0,1]), z — P(x, A)
is also Borel.
Notice that each distribution P(x,-) is absolutely continuous with respect

to the Lebesgue measure, since

Wz, y)
T,y — 7
( ) degW( )

is a density function. One can also show by induction on n that P™(z,-) has
density function p"(z,-), which can be defined inductively by p!(z,y) = p(x,
and

)

g y) = 1”902 z z = 1”952Mz
Py = [ e /Op<,>degw(z)d.

We will also use that for k£ < n,
1
P (x,y) = / p*(, 2)p" (2, y) da. (4.3)
0

Let us define a probability distribution on [0, 1] by w(A) = % with
egy (T X
degy (2) ’
Jo degw (y) dy”

Claim 4.6. The Markov chain determined by P is irreducible, and has 7 as a
stationary distribution.

density function d.(z) =

Proof. The following calculation, using Fubini’s theorem for non-negative func-
tions shows that 7 is indeed a stationary distribution:

/PxAdw /PxA dx—// (z,y)dy - dr(x) dx

/ W(x y . degy () de
A degyy (z fo degyy (2) dz
1
= Wi(x,y)dydr - ———
/0 /A (@) fol degy (2) dz
d d
_ f‘? egw (y) dy — n(A).
fo degy, (2) dz

To check irreducibility, we use ¢ = X, the Lebesgue measure. Let = € [0, 1]
be arbitrary, and let 4,, = {y € [0,1] : p"(z,y) > 0}. We claim that it is enough
to show that A(J,, An) = 1. Indeed, if this is the case and A € B([0,1]) with
A(A) > 0, then A(AN A,) > 0 for some n, hence P"(z,A) = [, p"(z,y)dy >
fAﬁAn p"(z,y)dy > 0, since p™(x,-) is positive on AN A4, and \(AN A4,) >0

Now suppose towards a contradiction that A ({J, 4») < 1 and let B =
[O 1] \ U,, An. Then )\(B) > 0, and also A(B) < 1, since for example 1 =

fo (z,y)dy = [, p"(v,y)dy, showing that each A, is of positive measure.

14



Using the fact that W is connected, ch fB W (z,y) dy dz > 0, thus there exists
some n such that [, [, W(z,y)dydz > 0. It follows that for A}, = {z € A, :

Sz W(x,y)dy > 0}, \(A},) > 0. Now we show that P"*!(z,B) > 0 to get a
contradiction and complete the proof, again using Fubini’s theorem.

1
P ) = [y = [ [ 5wt dedy
B B JO
W(z,y)
> "(x, 2)p(z,y)dzd :/ "(x, z ——=dydz > 0,
L) reomeias | e [ gt

since p"(x,z) > 0 for all z € A, C A,, [, dVCVg(VZV’E’Z)) dy > [z W(z,y)dy > 0 for

each z € 4], and A\(4),) > 0. O

To be able to use Theorem 5] we would need to prove that our Markov
chain is aperiodic. Unfortunately this is not the case if W is bipartite, that is,
there is a measurable partition [0,1] = A U B such that A(A), A(B) > 0 and
W(z,2’) = 0 for almost all (z,2’) € A% and also W (y,y’) = 0 for almost all
(y,y') € B2 TFor our purposes, another formulation of bipartiteness will be
useful. For a bipartite graphon W we call the decomposition [0,1] D F = X UY
into disjoint subsets a canonical decomposition, if A(X), A(Y) > 0, AM(F') = 1,
for all z € X and for almost all 2’ € X, W(z,2’') = 0, and also for all y € Y
and for almost all ' € Y, W(y,y') = 0. Note that every bipartite graphon has
a canonical decomposition.

For such a decomposition we denote by 7x the distribution on X defined
by mx(4) = %, and similarly 7y is a distribution on Y defined by
X
_ Jpdegw(y)dy
™ (B) = 1 des )
and dn, .

. We denote the corresponding density functions by dr

Claim 4.7. If W is bipartite with canonical decomposition X UY , then P?(x,")
for x € X are transition probabilities for an irreducible Markov chain on X with
stationary distribution wx . The analogous statement holds for Y as well.

Proof. Using the fact that P(x,-) is absolutely continuous with respect to the
Lebesgue measure, and the properties of the canonical decomposition, one can
easily show by induction on n that

P?(z,X) =1 and P>""(2,Y) =1 for every z € X. (4.4)

This implies that P?(z,-) is a probability distribution on X for each x € X.
The measurability of P2(-, A) can be shown as before for P(-, A), showing that
P? indeed defines a Markov chain.

Claim [£.6 and ([@4) shows that P? is irreducible on X, and a similar compu-
tation as in the proof of Claim .6 shows that 7 is a stationary distribution. O

Claim 4.8. If W is not bipartite then ||p™(z,-) — dr||1 — O for almost every
x € [0,1]. If W is bipartite with canonical decomposition XUY, then ||p*"(z,-)—
dry|l1 = 0 for almost all z € X and ||[P*"(y,-)—dry |1 — 0 for almost ally € Y.
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Proof. Tt is enough to prove that if W is not bipartite then ||P"(x,-) — «|| = 0
for almost every z € [0, 1], and analogously for the bipartite case, since if v
is a signed measure with density function d,, then ||d,||y = [|d,(z)/dz =
[ i o) da| | [, g () da] <2 ]

It is also clear that = and A are mutually absolutely continuous, since 7 has
a density function which is everywhere positive. Hence, a statement holds m-a.e.
if and only if it holds A-a.e. In the following discussion, where we can choose
between the two, we always use the Lebesgue measure, as in the statement of
this claim.

To prove the first assertion we want to apply Theorem .5l for P. Using Claim
48 it remains to show that P is aperiodic. Suppose towards a contradiction
that the Markov chain is not aperiodic, hence there exist measurable subsets
Ag,...,Ag—1 C [0,1] with d > 2 such that for all i < d and all z € A;,
P(z, A(i+1) (mod ) = 1, and A(A4g) > 0. It follows that A(A;) > 0 for each
i, since if we suppose this for some fixed i < d — 2 then 1 = P(z, A;j41) =
fA¢+1p($’y) dy for all x € A;, showing A(A;;1) > 0. Let A = J,_,A;. Then
P(z,A) =1 for each x € A, hence W(z,y) = 0 for almost all (z,y) € A x A°.
Then A(A) =1 follows from the connectedness of W.

Now we use the following lemma to show that d < 2.

Lemma 4.9. For a connected graphon W and a set A C [0,1] with A(A) > 0,
P?(z, A) > 0 for almost all x € A.

Proof. Let B = {x € A : P*(z,A) = 0}. Then, of course P?(z, B) = 0 for all
x € B. Suppose towards a contradiction that A(B) > 0. Then

O=LP2(x,B)dx:/B/sz(x,z)dzd:tz/B/B/Olp(x,y)p(y,z)dydzdx
—/Ol/Bp(I,y)dx/Bp(y,Z)dzdy-

Since p(x,y) = 0 if and only if p(y,z) = 0, we have [, p(z,y)dr = 0 if and
only if [, p(y,z)dz = 0. Therefore p(x,y) = 0 for almost all (z,y) € B x [0,1],
contradicting the fact that W is connected. O

We can use the lemma for A = Ay to get that P?(z, Ag) > 0 for almost all
x € Ay, hence it is not possible to have d > 3 with P?(z, Ay) =1 for all z € Ag
and Ag N Az = 0. Therefore d < 2, and d = 2 implies that W is bipartite. It
follows that if W is not bipartite then P is aperiodic. The first assertion then
follows from Theorem

Now suppose that W is bipartite with canonical decomposition X UY. To
use Theorem [£H to finish the proof, after applying Claim [£.7] it remains to show
that P? is aperiodic on X. If this was not the case, there would exist disjoint
sets of positive measure Ag, A; C X such that P%(z, A;) = 1 for all z € A,.
Using Lemma we obtain that P?(x, Ag) > 0 for almost all z € Ag, which
contradicts the existence of such sets. O
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We are now ready to finish the proof of Theorem We calculate lower
and upper estimates for u,(x¢) for an arbitrary xy € [0,1], after proving the
following claim.

Claim 4.10. If W is a connected graphon and o is a chip configuration on W
such that de‘;i‘fzw) < K almost everywhere, then u,(z) < (K — 1)n for almost
all x € 10,1].

Proof. We show by induction on n that degg((mw)) < K. From this statement, the
claim easily follows. The statement for n = 0 is an assumption of the theorem.

Suppose now that it holds for some n € N towards showing it for n+ 1. Clearly,

U to(z) < degyy () + /(K — )W (z,y)dy < K degy, (),

finishing the proof. O

Since fol W (z, y)un—1(y )dy is the amount of mass received by x during the

Jo W(@,y)un—1(y) dy

first n — 1 steps, u,(z) > Jogr ()

and k < n, then

—1. Now let 29 € [0, 1] be arbitrary

1
W (w0, 21 )un—1(z1)dz 1
b W Zlegl) (aro)l( Vi _1—/ p(zo, @1 )tn—1(21)dr1 — 1
w

) n— )d
Z/ (o, 1) (fo (21, 22 )un—2(2)dz 1) dr; —1

degyy, (1)

un (o) >

1
/ / (@0, 1)p(x1, T2)Un—2(x2) dwld:vz—/ p(xo, z1)dz — 1
0

:/ p (:EOVTQ)un z(xg)d:vg—2
0

1
Z/ P* (w0, 21 )un—r (vx)doy, — k.
0

a(m)-l—fol W(z,y)un—1(y) dy

For the upper estimate, we use that u,(z) < dogyy (@) = for any
x, hence
un(w0) < o(xo) + fol W (xo, 21)Un—1(x1) day
degyy (z0)
o (o) !
= n— d
degyy (20) +/0 (20, T1)tp—1(z1)dz1
L o(x —i—lWx,x Up_9o(x2) dx
< a(zo) +/ p(z0,21) (z1) fo (71, 22) 2(22) 2d:c1
degyy (o) 0 degyy (1)
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= )+/0p(0,1) dzq

degyy (o degyy (1)
1 fl W(,Tl ,Tz)u _2($2)d$2
+ x0, T1) =2 ’ - dx
|, Pl S !
o(zo) /1 o(x1)
=—7 4+ T, T1)—————dx
Jeg (0) T Jo P ) Gegyy (o)

1
+/ p* (20, T2)Up—2(72) da2
0

([ ey )

1
+/ P* (w0, T )un—_k (1) dzy,
0

IN

k—

degW Z0)

1=

Now first suppose that W is not bipartite and let M C [0, 1] be the set of
points = such that ||p¥(z,-) — d.||1 — 0. Using Claim 8 A\(M) = 1. We now
show that the conclusion of the theorem holds for points in M, that is, for any
xz, o’ € M, liminf u"T(m) = lim inf %m,) and lim sup ""T(z) = lim sup %zl)

Let x,2’ € M be arbitrary, and for a fixed € > 0 choose k¥ € N so that
lp*(z,-) —dx|l1 < e and ||pF(2',-) — dr|1 <e. Then, using Claim EI0 and that

2@) _ + K for almost all x € [0, 1], for n > k,

Toa D)
wn (2 un (2 & _|_k 1 1pi x ﬂd

+ /01 (P* (2, y) = P (¢, y)) un—k(y) dy + k
- degW + Z (/ (.9) Kdy)

1

+/ n(K —1) |pF(z,y) — p"(',y)| dy + &
0

+EK +2n(K — 1)e + k.

One can similarly calculate a lower estimate for Un () —un(x'), hence as n tends
to infinity, we get that lim sup |“"T(m) un(2') ‘ < 2(K —1)e for all € > 0, hence
lim |u"—w) - u"(m/)| = 0, thus liminf u"y) = lim inf u"(m/) and lim sup u"(w) =
limsup = “” ) for all x,2’ € M. Thus the proof of the theorem is complete in
case W is not bipartite.

Now suppose that W is bipartite with canonical decomposition X UY. Let
M be the union of the set of points € X with |[p?"(z,-) — dxy |1 — 0 and
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the set of points y € Y with [|p®*(y,-) — dxy || — 0. Using Claimlm, AM) =
1. A similar argument to the above one shows that if z,2/ € X N M then
lim | Un(z) _ un(z) | = 0 and the same conclusion holds for points y,y’ € Y N M.
It remalns to show the same for a pair (z,y) withz € XN M andy € Y N M.

In the following, the density functions d., and dr, of mx and 7y are un-
derstood to be defined on [0, 1], with dr, vanishing outside X and dr, van-
ishing outside Y. We claim that for a fixed ¢ we can choose £ € N so that
p* (2, ) — day |1 < & and ||p**1(y, ) — day |1 < &. To show this, first note that
for all k € N,

1P ) — o ||, = /‘/ Dy, W)p(u, 2) dut — oy (2)
= / ‘/p(y,U) (P (u, 2) = dry (2)) du
= /p(y,u) Hpk(u,) _dWXH1 du.

dry|l1 < € and for that set H =

dz

dz

Let k be large enough so that ||p*(z,

D.-\'/

{fue X :|p*(u,")—drylli = 5} MH) < %(y) Then, using that p(y,u) =0
for almost all v € Y, and that p(y,u) < m and ||p*(u,-) — dry |1 < 2 for

all u € [0,1],

00 =l = [ ol ) = g,

</Ldu+/ p(yu)idu<i+£*5
= Ju degy (y) x\a# 2 T2 2 7
showing our claim.

Then using Claim .10 again, for n > k,

([ ezt
+ /01 (p’f(:c, 2) — pPHi(y, 2)) un—k(2)dz + (k4 1)

o(x)
degyy (x)

with a similar calculation showing the opposite direction, proving together that
lim [42(2) _ #ne1)| — 0. This implies that liminf “2) and limsup “() is the
same for almost all z € [0,1] even if W is bipartite. Therefore the proof of the
theorem is complete. O

k—1

Un(T) — Upt1(y) <

- degW P

< + kK +2n(K — 1)e + (k+1),

4.3. Existence of the activity for graphons with the finite diameter condition

In this section we give a sufficient condition for the existence of the activity.
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Theorem 4.11. If the finite diameter condition holds for a graphon W, then
the activity exists for any chip configuration.

We believe that having finite diameter is not necessary for the existence of
the activity of every chip configuration.

Problem 4.12. Give a necessary and sufficient condition for a graphon W such
that the activity a(W, o) exists for each o.

We start the proof of Theorem [Z.I1] by investigating the properties of the
following two quantities: for a graphon W, a chip configuration o, and each
n € N let

My, = mp(W,0) = inf{k : \({z : un(x) = k}) > 0},
M, = M,(W,0) =sup{k : \({z : un(z) = k}) > 0}.

It is easy to see that m, (W, o) is finite, however, M,,(W, o) could be infinite.
Lemma 4.13. m,, is superadditive, that is, muyxr > My + myg.
Proof. We claim that it is enough to prove that

for almost all x € [0, 1], wptx(z) > my, + uk(x). (4.5)

Indeed, suppose that (@3] holds and let A = {z € [0,1] : Uuptx(z) = Myt
Note that A(A) > 0 by the definition of m,4+x. For almost all z € A, we have
Mptk = Un+k(T) > my + uk(x). Since A(A) > 0, and ug(x) < my can only
hold on a set of measure zero, we conclude that there exists z € A such that
ug(x) > myg and my4r > my, + ug(z) both hold. Hence my, 1 > my, + my.

To prove ({3]), we proceed by induction on k. For k = 0, the statement is
trivial. Suppose that the statement holds for k, i.e. wnyr(y) > my + ug(y) for
almost all y € [0,1]. We prove it for k + 1.

Fix an arbitrary « € [0,1] with degy, (x) > 0, and suppose that w,r(x) =
my, + ug(z) + a for some nonnegative integer a. If starting from o we fire each
vertex y exactly m,, +ux(y) times, we get to U¥o as firing each vertex m,, times
does not change the chip configuration. Now

1
U™ro(z) = 0(x) — tn () degy (x) + / tns k()W () dy >

o(x) = (mn + uk(z) + a) degy () + /0 (min + ur(y))W (z,y) dy =
Uro(z) — a - degy, ().
Hence
U"Jrka(:zr)J

Untk+1(2) = Unin(z) + {m

Uko(z) — a - degy ()
degyy (x)

my, +uk(x) +a+ { J = my, + upr1(x).
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Lemma 4.14. M, is subadditive, that is, M+ < M, + Mj,.

Proof. If M, is infinite, then we are ready. If M, is finite, then the statement
can be proved analogously to Lemma [£.13] O

We recall Fekete’s lemma [1], that states that for a superadditive sequence

ap, limy, oo = exists and equals to sup,, =, and for a subadditive sequence by,

limy, oo % exists and equals to inf, b—;;. Hence we have the following.

Proposition 4.15. The limit lim,,_, == ezists and is equal to sup,, “=. The

limit limy, o Af[l" exists and is equal to inf, % In particular, if the activity of
(W, o) exists then

n . M, M,
ﬂSlirnm—Sa(VV,U)Shm—g—k
k n—oo N n—oo N k

for every k > 1.

Proposition 4.16. If the graphon W has finite diameter and o is a chip con-
figuration on W with U"o(x) < K for each n € N and z € [0,1], then there
exists k € N such that M, — m,, <k for each n.

Proof. Let us fix € > 0 and N € N according to the equivalent definition (ii) of
Theorem B2l Let A = {z € [0,1] : u,(z) > Mod™a} Then either the measure
of A or the measure of the complement of A is at least %, so we are able to use
the condition (ii) for one these.

Case 1: A(A) > 1, hence A(AUT:(A)UTI'2(A)U---UT'Y(A4)) = 1 by our choice
of ¢ and N.

Let us fire each vertex m,, times. Then only a measure-zero set of vertices
are fired more times than they should be after the first n steps. After firing
each vertex m, times, the chip configuration is the same as originally. Then
we additionally fire each vertex the necessary number of times to fire almost all
vertex x exactly un () times (except for the elements of the measure-zero set
{z : up(x) < myp}). In this way, we get to a chip configuration that is equal to
U"o almost everywhere, hence it is essentially bounded by K.

The vertices in A have to be fired at least #2="x times additionally. By
the definition of T'c(A), the vertices in I'.(A) receive at least e chips if A is
fired. Hence after the at least 422"~ additional firings, the vertices in I'.(A)
receive at least ¢ - % chips. Using the bound on the configuration, and
that the degree of a vertex is at most 1, each vertex of I'. (A) has to do at least
e % —-K|>e- % — K additional firings.

Continuing like this, we get that any vertex in AUT(A)UT'2(A)U---UTY (A)
has to do at least eV - % — K(eN~!1+...+e+1) additional firings. As the
vertices that fire m,, times do not need any additional firing and the measure
of these vertices is positive by the definition of m,,, we have that

Mn_ n —
aN-%—K(aN Ly tet1)<0,
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hence My, —my < ()N 2K (N1 4 ... 4+ £+ 1), which does not depend on n.

Case 2: A\(A) < 1/2. Let B =[0,1]\ A. Then A(B) > 1/2, hence A\(BUT'.(B)U
[2(B)U---UTY(B)) = 1

Starting again from o, let us fire each vertex M,, times. Then the chip
configuration remains the same. Now we “inverse fire” each vertex the necessary
number of times so that in the end, the number of firings made by a vertex x is
un () for all z, except those that are in the measure zero set {z : u,(x) > M,}.
Then we reached a chip configuration p, with p(x) = U0 (x) almost everywhere.

By definition, the vertices of B have to be inverse fired at least M"gm" times.
By inverse firing B, the vertices in T'.(B) all lose at least ¢ chips, hence after
at least Mo="u jnverse firings, they lose at least e - 22="n chips. As originally
they had at most K chips and at the end they have at least 0 chips, they have
to gain at least - % — K chips. By an inverse firing they can gain at most

one chip, hence they need to perform at least ¢ - Mo=mu _ [ inverse firings.

Continuing this, we get that each vertex in BUT-(B)UT2?(B)U---UT'Y(B)
needs at least eV - Ma—tn — [(eN=14 ... 42+ 1) inverse firings. As the vertices
that fire M, times do not need any inverse firing and the measure of these
vertices is positive by the definition of M,,, eV % —K(EN T4 et 1) <0,
hence M, —my < (2)N - 2K(eN~1 4 .- 4+ £ + 1), which also does not depend
on n. We conclude that k = (1)V - 2K(eN =1+ - + £ 4+ 1) suffices. O

Proof of Theorem[{.11l Let o be an arbitrary chip configuration on W. Since
the activity of o exists if and only if the activity of Uo exists, we can take a step
in the parallel chip-firing, and deal with ¢/ = U instead of o. By Lemma [3.5]
there exists a bound K € R such that U"¢’(z) < K for each n € N and almost
all z € [0,1]. By Proposition 15 lim,, o0 %WUI) and lim,,_ oo W both
exist, and by Proposition they are the same.

Since mnW:e') o un(Weo))(@) o Mn(Weo')
n = n >~ n

for almost all x and every n, it also

exists for almost all x, and equals to
my, (W,o')
o O

follows that the limit lim,_s 0 M#M

the value lim,,_, o

5. The continuity of the activity

In this section we show a “continuity” theorem for the activity on graphons
of finite diameter.

Definition 5.1 (Smooth pair). A pair (W, o), where W is a graphon and o is
a chip configuration is called smooth, if

forany n e N, \({z € [0,1] : 3k € N U"0(z) = k- degy (z)}) =0. (5.1)
We also say that o is a smooth chip configuration on W.

The main goal of the current section is to prove the following theorem con-
cerning the continuity of the activity.
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Theorem 5.2. Let (W, o) be a smooth pair and d > 0 where W is a connected
graphon with mindeg(W) > d and o is a chip configuration. Then for anye >0
there exists § > 0 such that if W' is a connected graphon with mindeg(W') >
d, dg(W,W') < ¢ and o' is a chip configuration with ||c — o'||s < & then
la(W, o) —a(W' o')| <e.

Remark 5.3. We note that one cannot leave out the condition of (W, o) being
a smooth pair. Take for example the graphon W = 1 and the chip configuration
o = 1. Then a(W,0) = 1 as each vertex will fire once in each step. However,
if we modify o by decreasing its values by some € > 0 on each vertex then
llo — &’||1 = €, on the other hand, the chip configuration becomes stable, hence
a(W,o') =0

Question 5.4. Would Theorem remain true if we only required finite diam-
eter for W and W/, without asking for a common lower bound on the degrees?
That is, is the following, stronger form of Theorem true?

Let (W, o) be a smooth pair where W is a graphon of finite diameter and o
is a chip configuration. Then for any e > 0 there exists 6 > 0 such that if W' is
a graphon of finite diameter with dg(W,W') < § and o' is a chip configuration
with ||o — o'||1 < & then |[a(W,0) —a(W' o) <e.

We prove Theorem [5.2] through a series of lemmas and propositions. First, in
Lemma G5l and b6l we show that if ||u, (W, o) —u, (W', o) ||1 is sufficiently small
then the quantities m,, and M,,, as defined in Section[3] are also close for (W, o)
and (W’,¢"). Next, in Proposition [5.8 and we show that if dg(WW, W') and
llo — o’||1 are small then ||Uyo — Uwo’||1 and ||f(W, o) — f(W’',5')||1 are also
small. Finally, in the proof of Theorem [£.2] we put these ingredients together
in an inductive argument.

Lemma 5.5. Suppose o is a chip configuration on the graphon W and o’
is a configuration on the graphon W’'. Let d > 0 and n € N be given. If
mindeg(W') > d, ||o'|1 < 2|loll1 and ||lun(W,0) — un, (W', 0")|l1 < then

mn (W', 0") > mn(W, o) — (d " 4nan1).

d
27

Proof. Suppose that m,(W’',0’) < m,(W,0), otherwise we have nothing to
prove. Since ||un (W, 0) — un (W', 0”)|1 < 4 and the odometer is integer-valued,
for the set A = {z € [0,1] : up (W, 0)(x) # un(W’,0")(2)} we have A\(A) < £.

Let B = {z € [0,1] : u,(W',0')(x) = mn(W’ ")}. By definition of
mn (W' 0"), A(B) > 0. Note that B C A except for a measure zero set. For
almost all x € B, degw,( [0,1]\ A) > £, since A(4) < 4. In the parallel
chip-firing started from o’ on W’ almost all vertex of [0,1] \ A fired at least
My (W, o) —my, (W', o’) times more than almost all vertex in B, hence for almost
all vertex = € B,

Ugyo'(z) 2 o' (z) + (ma (W, 0) = mn (W', 0"))

Using Lemma B35 U} o' (z) <1+ ”U b and thus Uiyo'(z) <
almost all z € [0,1]. Tt follows that mn(VV, U) mn(W',0') < 2 4
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For the analogous claim about M,, we need the chip configuration ¢’ to be
bounded.

Lemma 5.6. Suppose o is a chip configuration on the graphon W and o’ is a
configuration on the graphon W'. Let d > 0, K € N and n € N be given. If
mindeg(W') > d, |un(W,0) — un(W’,0")||1 < & and o'(x) < K for almost all
x, then My (W', 0") < M, (W, o) + 2.

Proof. The proof of the lemma is similar to the previous one. Using the bound-
edness of ¢/, M, (W’,0') < oo, hence we can suppose that M, (W,s) < oo
as well. We can also suppose that M, (W', o’) > M,(W,0), otherwise we
have nothing to prove. Let A be defined as in the proof of Lemma [5.5] and
let B = {z € [0,1] : un(W',0')(z) = M,(W’,0’)}. Then again, A(A) < £,
A(B) >0, B C A and for almost all z € B, degy,(,[0,1]\ A) > £.

In the parallel chip-firing started from ¢’ on W’ almost all vertex of [0, 1]\ A
fired at least M., (W', ¢')— M, (W, o) times less than almost all vertex in B, hence
for almost all vertex z € B,

0 < Ujyo/ () < o' (&) — (Ma(W',0") — Mo (W, )

N

Using o/(z) < K, it follows that M, (W’,o’) — M, (W,0) < 2. O
The following technical lemma is used many times in the proof of the next

proposition.

Lemma 5.7. For two arbitrary graphons W and W', | degy —degy |1 <
2dg(W, W"). Therefore, for any n > 0, A({z € [0,1] : |degy (z) — degy (x)| >
nh) < 2dg(WW")

= 7

Proof. Let A= {x €10,1] : degy, (z) > degy (x)}. Then

1
do(W, W') > /A /0 Wz, y) — W (w,y) dy do = /A degyy (2) — degyy (v) da
= [ et (@) = degyy o)

Similarly, one can show that [,. |degy (z) — degy (z)] dz < dg(W, W’), hence
the first assertion of the proposition follows. O

We state the next proposition in a more general form than what is needed
to prove Theorem As a consequence, the proof requires an extra technical
step. However, the statement is simpler this way, and we believe it might be
interesting on its own.

Proposition 5.8. Let o be a chip configuration on a connected graphon W such
that (W, o) is a smooth pair. Then for any e > 0 there exists a § > 0 such that
if o’ is a chip configuration on a connected graphon W' with dg(W,W’) < ¢
and ||lo — d’||1 < 6, then ||[Uwo — Uwio'||1 < €.
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Proof. Throughout the proof we use the notation f(z) = f(W,o)(x) for the
given pair (W, o), and similarly f/(z) = f(W’,o’)(x) for a graphon W’ and a
chip configuration ¢’ satisfying the conditions of the proposition for a 6 > 0

specified later.
For 1 > 0 we collect the points at which the graphons or the chip configura-
N ={z€[0,1]: f(z) # f'(z)},
1
U, = {:ve [0,1] : o(z) > —}, U, = {:ve [0,1]: o' (z) >
Ly ={z€[0,1] : degy () <n}, L, ={x€[0,1]:degy (z) <n},
Ay=NUU,UU, UL, UL;.

|~

tions behave badly, so let
" } ’

Then we have the following.

Lemma 5.9. For any &’ > 0, there exist n > 0 and § > 0 such that if W’ is a
graphon and o’ is a chip configuration with dg(W,W’') < § and |lo — o'||s <
then [, o+o' <¢.

n

Proof. We first claim that for a given ¢” > 0 it is enough to find p > 0 and 6§ > 0
such that if the conditions of the lemma hold then A(A,) < ¢”. Indeed, since o

is in L', for any &’ there exists ¢ such that A(4,) < ¢” implies [, o < %, Let
n
us fix such an &”. Since |0 — 0’|y <6, [, o/ <d+ [, o. Therefore, if 7 and
n n

0 are small enough so that 0 < %, and A\(A,) <¢&” then [, o+0' <¢.

Let us fix an ¢” > 0 towards proving the above statement. First we deal
with the sets U, and U7'7. Since o € L', there exists 19 > 0 such that if n < 7
then A(Us,;) < ET:/. Then AUy, \ Uz,) < 216, since [|o — o’|l1 < 6. Hence, as
Uy C Uz, AU, UUY) < 57:, + 2775.// Clearly we can choose § small enough so
that for any n < no, AU, UU;) < 5.

Next, we bound the measure of L, U L;. Since W is connected, A({z :
degy, () = 0}) = 0. Tt follows that there exists 1y > 0 such that if n < 7 then

A Lay) < %”. It is easy to check that L; C Lo, U{z : | degy, (v)—degy. ()| > n}.
Therefore, using Lemma [5.7 and the fact that dg(W,W’) < §, A(L; \ Lay,) <

%’W/) < %. Then, using L, C Loy, for any fixed n < 11 we can choose § > 0
so that A(L, U L;) < E—?:/

Finally, we deal with N. For ¢ > 0 let
Be={z:3t e N(tdegy (z) +¢(t+1) < o(z) < (t+ 1) degy (z) — (t + 1))}
Since (W, o) is smooth and W is connected, the set B = {z : degy (z) =

0or 3t € N(o(x) =tdegy (z))} is of measure 0. Since J..oB¢ = B¢ and

¢ < ¢’ implies B¢ D Bgr, there exists ¢ > 0 such that \(B¢) > 1 — %/. Let us
fix such a (.
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Set

N¢ ={z € B¢ : f(z) > f'(x)},
N¢ ={x € B;: f(z) < f'(2)},

and note that N C Bg U NC1 U Ng, hence it is enough to bound the measure of
these two sets.
Ifx e NC1 then for some t € N,

o(z) > tdegy (z) +((t+1), and
o' (z) < tdegy. (z).

It follows that either o(x) > o/(x) + ¢ or degy, (z) > degy (x) + ¢, hence
Ncl Clz:o(x) > o' (z) + (} U{z: degy (z) > degy (z) + ¢}

Since ||o—0'||1 < 6, \{z : o(x) > o' (x)+(}) < g. Using Lemma B7, A({x
degyy (x) > degy (z) +(}) < w < 25 It follows that A(N}) <
A s1m1lar argument yields that )\(NQ) < 3% hence, using N C BCUN1 UN?,

AN) < ? + 62. It is clear, that by choosmg a small enough 4, )\( ) < %”
Therefore we can complete the proof by first fixing any positive n < min{ng, 71}

and then choosing a small enough §, so that A(U, U U}), \(L, U L), \(N) <

< O

We apply LemmaB. 9 with ¢’ = £ to obtain 7 > 0 and do, hence do(W, W’) <
do, |lo —o’|l1 < do imply fAn o+ o' < £. The final value for ¢ will be chosen to
be less than dg.

Now we investigate the effect of firing the vertices in [0,1] \ 4, and in A,

separately. So let f = f1 + fa be the unique decomposition with fi(z) = 0 if
z € Ay and fo(x) =0if . € [0,1] \ A,. Let

01(z) = o(z) — fi(x) degyy (= / AW (z,y) dy.

02(z) = 01(2) — fo(z) degyy (z / foly

We define f{, f4, o and o4 analogously for W’ and ¢’. Tt is straightforward to
check that oo = Uwo and o) = Uw+0’, so it is enough to prove that ||oe —o}j1 <
e. Since

oz = o3l < lloz = oulls + o = o1l + oy — o,

it is enough to bound these quantities.
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Then

1
loa=nll= [ |-ate)des o /fz :rydy\d

/fg x) degy, (x da:—|—/ / faly)W(z,y) dy dzx
g/ d:v—i—//fg W(z,y) dz dy
Ay

<[ otwyin+ / Pl des )y < [ o@ydat [ aty)dy

n n n

< 55
where we used Fubini’s theorem for non-negative functions to interchange the
order of integration. A similar calculation shows that |lo} — of[|; < Ze.
It remains to show that [|oy — o7 |1 < g, which is the tricky part of the proof.

1
lor = ol < llo — o'l + / () degy (@) — Fi() degyy ()] de
1 1 1
| rwwe - [ f{(y)W'u,y)dy] da
0 0

<o+ [ flz)|degy () — degyy (z)| dx

A%
1
/
0

Using the fact that f(z) < %ﬂ% <
5.7

F)(W(a,y) — W'(z,y)) dy| da.

A3

= % for every z € A} and Lemma

SIS

@) degy () = deg ()] do < [ 5 Jdegy(a) = degy (o) da

2(W, W) 25
Uk S
It remains to bound the integral fol ’fAC )W (z,y) — W (z,y))dy| d.

This part is the most technical one.

Let K be the largest integer with K < ,andfor 0<j < K,let E; = {y €
[0,1] : f(y) = j}. For each fixed z € [0, 1], the integral ij (,y)—W'(z,y)dy
can be either negative and non-negative for each 5 < K. These give us 2K+1
many possibilities for the sign of the integrals, thus partitioning [0,1]. We
encode the signs using a finite sequence s € {0, 1}¥*1 where 0 corresponds to
non-negative integrals and 1 corresponds to negative ones, so let

<

IS:{xE[O,l] V]<K(()—O<:> E]W(:zr ) — W’(x,y)dyz())}.
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Hence

/01’ s Fly)W(z,y) - W/(ﬂfay))dy’ dx

/ D ‘/E W’(Iay))dy’da:

J<K

= > /Z S(”/EJ(W(ZE y) — W' (z,y)) dy dz

s€{0,1}K+1 775 5<K

<K // DD (W (z,y) = W'(w,y)) dy de

s€{0,1}5K+1 j<K

1 /1 o
< K(K 4+ 125 dg(W, W) < = (—2 + 1) 27715,
n*\n

where we used the definition of dg and Fubini’s theorem for the integrable
function (z,y) — (—1)*9 (W (z,y) — W'(x,y)). Hence, |o1 — o}|1 <6 + 127—‘2; +

77% (77% + 1) 2%2“5. Therefore, by choosing ¢ small enough, we can make sure

that [|oy — o1]| < £, completing the proof of the Proposition 5.8l O

Proposition 5.10. Suppose (W, o) is a smooth pair, where W is a graphon
with finite diameter and o is a chip configuration. Then for any € > 0 and
d > 0 there exists a § > 0 such that if ¢’ is a chip configuration on a graphon
W' with mindeg(W') > d, dg(W,W') < 6 and ||oc — o'||1 < 4, then ||f(W,0) —
fW' o <e.

Proof. Let # = min{mindeg(W),d}, and apply Lemma with ¢ = % to
obtain 7 > 0 and 6 > 0. Then, as f(W,0)(z) < deg:zm) < UE;) for almost all
z € [0,1], fAn f(W,0) < %fAn o < 5. Similarly, fAn f(W',0") < 5. Therefore,
If(W, o) — f(W',0")||1 < e for every W' and ¢’ with dg(W,W’) < & and
lo—do'|| < 6. O

We are now ready to prove the main theorem of this section.

Proof of Theorem[52 Let K =1+ 2@. We first claim that it is enough to
prove the theorem for chip configurations that satisfy o(z) < K, o'(z) < K
for almost all x € [0,1]. To see this, suppose that the theorem is known if
o(z) < K,o'(z) < K for almost all = € [0,1], and let o and ¢’ be arbitrary.
Then a(W,Uwo) = a(W, o) and a(W’,Uwc’) = a(W’,0’), and using Lemma
BO Uwo(x) <1+ @ and Upo'(z) < 14 @ for almost all x € [0,1].
If we set ¢ to be less than ||o]|1, then K is an essential upper bound for Uy o
and Uy o', hence the weak version allows us to find ¢’ small enough so that
the conclusion of the theorem holds for Uyyo and Uy o’ instead of ¢ and o’
provided that |[Uwo — Uw-o’||1 < 6’. Then one can use Proposition with
e =0’ to find § < ¢’ so that ||o — o'||; < § implies ||[Uwo — Uwo'||1 < ¢, and
we are done.
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So now let W, o, d and ¢ be fixed with o(z) < K for almost all z € [0, 1],
where K =1+ 2@. We need to show that one can find § > 0, § < ||o]|; such
that for every (W', ¢’) with mindeg(W’) > d, dg(W,W’) < 4, |lo —o'|l1 < 6
and o’(z) < K for almost all x € [0, 1] we have [a(W, o) — a(W’,0")| < €.

Using Propositions and [£.15],

lim 7mn(W, 7) = lim 7Mn(VV, o)
n—o00 n n—oo n
and - MW
M <a(W,o0) < M for each n.

n

Therefore we can choose n large enough so that

M,(W,o)  m,(W,0o) L€ 2d + 4||o||1 <€ ond 2K L€
_ i Sand 22 < 2
n n 2’ nd? 2 dn ~ 2’
where the latter two quantities come from Lemma and Lemma Note
that the choice of n only depends on €,d, o and W.
We claim that it is enough to prove that if ¢ is small enough and W’ ¢’ satisty

the conditions of the theorem, moreover, o’(x) < K for almost all z € [0,1],
then

2 4 2K
mp(W',0") > m,(W,o) — (3 + ”;2”1) and M, (W' o") < M, (W,o) + -
(5.2)
Indeed in this case m"(VZ ) > m"(:v’g) —5>a(W,0) —¢, and 7M"(ZV’U) <
W + 5 <a(W,0) 4 €. Since W’ has finite diameter,
W/ ! W/ !/ n I/‘[//7 !
a(W', o) = limM:supmk( ’U)Zm ( U)ZQ(WU)—E.
k—o00 k k k n
Similarly,
MW o Mo(W'. o M, (W', o'
a(W',o’) = lim it 7a)zinf it ’U)g ( U)Sa(W,U)—i—a.

By Lemmas and 5.0 for (B2) to hold, it is enough to chose ¢ small
enough so that if dg(W,W’) < § and |jo — o'||1 < 4, then ||o’|1 < 2||o|l; and
[un(W,0) —un(W’,0")|l1 < 4. The first condition is satisfied since § < ||o]|;.
To satisfy the second one, we apply Propositions [5.§ and repeatedly. It
is clearly enough to choose § small enough so that for every £ < n, & > 1,
1(uk (W, 0) = up—1(W,0)) = (we(W',0') = up—r (W', 0")) [l = | F(W,U5;"'o) —
FWUE o)l < .

We first apply Proposition 510 to (W, Uﬁvfla) and € = % to get &, > 0 so
that

Uy to — Ul to' ||l < 6, and dp(W, W) < 6,
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imply
LF (W, T3 o) = (W, Uiy "ol < o

Now let €,—_1 = min {(5n, %} and apply both Proposition IBEI and Proposition
BI0 with e = e,1 to get § = 0,1 > 0, 61 < J,, so that

U %0 — U %0’ |1 < 6n—1 and dg(W, W) < 6,1

imply
|Unto — Ui to'|l1 < en—1 < 8, and

_ n— d
.f(W, Uy, 20) - fw, UW’QU/)Hl <ép-1 < o
By continuing downwards in a similar fashion, we can arrive at § = d; > 0
such that |lo — o'|y < & and dg(W,W’) < & imply ||Ute — Uk to'|y <
&, and thus ||[f(W, U to) — f(W', Ul o')|li < o for each k < n, k > 1.
Therefore ||u, (W, o) —u, (W’,0")||1 < 4, and the proof of the theorem is finally

complete. O

The next proposition shows that (W, o) being a smooth pair is not a very
strong condition.

Proposition 5.11. For any chip configuration o : [0,1] = R and any connected
graphon W, the set {u € [0,1] : (W,o + u - degy) is not a smooth pair} is
countable.

Proof. Fix the chip configuration o and for any p € [0, 1], let us use the notation
ou =0+ p-degy. Forape[0,1] and n,l, k € N, let

bad(p,n, £, k) = {x € [0,1] : upn(W,0,)(z) = ¢, Uc,(x) =k - degy, (x)}.

It is clear from the definition that bad(u,n, ¥, k) is measurable for each p €
[0,1] and n,¢,k € N. Let us fix n,¢,k € N, we now show that if ' # p
then A(bad(p,n, £, k) N bad(u',n, ¢, k)) = 0. Suppose that u’ > pu, then by
Lemma 23 u,(W, 0, )(x) > un (W, 0,)(z) for almost all z € [0,1]. Then for an
x € bad(p,m, £, k) Nbad(p',n, t, k) with degy (z) > 0,

UnO'H/ (ac)

= o () = un(W, 0 )(2) - degyy (z) + / un(W, 0, ) (Y)W (z,y) dy

1

= 0w () — un(W,0,)(2) - degy (z) + | un(W,00)(y)W (z,y) dy

> opu(x) —un(W,0,)(x) - degyy () + U (W, 0,)(y)W (2, y) dy

O\;c\

= Ung# (‘r)v
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contradicting the fact that U"o, (x) = U0, (x) = k - degy, (). Hence indeed,
almost all € [0,1] cannot be in both bad(u,n, ¢, k) and bad(u',n, ¢, k).

If for fixed n, ¢, k € N uncountably many u exists with A(bad(u,n, ¢, k)) > 0,
then for infinitely many of those, A(bad(u,n,?,k)) > ¢ for some ¢ > 0. By
taking at least % + 1 sets of those, two will intersect in a set of positive measure,
a contradiction. We conclude that for fixed n, ¢,k € N, only countably many
& exists with the property that bad(u,n, ¢, k) is of positive measure. Therefore
all, but countably many p has the property that A(bad(u,n, ¢, k)) = 0 for every
n,¢,k € N, hence for all, but countably many pu € [0,1], (W,0,) is a smooth
pair. O

6. The Devil’s staircase phenomenon

In this section we use our previous results to prove the Devil’s staircase phe-
nomenon in some situations. First, we prove that under mild conditions, the
activity diagram of a chip configuration on an Erd6s-Rényi random graph is
close to a Devil’s staircase with high probability. Then we show a one-parameter
family of random chip configurations on Erdés-Rényi random graphs that ex-
hibit the Devil’s staircase phenomenon with high probability. Let C, denote
the graphon with Cp(z,y) = p for all z,y € [0,1].

6.1. A sufficient condition for the Devil’s staircase phenomenon on Cy

Here we give a sufficient condition for the activity diagram of a chip config-
uration on C), to be a Devil’s staircase. We deduce the sufficient condition from
the analogous theorem of Levine [§], which concerns C;. Let us first note the
relationship of the activity on C; and on C),.

Proposition 6.1. For any o and 0 < p <1, a(Cp, o) = a(C4, %)

Proof. 1t is enough to show that for each n, %ng (0) = Ug,(%). This implies
that L%ng (0)(z)] = [UZ, (%)(x)] for each n, hence the odometers are the same.
Proving %ng (0) = UE, (%) is straightforward by induction on n. O
Now we can use the results of [§] that gives a sufficient condition for the
activity diagram of a chip configuration on the graphon C; to be a Devil’s
staircase. (We note that [§] uses a different terminology, in particular, it does
not refer to graphons.)

For (8], a generalized chip configuration is a measurable function o : [0,1] —
[0,00) (hence every chip configuration on a graphon as defined in the current
paper is a generalized chip configuration as defined in [§]). The update operator
U defined in equation (8) of [&] coincides with the parallel update rule for the
graphon C; if o(x) < 2 for each z € [0,1]. In [g], the activity of a generalized
chip configuration on C is defined as lim,, ﬁ"Tm (if it exists), where 3, (o) =
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Z?:_Ol A{z : Ulo(z) > 1}). One can make the obvious generalization and for
an arbitrary graphon W and chip configuration o. Set

n—1

Ba(W.o) =Y A({z: Ulo(x) > degy (2)}).

=0

Proposition 6.2. If W has finite diameter and o(z) < 2degy (z) for almost
all x € [0, 1], then the two definitions of the activity coincide, that is, a(W, o) =

lim,, 00 L(ZV’U).

Proof. By Theorem [ETT] if W has finite diameter, then there exist a(W, o)
such that lim,, . 2% = o(W, o) for almost all z € [0, 1]. Notice that o(z) <

2 degyy () for almost all = € [0,1] implies U'o(x) < 2degy, (z) for all i € N and
almost all z € [0, 1], and hence u,(z) = [{i € N: 0 < i < n,Ulo(z) > degy, (z)}|

for almost all = € [0, 1]. Therefore

1
ﬂn(W,J)—/O Up () dx.

As limy, 00 = a(W, o) for almost all x € [0, 1], for any &, we can choose

no such that for any n > ng, for A, = {z € [0,1] : |U"T(w) —a(W,0)| < e}, we
have \(A4,) > 1 —e¢.
Then for n > ng,

1
Bn(W, 0) _ / un () dr < / (a(W,0)+¢)dx _|_/ ldx < a(W,0) + 2e.
n 0o n A 0,1\ 4,

n

Hence lim,,_, o0 ﬂ"(zv’a) < a(W, o).

Similarly, for n > ny,

WZ/@ unT(I)dxz/A (a(W,0) —e)dx > (1 —¢)(a(W,0) —&).

Hence lim,,_, o w > a(W, o), and the proof is complete. O

Now we collect the results from [8] that we need. The statements and argu-
ments that follow are all present in 8], but not everything is in a form convenient
for us, so we repeat some of the arguments of that paper. We call a chip con-
figuration o on Cq preconfined if o(x) < 2 for all z € [0, 1]. To each preconfined
o, let us define the function f, : R — R the following way. For x € [0, 1], let

fo(@)=A{v:iow) >1}) +A{v:0M) €[l —z,1)U[2—x,2)}). (6.1)

It is easy to check that f is an increasing function with f,(1) = f,(0) + 1.
Hence there is a unique extension of f, to R as an increasing function, which
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we also denote by f,, that satisfies f,(z +1) = f,(z) + 1. If f, is continuous
then it has a well-defined Poincaré rotation number
. fol
p(fa') = lim La

n—oo n
which is independent of x, see [g].

Lemma 6.3 ([8 Lemma 6]). If o is preconfined and f, is continuous then

a(Cr,0) = p(fo)-

It is easy to check (and the computation can also be found in [g]) that if
y € Ris given such that o4y is also a preconfined chip configuration on C; (that
is, 0 < o4y < 2), then foyy(z —y) = fo(x). As stated also in [§], conjugating
by the homeomorphism R, : R — R defined by R,(x) = = + y does not change
the rotation number. Then, for any y € R, p(fo1y) = p(Ry(fo+y(R—y))). The
function inside is z — Ry(fo4y(z —y)) = Ry(f-(z)), hence, using also the
previous lemma, we have the following.

Lemma 6.4. If o is a chip configuration on Ci, y € R such that o and c+y are
preconfined, and both fo and foy, are continuous, then a(Cy,o0+y) = p(Ryofs).

Let o be a stable chip configuration on Cy, that is, o(v) < 1 for almost all
v € [0,1]. Note that for y € [0,1], o and o +y are both preconfined. Now define
&, : R —= R by

Doy(2) = [2] = A{v € [0,1] : o(v) < [2] —2}) +y.

It is easy to check that ®, , is continuous if A({v : o(v) = z}) = 0 for all
x € [0,1], and also that ®, ,(z) = Ry(fs(x)), hence

s(C1,0)(y) = a(Cr,0 +y) = p(Poy),

where s is the activity diagram as defined in Section @1 Since ®,,(z + 1) =
@, ,(z) +1 for every z € R, it makes sense to denote by @, , the corresponding
map from R/Z = S* to S*.

Theorem 6.5 (|8 Proposition 10]). If o(v) < 1 for almost all v € [0,1],
A{v: o) =¢}) =0 for each ¢ € R and 63774 # Id for any q € N\ {0}, then
s(C1,0) is a Devil’s staircase. Moreover, if o is irrational, then s(Cq,0) " (a) is
a point, and if y is rational then s(Cy,0)~ (y) is an interval of positive length.

Applying Proposition [6.1] we get the following corollary for C,,.

Theorem 6.6. For some 0 < p < 1, if a(v) < p for almost all v € [0,1],
A{v:o(w) =c}) =0 for each c € R and (I)qlo,y # Id for any q € N\ {0}, then
s(Cp, ) is a Devil’s staircase. Moreover, if « is irrational, then s(Cp, o)~ (a) is
a point, and if y is rational then s(Cp, o)~ (y) is an interval of positive length.
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6.2. Random graphs

We give a sufficient condition for the activity diagrams of random graphs
converging to a Devil’s staircase. We collected the necessary background on

random graphs in Appendix

First, we need the following result.

Theorem 6.7. [9, Theorem 11.32], [10, Corollary 2.6] If G, = G(n,p) is a
sequence of Erdés-Rényi graphs then G, — C, with probability 1.

We note here, that the referenced papers use the unlabeled cut distance
to prove the above theorem. However, as noted in Section [ dg(G,,Cp) =
do(Gyp, Cp) for each graph G,, hence the theorem remains true if the con-
vergence is understood using the labeled cut distance. We also note that by
definition, dg(Gy,C,) = do(Wg,,,Cp), hence the convergence also holds for
the graphon version of the graphs.

To deal with the convergence of chip configurations on graphs, we do the
following: for a graph G with vertices labeled vy, ..., v,, we define the graphon
version & : [0, 1] — R of a chip configuration o by 6(z) = Lo(v;) if =1 <z < L.
For a sequence of chip configurations (o), such that o, lives on the graph G,
we say that they are convergent if the sequence of graphon versions (&), is
convergent in the ||.||; norm.

Theorem 6.8. Suppose that (Gy)n is a sequence of (labeled) Erdés—Rényi
random graphs, where G, = G(n,p), 0 < p < 1, o, is a chip configura-
tion on G, for each m, and |6, — oll1 — 0 for some chip configuration o
on Cp such that o(x) < p for almost all x € [0,1]. Moreover, suppose that
A{x € [0,1] : o(x) = ¢}) = 0 for each ¢ € R and 5((11/1))04/ # Id for any
y € [0,1] and g € N. Then with probability 1, the sequence of activity diagrams
(s(Gn,0on))n converges uniformly to the Devil’s staircase s(Cp, o).

Proof. Since the activity diagram s(Cp, o) is a Devil’s staircase by Theorem [6.6]
it is enough to prove that with probability 1, s(Gn,0,) — s(Cp, o) uniformly
as n — 0o.

We would like to apply Theorem for the graphon C), and the chip con-
figuration o, = o + yplyg,1)-

As noted above, with probability 1, dg(G,,Cp) — 0. By our assumption,
the graphon versions &1, G2, ... converge to o in ||.||1.

We need to show that C, has finite diameter, but this is trivial, since for
any set A with A(A) > 0, ¢ = pA(A) works to show that I'.(A4) = [0, 1].

We claim that (Cp,0,) is a smooth pair for any value of y € [0,1]. First
notice that o, (z) < 2p for each y € [0,1] and z. This implies U's,(z) < 2p for
each 4 by induction. (Indeed, in any step, any vertex fires at most once. Hence
any vertex can gain at most p chips in a step. But if a vertex already had at
least p chips, then it also fires, hence its number of chips does not increase.) We
now claim that A({z : U"oy(z) = ¢}) =0 for any n € N, y € [0,1] and ¢ € R.
Let us fix y € [0,1] and define ¢; = A({z : U's,(z) > p}). Our claim for n =0
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is a condition of the theorem, and for n > 0 we have
{z:U"sy(x) =c} ={x: U 'o,(x) <pand U 'o,(x) = c— cp_1}U
{z:U" o, (z) > pand U 'o,(x) = c — cpn_1 + p}.

One can easily show by induction on n, using the above equality, that {x :
Umoy(x) = c} is indeed a set of measure 0 for each n, y and c.
Fix d < p and € > 0. We show that

with probability 1 there exists ng such that if n > ng and y € [0, 1], then
a(Cp,0y) — a(Gn,on +ydegg, )| <e.
(6.2)

For any y € [0, 1], we can apply Theorem for the pair (Cp,0,) with €
and d to get §. Let U, = W¢, be the graphon corresponding to G,. Notice
that the graphon version of o, + ydegq  is 6, +ydegy, . It is also easy to see
that a(Gp,0, +ydegg,) = a(Un, G, + ydegy, ), since the chip-firings on G,
and on U, correspond to each other. Therefore to get (G.2)) using Theorem
and Theorem [B.2] we need to show that with probability 1, there exists ng such
that for n > ng, U, is connected, has minimal degree at least d, do(C), Uy) < 6,
and for any y € [0,1], [|oy — (6n + ydegy )|1 < 6. Up has degree at least d
for each point if and only if G,, has degree at least dn. Hence by Proposition
with probability 1 there exists an index n; such that for each
n > nq, the graphon U, has mindeg(U,) > d. If G,, is connected, then U,
is connected, hence by Proposition [Appendix A.4l there exists ns such that
for n > ng, U, is connected. With probability 1, do(C,, Uy,) tends to 0 by the
remark after Theorem[6.7] hence there exists an index ng such that do(C,, U,,) <
6 for n > ns3. Now

loy — (Gn +ydegy, )1 < llo —anlli + [lyplio,y — ydegy, |1

Here || — 6,,]|1 tends to 0 by the assumptions of the theorem, hence it is below
4/2 for n > ny for some index ny. For a fixed € [0,1] let v be the vertex of G,
such that x belongs to the part of [0, 1] corresponding to v. Then, using that
y<1,

P [Ey €0,1] (Iyp — ydegy, ()| > g)} <P [|p — degy, (2)] > g}

d n
=P p—m >§ =P ||pn — degg (v)|>6—n §267628
n 2 " 2
by Claim As Gy, has n vertices, P[3z € [0,1] : |p — degy, (x)] >

2TL

§/2] < 2ne~"%". Since D1 e~ 5" < 00, by the Borel-Cantelli lemma, with
probability 1 there exists ns such that |[p — degy, (x)| < 6/2 for all n > ns and
all z € [0,1]. Then for n > ns we have |yp — ydegy (x)] < /2 for all z € [0, 1]
and y € [0,1], hence

1
lption ~ ydeg, = [ lop — ydesy, ()] dz < 5/2.
0
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Now with probability 1 the index ng = max{ni, n2,ns, nq, ns} exists and the
conditions of Theorem are satisfied with W' = U,, and o’ = 7, + ydegy,
for n > ng and y € [0,1]. We conclude that for each ¢ > 0, with probability 1,
there exists an index ng with |a(Cp,0y) — a(Gp,0n +ydegg, )| < € for n > ng
and y € [0,1]. Taking a sequence of € values tending to 0, we conclude that
with probability 1, s(G,,0y,) tends to s(Cp, o) uniformly, therefore the proof is
complete. O

6.3. Geometric random chip configurations

We show a concrete example where the activities of a one parameter family
of chip configurations on a random graph give a Devil’s staircase with high
probability. We will again take an Erdés—Rényi random graph, but this time we
put a random number of chips on the vertices independently following geometric
distribution, and look at how the activity changes if we increase the mean of
the geometric distribution.

Let G,, = G(n,p) for some 0 < p < 1. Suppose that for v € V(G,),

oh(v) ~ Geometric(z +1un) independently for some p > 0. Here we mean the

geometric distribution as P(c”(v) = k) = (un)*¥/(1 + un)**! for k > 0. Note
that this way, the expected value Eo#(v) = un. Let us relabel the vertices such
that o#(v1) < o#(v2) < ..., and let us denote by 6# the corresponding chip
configuration on the graphon We, . Let us take these random chip configurations
independently for each n € N. For different values of u, we couple the random
chip configurations in the following way. For each vertex v, we independently
generate countably many independent uniform random variables between 0 and
1. For some value u, we put k chips on v if the first k£ of its random variables
are between ﬁ and 1, and the (k+1)*" is between 0 and ﬁ This way we
obtain independent Geometric(z +1;m) random variables for each vertex.
We show the following.

Theorem 6.9. Suppose that G, = G(n,p) for 0 < p < 1, and o¥ is a chip
configuration where the number of chips on each vertex is an independent Geo-
metric random variable with mean un, coupled for different values of p as above.
Then with probability one, the sequence of functions p — a(Gn,ol) converges
pointwise to a Devil’s staircase on the interval i € [0, L]

To prove this theorem, we need to find out the limit of the chip configura-
tions. Let o*(v) = —plog(l — v) be a chip configuration on C,, where by log
we mean the natural logarithm. We will show the following:

Lemma 6.10. For any fized p > 0, ||6& — o#|l1 — 0 with probability 1 as
n— oo.

We will prove the lemma later. As G,, — C}, with probability 1, one needs
to examine the behaviour of the activity of o on C,. Unfortunately we cannot
directly apply Theorem [6.6] here, as we do not talk about activity diagrams, but
a different one-parameter family of chip configurations. However, we can still
show the following.
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Lemma 6.11. The map p — a(Cp,0") is a Devil’s staircase on [0, t].

Proof. The chip configuration ¢* is unbounded, but Uc* is bounded, and since
a(o*) = a(Uo*), it is enough to deal with the latter. To calculate Uc*, let us
denote by {z}, the p-fractional part of z € R, that is, the unique number in
[0, p) with the property that « + kp = {z}, for some k € Z. Then

Uot(v) = {—plog(L — )}, +p S A{u: —plog(l—w) > np}).  (6.3)

n>1

Now, as it is easier to handle monotone increasing chip configurations and Ucd*
is not increasing (as a function v — (Ud*)(v)), we try to rearrange it to an
increasing chip configuration @* with the property that

A{v: Ut (v) <z}) = A{v:7"*(v) < z}) for every x € R. (6.4)

Clearly, if (6.4) holds, the analogous statement will hold for U*(Uc*(v)) and
Uk ("), hence, by Proposition[6.2 a(7") = a(Uc*) = a(c*).

To define an increasing o* satisfying (64)) , our only option is that 7" (v) = «
if and only if A({u: Uo*(u) < x}) = v. Since

A{u: —plog(1 —u) > y}) =¥ (6.5)
pe i
Py A{u: —plog(l—u) > np}) = —— =:y(p). (6.6)
1 1—e =&
From (6.5) we also have for z € [0,p) that
A s (g1 = o)}y <o) = A({o s —togt 0y € Y+ )}
n>0
_np nptz 1—6_%
= Z (& o — e 122 = 5
>0 l—e
Hence, using also (63) and (66,
1—en v
M{u: Uo"(u) <o+ y(u)}) = -——5 =v e a=—plog(l —vtve ¥),
ek
thus
— _z _r pe v
7(0) = —plog(1 —v-+ve™F) + () = —pog(1 — v +veE) + L1
ek

It is easy to check that it satisfies (6.4)), and also that 7 (v) < 2pif v € [0, 1]
and p € [0, ﬁ]. Since —plog(l — v 4wve ) > 0 if v € [0,1], we can apply
Proposition 6.1l and Lemma [6.4] with 0 = " — y(u) and y = y(u) to get that

CL(E'“) = p(Ry(u) (fF*‘fy(u) ))a

p
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where fzu_y) is defined as in (G.1)).
P
With the notation f* = Ryq (fz#—yw ), our task is to show that p +— p(f#)
P

is a Devil’s staircase. For x € [6, 1],
fH(@) = Ryw (fzemyw ) (z)
= M—I—)\({v : —Elog(l—v—l—ve_%) > 1—:17})
p p

_p(-—=)

yp) e —ew
+ _Pp - _pP -
p 1—e n 1—e ®

_p(—=)
e B

P
m

To show that u — p(f*) is a Devil’s staircase, as in |&], we need to show
that pu — f* is increasing, continuous with respect to the supremum norm, and
that (f“)” # idg +k for each n > 1, k € Z. (Note that the last condition says
that if f : S' — S! is the circle map corresponding to f* then (Tﬂ)" is not the
identity.)

To show that p — f# is increasing, we need to show for x € [0,1], p < p'

_p(-x) _p(l—=)

that f#(z) < f#(x). This inequality easily follows from e~ = < e = #
and 1 —e % >1—¢ w.

Now we show that p — f* is continuous with respect to the supremum
norm. For p < y/,

_p(l—=) _p(l-=) _p(-=x) _p(—=) _p(l—=) _p(l-=)
e u e w e u e u e u e w
— P _ — _D -
1—e W 1—¢e ® 1—e W 1—e * l—e®» 1—e ®
_p(l—=) p(l—x)
< ‘ 1 1 e W e &
= —_p 2 —p P |
1—e W 1—e n 1—e ® 1—e &

where, using the fact that for x > 0,1 —e™* < z,

_p(d—z) _p(l-=z)
e P e m 1 _p(17w) ,(M,PU_*,W))
e f 1 o Z|%1=.ze ¥ o \lmer ’
—e w —e w —e n
o1 (p(l—x)_p(1—$)>_ 1 (p=pp(d —=)
T l-ew I % l—e ¥ !
_I
<1 p(u /f)p.
l—e n  Jj
Thus,
!
IIf“—f"IIS‘ 1p_ 1 |+ 1 p(“_*f)p,
loe w l—ei| 1—en pp

showing that u +— f* is continuous.
It remains to show that (f*)" # idg +k for any n > 1, k € Z. Let us fix
n > 1, and choose ¢ > 0 small enough so that (f#)*((0,¢)) does not contain an
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integer point for any k& < n. To finish the proof of the proposition, we now show
that (f*)™ is strictly convex on the interval (0, ¢).

For z € (0,1), the derivative and second derivative of f* exists at x, and is
positive, since

D e p\? e
@=L (e = (2)
and using the property f#(z+1) = f*(z) + 1,
(f*)(z) >0 and (f*)"(z) > 0 for every x € R\ Z. (6.7)

Since the composition of twice differentiable functions is twice differentiable,
(f*)* is twice differentiable on (0,¢). It is enough to show that ((f*)¥)"(z) > 0
for any = € (0,¢) and k < n, which we prove by induction on k together with
the statement ((f#)*)’(x) > 0.

For k = 1 the statements follows from (G.7). Now suppose that the state-
ments are true for k < n, we wish to prove it for £k + 1. By the choice
of g, (f)*((0,¢)) C (n,n + 1) for some n € Z, hence f* is twice differen-
tiable on (f*)¥((0,¢)) with a positive derivative and second derivative. Hence,
(R = (f# o (f1)F) = ((f") o (f*)%) - ((f*)*)" > 0 on (0,¢) by the in-
duction hypothesis and (6.7). Similarly, ((f*)*1)" = (f* o (f*)*)" = ((f*)" o
(F)5) - ((F)F))2 + ((F1) o (f4)F) - ((F#)*)" > 0, again using the induction
hypothesis and (6.7). Thus the proof of the proposition is complete. O

Proof of Lemmal6 10 Let X7, ... X" be independent Geometric random vari-
ables with mean pn, i.e., X ~ Geometric(ﬁ) for all i < n so that ¥ (v;)
is the i'" smallest among {X7,..., X"}. Let F, : [0,00] — [0,1] be the ap-
propriately normalized empirical distribution function, which in our case is
Fo(t) = 37, I{X}' < tn}, where we normalize by n to match the graphon
case. Let E : [0,00] = [0,1], E(t) =1 — e~ # which is the inverse of o taken
as a function from [0, 1] to R. Notice that the graph of o# is the mirror image
of the graph of E. Moreover, if we connect the points (z,lim,_,,- % (x)) and
(@, lim,,_,,+ 6% (x)) for all jumping points in the graph of 6/, and similarly for
the graph of F),, then the two obtained broken lines are once again mirror im-
ages of each other. Hence ||6# — o#||y = ||F, — E||1. Thus, it is enough to prove
that || F,, — E||1 — 0 with probability 1 as n — oc.

Let Ip(t) = I{X}' < tn}. Then F,(t) = L7 I7(t). Let F : [0,00] —
[0, 1] be defined as

1 n 1 1+|tn]
Fity==> EIrt)=1-(1- .
=gy En0=1-(1-75)
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Then ||F,,— E||1 < ||Fn—F|1+||F— E||1. We first bound the term || F— E||;.

HF—Ele/ 1—(1- (1—67)
0 1+ un
. 1 1+|tn]
e —(1- dt
1+ pun

. 1 1+[tn] %) . 1 1+[tn]
cho(-gn) e [ - (- )
1+ un to 1+ pun

Since [;° e~ #dt < oo, for any fixed ¢, for large enough to, ftoo |eiﬁ|dt <e.

dt

dt.

14+un
Using that (1 — le) < 1 z and that 11++L;ZJ > for n > 1, it is clear

that for large enough ¢y,

L+ [tn]

oo 1 1+Ltnj oo 1 1+pun\ T+pn
[ )™ e ()™ e
to 1+ un to 1+ pun

<1
/ —dt <e
to eT+m

for any n > 1. Let us fix a tg large enough so that both conditions are satisfied,

oo . 14 |tn|
then fto }e_u - (1 — —1+1un)
For this fixed tg,

. ( 1 >1+Ltnj
e n—1-
1+ un
to . 1+,un T+pun
0 1+ ;m
to . 1+,un
S/ e n — (1
0 1+ ;m
t 1+ [tn]
to 1 14+pun\ w 1 14+pun T+un
+ 1-— — 1-— dt.
0 1+ pun 14 pun

t
In the first term, |eiﬁ —((1— %)1"’”") | is a continuous function in ¢, and
un

as n increases, it monotonically tends to 0 pointwise. Hence by the theorem of

dt < 2e.

dt

Lt [tn]

Dini, |eiﬁ — ((1 — )“") "| uniformly tends to the constant zero function as
n — oo. Thus, for a large enough n, the first term is smaller than e.
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For the second term,

+1tn]

t 1
to 1 1+un\ » 1 1+un i+pn
0 1+ pun 14 pun
ptltn p—t—tnp

to Lo\ then\ L\ e R
_/0 ((1_1+un) ) ((1_1+un) ) “l
to 1 1+pn 1 1+un ﬁ
<) <<1_1+/m> ) ((1_1+/m) ) S

where the inequality comes from the fact that (1— ﬁ)lﬂm is always less than

T

~ ptltn]p—t—tnp
1, so if the exponent, ()

by —1 and then decreasing it increases the distance of the expression from 1. If
the exponent is negative, then we simply decreased it, so the distance from 1
increased in this case as well. The second term of the last product clearly tends
to 0, hence the whole integral is at most € for large enough n.

This means that for an arbitrary ¢, if n is large enough, then ||F'— E||; < 4e.

To bound the term ||F,, — F'||1, we copy the standard proof of the Glivenko—
Cantelli theorem. Note that |I;(t) —EI}'(t)| < 1. Hence we can apply Azuma’s
inequality to get P([E,(t) — F(t)] > s) = P(| 5, (17 () — EIF(1))] > ns) <
26*%2 regardless of the value of ¢.

Now take tg = 0,t1,...,tm—1,tm = o0 such that F(¢;) = L This can be

m
done since F' is continuous, it is zero in 0 and tends to one in infinity. Now

is positive then multiplying the exponent

P (‘_1max 1{|Fn(tl) —F(t:)|} > s) <2m- e

Take again an arbitrary ¢ > 0. There exists some ¢ such that ¢; <t < t;4;.
As F,, and F are both monotone increasing, F,(t;) < F,(t) < F,(ti+1) and
Fo(tiy1)—F(tiy1)+L and F(t)—Fo(t) < F(tiy1)—Fo(ts) = F(t) — Fo(t) +=.
Thus, for any m, and any ¢,

1
sup [ F,(t) — F(t)] < max [F,(t:) — F(t:)] + -

teR 0
By choosing s = %Ll/s and m = %;/3’ we get
€ €
— — | < ) .
i (22%;{'““) FOl > /) =7 (i_r&é?fm{anW F(t)]} > W,)

1/3 13,

< e
€
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This implies that for a fixed &, Y07 | P(sup,ep{|Fn(t) = F(t)} > —75) <
hence by the Borel-Cantelli lemma, Wlth probablhty one, there ex1sts ng € N
such that for n > ng, sup,cp{|Fn(t) — F(t)|} < —5. Repeating this argument
for a series €1, €9, ... tending to zero, we get that with probability one, for each
g > 0, there exists ng € N such that for n > ng, sup;cp{|Fn(t) — F(t)|} < 7.

We have proved that F,, and F' are uniformly close to each other for large
n with high probability. Now we show that the integral of their difference is
small for large values of t. Fix €9 > 0 small enough so that e —gg > 2. Then

P(Xp>nl) = [
( k = \/EB') - ( 14*#71) » ience

n4/3 711/3
nt/3 1 Vo 1 NIV
P maXXkZ— <nl|l- =n 1— .
k Vo 14 un 1+ pun

nl/3
For large enough n, n < 2%v% and also (1
large enough n,

)i < L Hence for

1
14+un — e—¢€p

nl/3
nt/3 2 Ve
P | max X]' > < .
k V€0 € —&o

Since % < 1, this means that

Z <maXXk > %3> < o0.

€o

Once again using the Borel-Cantelli lemma, with probability one, there exists

4/3 .
ng € N such that for n > ng, max; X' < "ﬁ For ¢ > 0, if ¢ < gg then
/3

Ve \/_ , hence the above bound holds for each such e.
Notice that sup{t : F,,(1) < 1} = max{X}' : k = 1,...,n}. Hence with

n
probability one, for each € > 0, € < g¢ there exists ng € N such that for n > ny,
F (L) =1
n Ve .
Hence with probability one, for each € > 0, € < g¢, there exists ng € N such
that for n > ng,

n1/3

\/E o0
1B = Fli= [ 7 IR - F@)do+ [ 1= Fle)ldo <
0 Ve
e nl/d e z
TR =

VE A+ (mpe” R )= 1/3—\f+ue E

This proves that ||F,, — F||; — 0 with probability 1 as n — oo.
Altogether, we obtain that || F,, — E'||; — 0 with probability 1 asn — co. O

42



Proof of Theorem [6.9. Fix an arbitrary p € [0,1]. We would like to apply The-
orem 52 to C), and o*.

We claim that (Cyp, o#) is s smooth pair. This can be proved analogously to
the corresponding statement in the proof of Theorem Also, Cp has finite
diameter, as noted in the proof of Theorem

By Theorem [6.7] Lemma and Proposition [Appendix A.1] with proba-
bility one we can apply Theorem to (Cp, o") to get that for any € > 0, if n
is large enough, then |a(Cy, ") — a(Gp,0l)| < e.

Applying the above argument to a dense countable subset of 1 values and a
sequence of € values tending to zero, we get that with probability one, a(G,,, c¥)
tends to a(C,, o*) for a dense set of 1 values. Because of the way we coupled the
random chip configuration o#, if we increase the value of u, then the number of
chips monotonically increases on each vertex in each outcome. Hence on each
outcome, a(Gy, o¥) monotonically increases if we increase p, using Lemma 23]
o also increases pointwise in p, hence a(Cp, o#) also increases monotonically.
As = a(Cyp, o*) is continuous, if a(Gy,o#) tends to a(Cp, ") for a dense set
of u values, then a(Gy,, o) tends to a(C)p, o*) for each u € [0,1]. We conclude
that with probability one, a(G,,, o) tends to a(C), o#) pointwise. As by Lemma
611 the map p — a(Cp,0") is a Devil’s staircase, we obtained the statement
of the Theorem. O

Appendix A. Basic properties of random graphs

Here we collect some well-known basic properties of random graphs. Through-
out the section, G(n,p) again means the random graph with n vertices, where
each edge is present independently with probability p.

Proposition Appendix A.l. Letd < p be a fized constant. If (Gp)nen is a
sequence of random graphs where G,, = G(n, p), then with probability one, there
exists an index ng such that for each n > ng, mindeg(G,) > dn.

We will use the following form of Azuma’s inequality.

Theorem Appendix A.2 (Azuma’s inequality). Suppose that X1,..., X, are
independent random variables, E[X;] = 0 for each i € N, and for each i there
exist ¢; > 0 such that, |X;| < ¢; almost surely. Then

P

n 2
ZXi>t <e 2Xg of
=1

Claim Appendix A.3. For a vertezx v € V(G,), P[|degg, (v) —np| > nn] <

77,T[2

2e” 27

Proof. We use Azuma’s inequality with X, = 1y is an edge} =P Then { Xy }uev\ o}
is a set of independent random variables, E[X,] = 0 and |X,| < max{p,1—p} <

1 for any v € V' \ {v}. Azuma’s inequality applied for {X,},cv\ v} and for
{—=Xu}uev\{v} gives us the above bound. O
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Proof of Proposition [Appendiz_A.1. Let A,, be the event that mindeg(G,) <
dn. We need to show that the probability that infinitely many A,’s occur is

zero. By the Borel-Cantelli lemma, it suffices to show that >~ >° | P(A4,) < occ.

P(A,) =P( |J {degs,(v) <dn})< > P(degg, (v) < dn)

veV (Gn) vEV(Gn)
p— 2
< > P(ldegg, (v) —np| > (p—d)n) < 2ne” T
veV(Gq)
where the last inequality follows from Claim

Hence

iP(An) < i 2neiM < 0.
n=1

O

Proposition Appendix A.4. If (Gp)nen i a sequence of random graphs
where G, = G(n,p), then with probability one, there exists an index ng such
that for each n > ng, G, is connected.

Proof. This is a well-known fact; we include its short proof for completeness.
We bound the probability that G, is disconnected. If G,, is disconnected, then
there is a set S of k vertices for some k < n/2 such that no edge links S to S°.
Hence one can bound

Fl
s "\ k(n—k) k_k(n—k)
P(G,, is disconnected) < > <k>q < E n"q <

=1
J L5]

,_
3

k=

H
i
I

where ¢ = 1 — p. For large enough n, ng? < , hence P(G,, is disconnected) <
2nq? for large enough n. Hence Z —1 (Gn is disconnected) < oco. By the
Borel-Cantelli lemma, we can conclude the statement of the proposition. O

Acknowledgment

We would like to thank Swee Hong Chan for valuable discussions.

References

[1] Fekete, M. Uber die Verteilung der Wurzeln bei gewissen algebraischen Gle-
ichungen mit ganzzahligen Koeffizienten, Mathematische Zeitschrift. 17 (1):
228-249, 1923. doi:10.1007/BF01504345.

44



2]

F. Bagnoli, F. Cecconi, A. Flammini, and A. Vespignani, Short-period at-
tractors and non-ergodic behavior in the deterministic fixed-energy sandpile
model, Europhys. Lett. 63 (2003), 512-518.

Borgs, C.; Chayes, J. T.; Lovasz, L.; S6s, V. T.; Vesztergombi, K. Counting
graph homomorphisms, in: Topics in Discrete Mathematics (ed. M. Klazar,
J. Kratochvil, M. Loebl, J. Matousek, R. Thomas, P. Valtr), Springer (2006),
315-371.

Borgs, C.; Chayes, J. T.; Lovéasz, L.; S6s, V. T.; Vesztergombi, K. Conver-
gent sequences of dense graphs. I. Subgraph frequencies, metric properties
and testing. Adv. Math. 219 (2008), no. 6, 1801-1851.

Roberts, Gareth O.; Rosenthal, Jeffrey S. General state space Markov chains
and MCMC algorithms. Probab. Surv. 1 (2004), 20-71.

Doeblin, W. Eléments d’une théorie générale des chaines simples constantes
de Markoff. Annales Scientifiques de I’Ecole Normale Supérieure, Paris, 111
Ser., 57 (1940), 61-111.

Kechris, Alexander S. Classical descriptive set theory. Graduate Texts in
Mathematics, 156. Springer-Verlag, New York, 1995.

Lionel Levine. Parallel chip-firing on the complete graph: devil’s staircase
and Poincaré rotation number Ergodic Theory and Dynamical Systems
(2011) 31: 891-910

Lovész, Laszlé. Large networks and graph limits. American Mathematical
Society Colloquium Publications, 60. American Mathematical Society, Prov-
idence, RI, 2012.

[10] Lovdsz, Laszl6; Szegedy, Baldzs. Limits of dense graph sequences. J. Com-

bin. Theory Ser. B 96 (2006), no. 6, 933-957.

45



	1 Introduction
	1.1 Preliminaries
	1.2 Results

	2 Parallel chip-firing on graphons
	3 The finite diameter condition
	4 Existence of the activity
	4.1 An example where the activity does not exist
	4.2 About the liminf and limsup
	4.3 Existence of the activity for graphons with the finite diameter condition

	5 The continuity of the activity
	6 The Devil's staircase phenomenon
	6.1 A sufficient condition for the Devil's staircase phenomenon on Cp
	6.2 Random graphs
	6.3 Geometric random chip configurations

	Appendix  A Basic properties of random graphs

