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Abstract

We initiate the study of general neighborhood growth dynamics on two-dimen-
sional Hamming graphs. The decision to add a point is made by counting the
currently occupied points on the horizontal and the vertical line through it, and
checking whether the pair of counts lies outside a fixed Young diagram. We focus
on two related extremal quantities. The first is the size of the smallest set that
eventually occupies the entire plane. The second is the minimum of an energy-
entropy functional that comes from the scaling of the probability of eventual full
occupation versus the density of the initial product measure within a rectangle. We
demonstrate the existence of this scaling and study these quantities for large Young
diagrams.

1 Introduction

We consider a long-range deterministic growth process on the discrete plane, restricted
for convenience to the first quadrant Z?2. These dynamics iteratively enlarge a subset of
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Z% by adding points based on counts on the entire horizontal and vertical lines through
them. The connectivity is therefore that of a two-dimensional Hamming graph, that is,
a Cartesian product of two complete graphs. The papers [24, 15, 25, 3] address some
percolation and growth processes on vertices of Hamming graphs, but such highly non-
local growth models remain largely unexplored. In particular, the few two-dimensional
problems addressed so far appear to be too limited to offer much insight, and we seek to
remedy this with a class of models we now introduce.

For integers a,b € N?, we let R,;, = ([0,a — 1] x [0,b — 1]) N Z2 be the discrete
a x b rectangle. A set Z = UgperRap, given by a union of rectangles over some set
7 C N?) is called a (discrete) zero-set. We allow the trivial case £ = @, and also the
possibility that Z is infinite. However, in most of the paper the zero-sets will be finite and
therefore equivalent to Young diagrams in the French notation [23] (see Figure 1.1a). Our
dynamics will be given by iteration of a growth transformation 7 : 2L 221, and will
be determined by the associated zero-set Z, so we will commonly not distinguish between
the two.

Fix a zero-set Z. Suppose A C Z2 and z € Z2. Let L"(x) and L”(x) be the horizontal
and the vertical line through x, so that the neighborhood of x is L"(z) U L¥(z). If 2 € A,
then x € T(A). If x ¢ A, we compute the horizontal and vertical counts

row(r, A) = |[L"(x) N A| and col(x, A) = |L'(x) N A,

form the pair (u,v) = (row(x, A), col(x, A)), and declare x € T (A) if and only if (u,v) ¢
Z. Observe that, by definition of a zero set, monotonicity holds: A C A" implies T (A) C
T(A"). We call such a rule a neighborhood growth rule. So defined, this class in fact
comprises all rules that satisfy the natural monotonicity and symmetry assumptions and
have only nearest-neighbor dependence under the Hamming connectivity; see Section 2.1.

A given initial set A C Z2 and T then specify the discrete-time trajectory: A, = T*(A)
for ¢ > 0. The points in A, and Af are respectively called occupied and empty at time ¢.
We define Ay, = T>(A) = Ui=0A; to be the set of eventually occupied points. We say
that the set A spans if A, = Z2. See Figure 1.1b for an example of these dynamics. We
also say that a set B C Z2 is spanned if B C T>(A) and that B is internally spanned by
A if the dynamics restricted to B spans it; that is, B = T5°(AN B), where the restricted
growth transformation 7z is given by Tg(A) = T(A) N B.

The central theme of this paper is the minimization of certain functionals on the set A
of all finite spanning sets. Perhaps the simplest such functional is the cardinality, which
results in the quantity

YT)=7(Z) =min{|A] : A € A}.

Our second functional is related but requires further explanation and notation, and we
will introduce it below when we state our main results. We first put the topic in the
context of previous work.

The best known special case of neighborhood growth is given by an integer threshold
0 > 1, with the rule that x joins the occupied set whenever the entire neighborhood count
is at least #. This rule makes sense on any graph; in our case it translates to triangular
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(a) A zero-set Z (grey re-
gion). Shapes on external
boundary correspond to dis- <~
tinct minimal neighborhood
counts that will result in oc-
cupation of vertices. E.g.,
the diamond signifies occu-
pation by having at least one (b)
horizontal and at least two
vertical neighbors.

Example of growth from an initial occupied set A
(top left, circles). Different shapes correspond to the row
and column counts at the time of occupation, as indicated
in 1.1a. The last configuration (bottom left) is inert, that
is, T4H(A) = T3(A).

Figure 1.1: An example of neighborhood growth.

Z =Ty ={(u,v) : u+v < 6 —1}. Such dynamics are known by the name of threshold
growth [13] or bootstrap percolation [11]. Bootstrap percolation on graphs with short
range connectivity has a long and distinguished history as a model for metastability and
nucleation. The most common setting is a graph of the form [k]¢, a Cartesian product of ¢
path graphs of k£ points, and thus with standard nearest neighbor lattice connectivity. The
foundational mathematical paper is [1], which studied what we call the classic bootstrap
percolation, which is the process with # = 2 on [n]?. A brief summary of this paper’s
ongoing legacy is impossible, so we mention only a few notable successors: [16] gives the
precise asymptotics for the classical bootstrap percolation; [4] extends the result for all
[n]¢ and 6; the hypercube [2]" with § = 2 is analyzed in [2, 4]; and a recent paper [7]
addresses a bootstrap percolation model with drift. The main focus of the voluminous
research is the estimation of the critical probability on large finite sets, that is, the initial
occupation density p. that makes spanning occur with probability 1/2. It is typical for
this class of models that p. approaches zero very slowly with increasing system size,
certainly slower than any power, and that the transition in the probability of spanning
from small to close to 1 near p,. is very sharp. For example, p. ~ 72/(181logn) for the
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classic bootstrap percolation [16]. Neither slow decay nor sharp transition happen for
supercritical threshold growth on the two-dimensional lattice [13] or threshold growth
on Hamming graphs [15, 25|, where instead power laws hold. One of our main results,
Theorem 3, shows that, for any neighborhood growth, there is a well-defined power-
law relationship between the density of the initial set, the size of the system, and the
probability of spanning.

Another special case is the line growth, where Z = R,; for some a,b € N. This
was introduced under the name line percolation in the recent paper [3], which proves
that y(R.p») = ab, establishes a similar result in higher dimensions, and obtains the
large deviation rate (defined below) for Z = R,, on a square. Some of our results are
therefore extensions of those in [3]. In particular, one may ask for which Z the equality
Y(Z) = 7(Rap) holds for some R,;, C Z. We discuss this in Section 2.5.

Extremal problems play a prominent role in growth models: they feature in the es-
timation of the nucleation probability, but they are also interesting in their own right.
For bootstrap percolation, the size of the smallest spanning subset for [n]¢ when § = 2 is
known to be [d(n — 1)/2| + 1 for all n and d [5]; the clever argument that the smallest
spanning set for classic bootstrap percolation on [n]? has size n is a folk classic. The
problem is much more difficult for larger 6: see [8, 5] for a review of results and conjec-
tures for lattices [n]?; some conjectures for hypercubes [2]" were recently resolved in [19],
where it is shown that the smallest spanning set has size [n(n +3)/6] + 1 for § = 3 and
all n, and size 7'(,",)(1 + o(1)) for general # and large n. The smallest spanning sets
have also been studied for bootstrap percolation on trees [22] and certain hypergraphs [6].
However, the closest parallel to the analysis of v in the present paper is the large neigh-
borhood setting for the threshold growth model on Z? from [14]. Several related extremal
questions, which are not considered in this paper, are also of interest. For example, one
may ask for the largest size of the inclusion-minimal set that spans ([18] addresses this for
the classic bootstrap percolation, [21] for hypercubes with § = 2, and [22] for trees), or
for the longest time that a spanning set may take to span (this is the subject of a recent
paper [9] on the classic bootstrap percolation).

We now proceed to our main results, beginning with a theorem that gives basic infor-
mation on the size of 7. The upper bound we give cannot be improved, as it is achieved
by the line growth. We do not know whether the 1/4 in the lower bound can be replaced
by a larger number.

Theorem 1. For all zero sets Z,
1
[ <@ <12l

Assume that the initially occupied set is restricted to a rectangle Ry s, which is large
enough to include the entire Z (which is then, of course, finite). Then, as it is easy to
see, the dynamics spans Z?2 if and only if it internally spans Ry . As all our rectangles
will satisfy this assumption, we will not distinguish between spanning and their internal
spanning. Now, one may ask if a configuration restricted to the interior of such a rectangle
requires more sites to span than an unrestricted configuration. Our next result answers
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this question in the negative, establishing a property of obvious importance for a computer
search for smallest spanning sets.

Theorem 2. Assume that ag,by € N are such that Z C Ry, p,. Then
v(Z) =min{|A|: A€ A and A C Ryyp, }-

Next we consider spanning by random subsets of rectangles Ry . Assume that the
initial configuration is restricted to Ry s, where it is chosen according to a product
measure with a small density p > 0. The possibly unequal sizes N and M need to
increase as p — 0, and, given that in all known cases spanning probabilities on Hamming
graphs obey power laws [15, 3|, it is natural to suppose that they scale as powers of p.
Thus we fix a, 8 > 0 and assume that, as p — 0, N, M — oo and

log N ~ —alogp, logM ~ —flogp.

We will denote by Span the event that the so defined initial set spans, and turn our
attention to the question of the resulting power-law scaling for P, (Span). The answer
will involve finding the optimal energy-entropy balance, so there is a conceptual connec-
tion with large deviation theory, despite the fact that the probabilities involved are not
exponential. Thus we call the quantity
I, 8) = I(0, 8, 2) = liny 872 (5P28)
p—0 log p

the large deviation rate for the event Span, provided it exists.

The rate I is given as the minimum, over the spanning sets, of the functional p that
we now define. For a finite set A C Z2, let m,(A) and 7,(A) be projections of A on the
r-axis and y-axis, respectively. Then let

pla 8, A) = max (1B] - alma(B)| = Bim,(B)])

The term |B| represents the energy of the subset B and the linear combination of sizes of
the two projections the entropy of B. In the next theorem, we use the following notation
for the outside boundary of a Young diagram Y:

Y ={(u,v) €Z2\Y : (u—1,0) €Y or (u,v—1) € Y}
Also, we use the notation a V b = max(a,b) and a A b = min(a, b) for real numbers a, b.

Theorem 3. For any finite zero-set Z, the large deviation rate I(«, 3, Z) exists. More-
over, there exists a finite set Ay C A, independent of o and 3, so that

I(a, B, 2) = inf{p(a, B, A) : A € A} = min{p(c, 3, A) : A € Ap}. (1.1)

The rate I(a, B, 2Z) as a function of («, B) is continuous, piecewise linear, nonincreasing
in both arguments, concave when o+ < 1, and 1(0,0,2) = v(Z) > I(«a, 3, Z) unless
a=p=0.
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Moreover, the support of I is given by

supp (-~ 2)= () {(@.B) €01 [u(l—a)— BV [(1-pB)—a]>0}. (1.2)

(u,0)€0. 2
Furthermore, if a, 8 € [0,1]* \ supp I (-, -, Z), then P, (Span) — 1.

We give explicit formulae for I(a, 8, R,p) and I(«, o, Ty) in Sections 5.2 and 5.3. In
general, determining an explicit analytical formula for this rate even for a moderately
large Z appears to be quite challenging. Figure 1.2a depicts the support of I(-, -, Ty) for
several values of #, and Figure 1.2b shows the function I(«, /3, Rg 4).

0.8

0.6

0.4

0.2

0

0 0.2 04 06 0.8 1
(a) Boundaries of the supports of I(-,-,Typ) (b) The function I(«, 3, Rg4). Lighter
for § = 2,...,20 (from bottom to top; re-  shades correspond to steeper gradients.

gions between successive boundaries shaded
in alternating colors for visual guidance).

Figure 1.2: Examples of I(-,-, Z).

It is clear that both v and [ increase if Z is enlarged, so it is natural to ask how they
behave for large Z. Theorem 1 suggests that v(Z)/|Z| might converge, and this is indeed
true with the proper definition of convergence of Z, which we now formulate.

A Euclidean rectangle is denoted by R, = [0,a] x [0,b] € R2. We define a Euclidean
zero-set, or a continuous Young diagram, Z to be a closed subset of Ri such that (a,b) € Z
implies R,;, C Z, and such that Z is the closure of Z N (0, 00)?. For Euclidean zero-sets

Zvn and 2, we say that the sequence Zvn E-converges to 2, gn RN 2, if
(C1) for any R > 0, Z, N[0, R]2 — Z N[0, R]? in Hausdorff metric; and

(C2) area(Z,) — area(Z).
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For A C Z2, define its square representation by square(A) = Uzea(z + [0,1]?) C R?.
Observe that, for a (discrete) zero-set Z, square(Z2) is a Euclidean zero-set. Convergence
of a sequence Z, of zero-sets will mean convergence to some limit Z of their properly
scaled square representations. We note that we do not assume that Z is bounded; in
fact, unbounded continuous Young diagrams with finite area arise as a limit of a random
selection of discrete ones; see Section 8.

Next, we state our main convergence theorem, which provides the properly scaled
limits for v, I, and another extremal quantity that we now introduce. Call a set A C Zi
thin if every point x € A has no other points of A either on the vertical line through x or
on the horizontal line through z. We denote by ~in(Z) the cardinality of the smallest
thin spanning set for Z.

Theorem 4. There exist functions f(a,ﬁ, g), ?(ZV) = ~(0, 0, ’2), and "?thin(g) defined on
Euclidean zero-sets Z and («, 8) € [0,1]% so that the following holds.
Assume that Z,, is a sequence of discrete zero-sets and 6, > 0 is a sequence of numbers

such that 6, — 0 and J,square(Z,) By Z Then

821(a, B, Zn) — I(a, B, Z), (1.3)
2 (2n) = F(2). (1.4)

and
5721’7thin(3n) — %hin(gl (1.5)

If area(Z) = oo, then I(-,-, Z) = oo on [0,1)* and Yehin(Z) = 00. If area(Z) < oo, then
the following holds: f(, ,'2) is finite, concave and continuous on [0,1]%; %hin(g) < 005
convergence in (1.8) is uniform for (a, 8) € [0, 1]%; and, if Z, is a sequence of Euclidean
zero-sets and 2, — Z, then I(-,-, Z,) = I(-,-, Z) uniformly on [0,1]2.

The function 7 can be defined through a natural Euclidean counterpart of the growth
dynamics, replacing cardinality of two-dimensional discrete sets with area and cardinality
of one-dimensional ones with length. However, if we attempt such a naive definition for
I, we get zero unless a = = 0 because Euclidean sets can have projection lengths much
larger than their areas. In fact, to properly define I, we need to understand the design
of optimal sets for large Z. Roughly, such sets are unions of two parts: a thick “core”
that contributes very little to the entropy, and thin high-entropy tentacles. The resulting
variational characterization of I when Z is bounded is given by the formula (6.3). We
proceed to give more information on f, starting with the general bounds.

Theorem 5. For a Euclidean zero-set Z with finite area, and (a, B) € [0,1]%,

I(e, 8, Z) > (1 — max(a, B)) F(2) (1.6)

and

I(a, 8, Z) < min((1 — max(a, 8)) area(Z), 2(1 — min(a, 8))F(Z), (Z)). (1.7)
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The lower bound (1.6) is sharp: it is attained for all & and § if and only if Z = }Nza,b
for some a,b > 0 (Corollary 56). The upper bound (1.7) is almost certainly not sharp as

it equals the trivial bound 7(Z) on a large portion of [0,1]>. To what extent it can be
improved is an interesting open problem, which we clarify, to some extent, by investigating
the behavior of I near the corners of the unit square.

Theorem 6. For any Euclidean zero-set Z with finite area,

lim LT(&,O,ZN) = area(2) (1.8)

a—l-1 — «

and

alg{l_ T a[(a,a,Z) = Ythin(Z). (1.9)

Moreover, the following holds for the supremum over Fuclidean zero-sets Z with finite
area:

(o, Z) {1 +o(a) as & — 0+, (1.10)

sup ————=———= =
gp F(2) 20—a)+o(l—a) asa— 1—.

Note that (1.10) says that the slopes of the supremum are 0 at « = 0 and —2 at a = 1.
These match the slopes of the two expessions involving 7 in the upper bound (1.7), while
the expression involving area has the correct slope at (1,0) due to (1.8). Therefore no
linear improvement of (1.7) is possible near the corners on the square. We obtain (1.10),
which in particular implies that ?(ZV) and %hin(g) are not always equal, by analyzing
L-shaped zero-sets with long arms. The proof of all parts of Theorem 6 again relies on
providing a lot of information about the design of the optimal spanning sets, which turn
out to be very thick near (0,0) and very thin near (1,0) and (1, 1).

We conclude with a brief outline of the rest of the paper. In Section 2, we prove some
preliminary results and discuss lower bounds on « for small Z and for small perturbations
of large Z. In Sections 3.1 and 3.2 we analyze smallest spanning sets, providing proofs of
Theorems 1 and 2. In Section 4.1 we prove (1.1), and in Section 4.2 we prove general upper
and lower bounds on the large deviation rate; we then complete the proof of Theorem 3 in
Section 5.1. In Sections 5.2 and 5.3 we provide derivations for the two cases for which the
large deviation rate [ is known exactly. In Section 6 we introduce Hamming neighborhood
growth on the continuous plane and prove Theorem 4, which is completed in Section 6.5.
Sections 7.1-7.4 contain proofs of Theorem 5 (completed in Section 7.1) and Theorem 6
(completed in Section 7.4) and give some related results on I for large Z. We conclude
with an application of limiting shape results for randomly selected Young diagrams in
Section 8, and with a selection of open problems in Section 9.

2 Preliminaries

2.1 The pattern-inclusion growth

The neighborhood growth rules defined in Section 1 are part of a much larger class of
pattern-inclusion dynamics, which we define in this section. Our reason to do so is not
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an attempt to develop a comprehensive theory in this general setting, but rather because
we need Theorem 8 in the proof of Theorem 3.

Any process that takes advantage of the connectivity of the Hamming plane will have
a long range of interaction, so locality, as in cellular automata growth dynamics [12], is
out of the question, but we retain some of its flavor by the property (G4) below. Again,
we assume that the growth takes place on the vertex set Z3 .

A growth transformation is a map T : 2Z% 5 9%% with the following properties:
(G1) solidification: it A CZ2, A C T(A);
(G2) monotonicity: if Ay C Ay CZ3, then T(A;) C T(Az);

(G3) permutation invariance: T commutes with any permutation of rows and any
permutation of columns of Z? ; and

(G4) finite inducement: there exists a number K, so that for any A C Z2 and
x € T(A) there exists a set A’ C A, such that [A'| < K and x € T(4").

A growth dynamics starting from the initially occupied set A is defined as in Section 1
by Ay = T'(A), with A, = T>°(A) the set of all eventually occupied points. We say that
A C 77 is inert if T(A) = A. It follows from (G4) that A is always inert. As for the
neighborhood growth, we say that A spans if T7>°(A) = Z2. This notion leads to another
property of T

(G5) woracity: there exists a finite set A C Z2 that spans.

Example 7. If 7 is the neighborhood growth with Z consisting of the nonnegative x-
and y-axis, then

T(A) ={z: L"2)NA+# o and L'(z) N A # o},
and 7 fails voracity as no A with an empty (horizontal or vertical) line spans.

A pattern is a finite subset of Z2. Two patterns are equivalent if the rows and columns
of Zi can be permuted to transform one into the other, and 0-equivalent if they could
be so permuted while keeping the Oth row and Oth column fixed. We say that A C Z2
contains a pattern P if there exist permutations o, and o, of rows and columns of Z? to
obtain a set A’ such that that P C A’. Moreover, we say that a pattern is observed by
the origin 0 = (0,0) in A if there exist such permutations o), and o,, which also fix 0.

There is a bijection between growth transformations 7 and finite sets of patterns P
with the following properties:

(P1) {0} € P; and

(P2) no pattern in P is 0-equivalent to a subset of another pattern in P.
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We consider sets P; and P, of patterns equivalent if they have the same elements up to
0-equivalence.

For a set of patterns P that satisfies (P1-2), we call the transformation 7 = Tp which
commutes with any transposition of rows and any transposition of columns and satisfies

0 € T(A) if and only if there exists a pattern P € P, observed by 0 in A, (2.1)

a pattern-inclusion transformation. Observe that Tp is uniquely defined by the equivalence
class of P.

Theorem 8. A composition of two growth transformations is a growth transformation.
Moreover, any map T : 2% 9% s a growth transformation if and only if it is a pattern
incluston transformation.

Proof. The first statement is easy to check by (G1-4). To prove the second statement
assume first that 7 is a growth transformation. Then gather all inclusion-minimal sets A
that result in 0 € T (A); there are finitely many O-equivalence classes of them by (G4), and
so we can collect one pattern per 0-equivalence class to form P. The converse statement
is again easy to check by definition. O

We now formally state the connection to the neighborhood growth.

Proposition 9. A neighborhood growth transformation is characterized by a set P of
patterns that are included in the two lines through 0. It is voracious if and only if its
zero-set Z 1is finite.

We omit the simple proof of this proposition. From now on, we will assume that all
zero-sets are finite.

We end this section with an example that show that (G4) is indeed a necessary as-
sumption if we want the set P to be finite (which is in turn a crucial property for our
application).

Example 10. We give an example of a dynamics given by (2.1) with an infinite set P
of finite patterns that satisfies (G1)—(G3) and (Gb5), but not (G4). Define P to comprise
{0} and the following patterns

X X X
X X X
X X X X X
X X
0 x , X , , X X ,
X
0 0 X
0

(Here, we denote by x a point in the pattern.) No pattern above is 0-equivalent to a
subset of another, and a 2 by 1 rectangle of occupied sites spans.
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2.2 Perturbations of Z

In this section, we prove some results on the effects that small perturbations to a zero-set
Z have on the spanning sets. We start with some notation.

Fix a zero-set Z and an integer k > 1. We define the following two Young diagrams,
obtained by deleting the k largest (bottom) rows (resp., columns) of Z,

zZH = AL(u,v —k): (u,v) € Z,v >k},
ZF = {(u—k,v): (u,v) € Z,u>k}.
Then we let
and
250 = 20\ (k) + 270,

which is the set comprised of the & longest rows and columns of Z. Suppose A C Z7, and
let
Aoy ={r € A:row(z,A) > k or col(x,A) > k}

denote the set of points in A that lie in either a row or a column with at least £ other
points of A. For example, A~ is the set of non-isolated points in A. The next two lemmas
let us identify low-entropy spanning sets for perturbations of Z.

Lemma 11. If A spans for Z, then Ay, spans for Z2<*.

Proof. For each x € Z2,
row(z, Asy) = (row(z, A) — k) V0 and col(x, Asg) = (col(w, A) — k) V0,

since the vertices removed from A to form As, are on both horizontal and vertical lines
with at most k£ vertices of A. Therefore, if 7 and 7 are the respective growth transfor-
mations corresponding to Z and Z<* then x € T(A)\ A implies that # € Tp(Asy) \ Asp.
By induction, 7%(A)\ A C Tf(Asy) \ Asy for all ¢ > 1. Since A spans for Z and A\ A~y
has at most k sites in each line, for every z € Z3, row(z, T (Asg)) — o0 as t — 00, so

A, spans for Z<F. O

Lemma 12. Let A C Z2 and k be a nonnegative integer. Then

1
ol + (A5 < (14 5 ) 1l

Proof. Each point in A.j shares a line with at least k£ other points in Ay, and we use
this fact to subdivide A-j into three disjoint sets. Let

Ap ={x € Asy s rou(z, Asy) > k}.

Thus every point of Aj shares a row with at least k other points of A-j, and therefore
with at least k other points of A,. Moreover, let Ay be the set of points that are not in
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Ap, but share a column with at least one point in Aj,. Lastly, let A, = A< \ (An U Ap).
Each point z € A, is in a column with at least k£ other points of A,. Indeed, x shares a
column with at least k other points of A-j, but none of the points in this column can be
in Ay, (as otherwise  would be in Ag) or in Ay (as every point that shares a column with
a point in Ay is itself in Ap).

Each nonempty row in Ay, contains at least k + 1 points of Ay, so |m,(Ax)| < 75/ 4al.
Similarly, |7.(A,)| < 75lAu|. Furthermore, 7m,(A, U Ag) = m,(Ay). Trivially, we have
7 (An)] < Al 17, (A< A and |, (Ao)] < [Ao]. Then,

|7 (Asi)] + [y (As )| = |72 (A U Ap U Ag)| + |my (Ay U Ap U A)
< [ (A 4 [ (An U Ao)| + |y (Av)| + |y (An) | + |y (Ao)]
1
kE+1

1
< -
< (14 ) 0+ 10+ o)

1

This completes the proof. n

VAN

1
|Ay| + |An| + |AL| + k—H|Ah| + | A

Next, we give a perturbation result that addresses removal of the shortest lines from
Z. In particular, we conclude that this operation cannot decrease v by more than the
number of removed sites. To put the result in perspective, we note that it is not true that ~
decreases by at most k if we remove any k sites. For the simplest counterexample, observe
that v(Ra2) = 4 (use Proposition 15 below or note that, with 3 initially occupied points,
no point is added after time 1) but y(Rz2 \ {(1,1)}) = 2 (as any pair of non-collinear
points spans).

Theorem 13. Let Z be any zero-set. Suppose A’ spans for Z N Ry, then there ezists
A D A’, which spans for Z and is such that

Al = A"+ 12\ Ray-

Furthermore, if A" is thin, then A can be made thin as well. Therefore, for any Z and
a,b € [1,00],
NZNRap) 2 7(Z) = |2\ Rapl,

Yenin(Z N Rap) 2 Ynin(Z) — |2\ Rapl-

Proof. We may assume that a = oo and that Z\ R ; consists of a single row, the topmost
(shortest) row of Z, of cardinality k; we then iterate to obtain the general result. Let A’
be a spanning set for the dynamics 7" with zero-set 2’ = Z N Ry . We will construct a
set A D A’ of cardinality |A’| + k that spans for Z.

Order Z2 in an arbitrary fashion. Slow down the 7’-dynamics by occupying a single
site at each time step, the first site in the order that can be occupied, with one excep-
tion: when a vertical line contains enough sites to become completely occupied under the
standard synchronous rule, make it completely occupied at the next time step.
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Mark vertices that are made occupied one-at-a-time according to the ordering on Z%
in red, and vertices that are made occupied by completing a vertical line in black. Let
Ly, ..., L; be the first k vertical lines in the slowed-down dynamics for 7' that become
occupied; say that L, becomes occupied at time t. Choose k black sites, one on each of
the & lines, and adjoin them to A’ to form the set A (if A’ is thin, choose these black
points so that no two share a row with each other or with any points of A’, then A is also
thin). Define the slowed-down version of T started from A so that it only tries to occupy
the site, or sites, occupied by the 7’-dynamics. We claim that, up to ¢, such dynamics
occupies every site that 7' does from A’. Indeed, the only possible problem arises when a
line in 7'-dynamics from A’ contains b occupied sites and fills in the next step, and then
the T-dynamics from A does the same by construction. After time ¢, k vertical lines are
occupied and thus the horizontal count of any site is at least k and the two dynamics
agree. ]

2.3 The enhanced neighborhood growth

We will need another useful generalization of the neighborhood growth, which will play a
key role in the proof of Theorem 4. In this section we only give its definition, as it will
be encountered in the proof of Theorem 14. We postpone a more detailed study until
Section 6.1.

The enhancements f = (fo. fi,...) € Z% and § = (g0, 91,...) € Z are sequences
of positive integers. These increase horizontal and vertical counts, respectively, by fixed
amounts. The enhanced neighborhood growth is then given by the triple (Z, f, g), which
determines the transformation 7 as follows:

T(A) = AU {(u,v) € Z2 : (row((u,v), A) + fu,col((u,v), A) + g.) & Z}.

The usual neighborhood growth given by Z is the same as its enhancement given by

(2,0,0), and we will not distinguish between the two.

2.4 Completion time

Started from any finite set, the neighborhood growth clearly reaches its final state in a
finite number of steps. We will now show that in fact this is true for any initial set, and
that the number of steps depends only on Z.

Theorem 14. There exists a time Tyax = Tmax(Z) so that for any set A C Z2, not

necessarily finite,
TImaxtl(A) = Thmax(A),

Proof. We will prove the theorem for the more general enhanced neighborhood growth
dynamics given by (Z, ﬁ, 6), for some horizontal enhancement / = (ho, h1,...) € Z, also
proving that T},. does not depend on h.

We prove this by induction on the number of lines in Z. If Z = &, then clearly the
dynamics is done in a single step.
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Now take an arbitrary Z whose longest row contains a sites and fix an h. First
suppose the initial set A has a row count of at least a on some horizontal line (the z-
axis, say). (We emphasize that all counts include the numbers from the enhancement
sequence.) Then in one step, all points on the z-axis become occupied. If we let A" be
the set formed by running the dynamics for one step, and let A” = A"\ {(x,0) : z € Z },
then the dynamics given by (Z, h, 0) started from A’ coincides with the dynamics given
by (Z%,(0, Ry, hs,...),0) started from A” (except on the z-axis, which no longer has
any effect on the running time). By the induction hypothesis, in this case the original
dynamics started from A therefore terminates in at most Tpax(Z*!) + 1 steps.

Fix an integer k < a, and assume now that the initial set A has a row count of k£ on
some horizontal line, and every horizontal line has a row count of at most k. Let ¢y be
the first time at which there is a horizontal line with (at least) k£ 4+ 1 occupied sites. (Let
to = oo if there is no such time.)

Let L be any horizontal line with k& occupied sites at time 0. Assume without loss
of generality that L is the z-axis and that [0,k — 1 — hg] x {0} are the sites occupied
on L at time 0. No site above [k — hg,00) x {0} becomes occupied before time tg; if it
did, the site below it on the z-axis would become occupied at the same time. Thus the
dynamics above [0,k — 1 — hg] x {0} behaves like the dynamics with zero-set Z+', and a
different horizontal enhancement sequence f, which takes into account the contributions
of occupied sites outside of [0,k — 1 — hg] x [1,00) to the row counts. By the induction
hypothesis, these dynamics terminate by some time dependent only on Z. Therefore,
cither ty < Thax(Z%) + 1 or ty = oco. In the latter case, the original (Z, &, 0)-dynamics
terminate by time Tyax(Z4), so we can assume tg < Tpax(ZV) + 1.

Assume that a = ag > a1 > ...a; > 0 are the rows of Z. The arguments above imply
that Tax(Z) < (a4 1)(Thax(Z*1) + 1). This, together with Tyax(@) = 1, gives

Twax(Z) < (k4 2)(ap + 1) (a1 + 1) - - - (ag, + 1),

which ends the proof. O

2.5 The line growth bound

The first result on the smallest spanning sets on the Hamming plane was this simple
formula about line growth from [3].

Proposition 15. For a,b > 0, v(R,;) = ab.
Proof. See Section 1 of [3] for a simple inductive proof, or Theorem 29. n
Corollary 16. For any zero set Z, v(Z) > max{ab: R, C Z}.

Proof. This follows from Proposition 15, and the fact that 2’ C Z implies 7(2') <
1(2). O

We call the bound in Corollary 16 the line growth bound. It is somewhat surprising
that the inequality is, in fact, in many cases equality. For example, it is equality for
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bootstrap percolation with arbitrary 6 (which follows from Proposition 34) and when the
Z is a union of two rectangles (a special case of a more general result from [10]). On the
other hand, it easily follows from Theorem 1 that the line growth bound can be, in general,
very far from equality when Z is large. In this section we give a general lower bound on
~ that tends to work better for small Z; in particular, it proves that in general equality
does not hold when Z is a symmetric zero set which is the union of three rectangles.

Theorem 17. For any choice of a comparison rectangle R, C Z and a Young diagram
Y C Ro1p1,

1 : e —k
v(Z) > 5 (k,lzr)lellgoy (kb+la— kl+~(Z2Y) +v(21)) .
Proof. Order the lines of Z2 in an arbitrary fashion. Assume A is a finite spanning set
for Z. We will construct a finite sequence S of lines (dependent on A), by a recursive
specification of sequences S, of i lines.

Consider the line growth 7' with zero-set R,;. Note that A spans for the growth
dynamics 7’; we now consider a slowed-down version. Let A) = A and Sy the empty
sequence. Given the sequence 5), i > 0, Al is the union of A and all lines in S;. Assume
S, consists of k vertical and ¢ horizontal lines, with k& + ¢ = 1.

If (k,¢) € Y, examine lines of Z2 in order until a line L is found on which 77(A}) adds
a point and thus immediately makes it fully occupied (since 7" is a line growth). Adjoin
L to the end of the sequnce S; to obtain §i+1. If L is horizontal (resp. vertical), define its
mass to be a — k > 0 (resp. b — ¢ > 0). The mass of L is a lower bound on the number
of points in A N L that are not on any of the preceding lines in the sequence.

If (k,¢) ¢ Y, the sequence stops, that is, S = S.. As we add only one line to
the sequence each time, the final counts k and ¢ of vertical and horizontal lines satisfy
(k,¢) € 0,Y. Let m;, and m, be the respective final masses of the horizontal and vertical
lines.

The key step in this proof is the observation that total mass my + m, only depends on
k and ¢ and not on the positions of vertical and horizontal lines in the sequence. Indeed,
if L is followed by L’ in S , and the two lines are of different type, and a new sequence is
formed by swapping L and L', the mass of L increases by 1, while the mass of L decreases
by 1. Thus the total mass can be obtained by starting with all vertical lines:

my + my = kb + ((a — k) = kb + la — (k. (2.2)

For a possible sequence S of lines, let 75 be the minimal size of a set that spans (for
Z) and generates the sequence S. Then, simultaneously,

(2.3)

Now we add the two inequalities of (2.3) and use (2.2) to get
27g = kb + La — kl + v(ZY) +v(Z2°75).
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Finally, we observe that

¥(Z) = min{~vg : S a possible sequence}
to end the proof. O
Corollary 18. Let Z = Ry .U Rcp U Rovparb, with a+b < c. Then

1.2
1(2) > be + 5a a<b
be+ g(a+0)(3a—b) a>b.

Note that, if bc > (a + b)?, the line growth bound is v(Z) > be.

Proof. We use the comparison square Ry p a4, and Y = {(k,¢) : k+ ¢ < i— 1}, for some
i < a+ b to be chosen later. Then k + ¢ = ¢ when (k,¢) € 9,Y. Further, we use the
bounds y(Z¥) = v(Rp.—¢) and 7(Z7%) > y(R._xp) in Theorem 17 to get

v(2) > %Oglgg(i(a +0) — k(i — k) 4+ b(c — £) + b(c — k))

VX

:bc—l—%ai—%ngaxk(i—k)

0<k<i

> be + sai — §i°

We are free to choose i; if a < b, then the optimal choice is ¢ = 2a, otherwise it is i = a+b,
which gives the desired inequality. O]

3 Smallest spanning sets

3.1 Proof of Theorem 1

The steps in the proof of Theorem 1 are given in the next three lemmas. The first one
demonstrates that when the initial set Ay is itself a Young diagram, the growth dynamics
are very simple.

Lemma 19. Assume Ag is a Young diagram. Then Aq spans if and only if Z C Ag.

Proof. 1t is easy to see that T preserves the property of being a Young diagram. Assume
first that Ag = Z. Take z = (z,y) € 0,(Ap). Then row(z, Ay) = = and col(z, Ag) = v,
and (z,y) ¢ Z,s0 z € Ay. Let e; = (1,0) and e; = (0,1). It follows the translation
Ap + e is included in Aj, and therefore Ay + [0, nle; C A,,; similarly, Ay + [0, n]es C A,.
To conclude that A, spans, observe that (Z 4 [0, 00)e;) U (Z 4 [0, 00)e;) spans in a single
step.

If Z ¢ Ay, there exists z € ZN09,(Ag). Then z ¢ A; and therefore no point in z + Z2
is in A;. By induction z ¢ A, for all n. O

To prove the lower bound in Theorem 1 we consider the case where the initial set is a
union of two translated Young diagrams. To be more precise, we say that Ag C Z2 is a
two-Y set if Ag = (y1+ Y1) U (y2 + Y2), where Y] and Y; are Young diagrams, y,ys € Zi,
and no line intersects both (y; + Y1) and (y, + Y3).
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Lemma 20. Assume Ay is a two-Y set. If Ay spans, then |Ag| = | Z].

Proof. Our proof will be by induction on the number of horizontal lines that intersect Z.
If this number is 0, the claim is trivial. Otherwise, let ag > 0 be the number of sites on
the largest (i.e., bottom) line of Z. Observe that the initial set consiting of ag — 1 vertical
lines is inert.

Further, let hg and kg be the respective numbers of sites on bottom lines for Y; and Y5.
Then hg + kg > ag, as otherwise Ay would be covered by ag — 1 vertical lines. Therefore
either hy > %ao or ko = %ao; without loss of generality we assume the latter. Let Y, = YQ“,
Ay = (y1 + Y1) U (g2 +Y3), and Z' = ZH. By making the horizontal line that contains
ko sites of y2 + Y32 occupied in the original configuration Ay, we see that Aj spans for the
dynamics with zero-set Z’. By the induction hypothesis, |Aj| > 1|2’|, and then

1 1 1

Lemma 21. Assume Ay spans. Then there exists a two-Y set Af,, which spans and has
| Ab| = 2[Aol.

Remark 22. A similar proof to the one below also shows that there exists a thin set Ag,
which spans and has |Aj| = 2|Ay|.

Proof. Assume Ay C R for some rectangle R = [0,a — 1] x [0,b — 1]. Let R’ = [0,2a —
1] x [0,b — 1] be the horizontal double of R. Note that R\ R spans.

Permute the columns of Ay so that the column counts are in nonincreasing order,
then permute the rows of Ay so that the row counts are in nonincreasing order; in the
sequel we refer to this set as Ag, as it clearly spans if and only if the original set spans.
Fix a vertical line L intersecting R’, containing k > 0 sites of Ajy. Create a contiguous
interval of k occupied sites on L just above LN R’ (in particular, outside R'). Perform this
operation for all vertical lines, and note that the resulting set forms a Young diagram.
Also perform an analogous operation for the horizontal lines, adding sites just to the right
of R'. Finally, erase all the sites inside R’ to define Af,. Clearly, |Ajy| = 2|Ap|, and A} is a
two-Y set. Figure 3.1 illustrates the construction of Aj from A,.

To see that Af, spans, it is enough to show that it eventually occupies every point in
R'\ Ay D R'\ R.

Assume, in this paragraph, that the initial set is Ay C R’. We claim that, if a point
x ¢ R’ gets occupied at any time ¢, then any line through z that intersects R’ is fully
occupied. This is proved by induction on £. The claim is trivially true at ¢ = 0, and assume
it holds at time ¢ — 1 > 0. Suppose x ¢ R’ gets occupied at time ¢. If its neighborhood
does not intersect R', then T*(Ag) = Z2. Assume now that L"(z)N R’ # @. Then, by the
induction hypothesis, any y € L"(z) has vertical and horizontal counts at time ¢ at least
as large as those of x and thus also becomes occupied. An analogous statement holds if
L¥(x) N R # @. This proves the claim, which implies that no site outside R’ ever helps
in occupying a site in R'.

Due to the argument in the previous paragraph, we may only allow the dynamics from
both Ay and Aj{, to occupy sites within the rectangle R’
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Figure 3.1: Construction of a two-Y set from Ajy. Clockwise from top left: the set Ag;
columns sorted by descending counts; rows sorted by descending counts; the two-Y set
Aj{. Thick lines indicate the rectangle R’, and the half of R’ to the left of the dotted line
is R.

We now claim, and will again show by induction on time ¢t > 0, that every site in
R\ Ap occupied at time ¢ starting from Ay is also occupied starting from Af,. This claim
is trivially true at ¢ = 0. Assume the claim at time ¢ — 1. Fix any point z € R. Let L be
the horizontal line through 2. By the induction hypothesis,

L (T (Ap) \ 4g) S LNTHAY),

and by construction
|LNA| =|LN A,

therefore

ILOTYWAY)| = LN T (A (3.1)

By an analogous argument, the same inequality holds if L is a vertical line. If z €
T (Ag) \ Ao, then
(row(z, T (Ap)), col(z, T (Ay))) ¢ Z.

Therefore, by (3.1),
(row(z, T (AG)), col(z, T~ (AY)) € 2,

which implies z € T*(Ajf). This establishes the induction step and ends the proof. O
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Proof of Theorem 1. The upper bound is an obvious consequence of Lemma 19, while the
lower bound follows from Lemmas 20 and 21. ]

3.2 Proof of Theorem 2

Theorem 2 is an immediate consequence of the following result.

Theorem 23. Assume Z C R,yp. Assume that A C Zi spans. Then there exists a set
B C R, that spans and has |B| < |A|.

Proof of Theorem 23. Assume that A C Ry is a finite set that spans and M > a,
N > b. We claim that there is a set B C Ry, y that also spans and |B| < |A|. Without
loss of generality, we will restrict our dynamics to the rectangle Rj; y throughout the
proof.

We may assume that all row and column occupancy counts satisfy |L"(0,i) N A| < a,
0<i¢< N and |L(:,0) N A| <b, 0<i< M. Let

k= min{|L¥(i,0) N A] : 0 < i < M} € [0,]

be the smallest of the column counts. We prove our claim by induction on k. If k = 0,
the claim is trivial.

We now prove the induction step. Assume k > 0 and that the rightmost column in
Ry n contains exactly k occupied points, that is, |[LY(M—1,0)NA| = k, and |L"(,0)NA| >
k for i < M — 1. We define the time T to be the first time in the dynamics at which a
point, (M —1, jo) say, on the last column becomes occupied and there exists an unoccupied
point (ig, jo) in the row L"(M — 1, jo).

First consider the case T' = co. Then every time a point x in the column L(M —1,0)
becomes occupied, the entire row L"(z) N Ry_1 n also becomes occupied. Therefore,
apart from the initially occupied points in LY(M — 1,0), this column plays no role in
the dynamics within Ry—; . Thus, each initially occupied point z € LY(M — 1,0) can
be moved to an initially unoccupied location on the same row L"(z) N Ry_1n. Such
unoccupied locations exist since we assumed M > a and all row occupancy counts are at
most a. Furthermore, the resulting initial configuration eventually fills the box Ry v,
which spans.

Now consider the case T' < oo, and consider the configuration X = T7~1(A). Let J be
the collection of row indices j for which the j*® row is fully occupied in X (|[L"(0,7)NX| =
M), and (M —1,j) ¢ A. We will now build a new initially occupied set A; (see Figure 3.2
for guidance on this construction). First, consider the points in the i{" column that are
occupied in A, but not on any of the rows with indices in J. Populate the last column
(M —1) of A; with these points, keeping their rows the same. Next, consider the points on
the last column of A, and populate the i{" column of A; with these points, again keeping
their rows the same, in addition to the points in the i{® column of A that lie on the rows
indexed by J ({(ig,j) € A:j € J}). Finally, let A; agree with A outside of the columns
ip and M — 1.
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Figure 3.2: On the left is the configuration 77 (A). Circles represent points in A, and
only points in columns M — 1 and 7y are shown. In this example & = 2. Dashed lines
are rows fully occupied by time 7' — 1 (with indices in J). The starred vertex becomes
occupied at time 7', while the x remains unoccupied, which is made possible by the last
column having more points in A off of the dashed lines. On the right is the configuration
A’ — only points in columns ig and M — 1 are shown, and the dashed lines are for reference
only; the configuration off of these columns is the same as A.

Note that A; has strictly fewer than £ occupied points on the last column, M —1. This
is because, in the configuration X, the column iy has strictly fewer occupied points than
the last column. This also implies that 7' > 2 and J # &, since the column i, started
with at least as many occupied points in A as the last column. The induction step will
be completed, provided we show that A; spans.

Through time 7" — 1, every point in the smaller box R/—; 5 that becomes occupied
by the dynamics from initial set A, also becomes occupied by the dynamics from initial
set A;. That is,

XNRyan\ACT (A

This is because first, the row occupancy counts are the same in A; and A, and the column
occupancy counts in Ry,_q n are larger for A; than for A, and second, by the definition of
T, the points that become occupied in the last column M —1 do not affect either dynamics
(from A or A;) within Ry x through time T'— 1. Therefore, the configuration 77 -1(A;)
contains all points on rows with indices in J inside the box Rp_1 n. Since M —1 > a,
TT(A;) contains all points on the rows indexed by J. As a result, 77 (A;) contains the
configuration obtained by swapping the columns iy and M — 1 of A, so A; spans. This
completes the induction step and the proof. O
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4 Large deviation rate: existence and bounds

4.1 Existence of the large deviation rate

Throughout this section o« > 0 and § > 0 are fixed parameters. We also fix a finite
zero-set Z. We remark that the large deviation setting makes sense for arbitrary growth
transformation, not just for neighborhood growth. However, the key step in the proof of
existence, Theorem 14, is not available for the more general dynamics.

We recall the setting and notation before the statement of Theorem 3. We will establish
parts of this theorem in this and the next section.

Theorem 24. The large deviation rate I(«, ) = I(«, 8, Z) exists. Moreover,
I(a, B) = inf{p(e, B, A) : A € A} =min{p(a, B, A) : A € Ao},
for a finite set Ay C A that only depends on Z.

First we will prove the following lemma for large deviations of the containment of
specific patterns, which follows the methods for containment of small subgraphs in Erdés—
Rényi random graphs, as presented in [17]. Throughout the rest the paper, wy will denote
the initial configuration obtained by occupying every point in Ry ps independently with
probability p.

Lemma 25. For any finite pattern A,
logP, (wo contains A)

lim
p—0 log p

= pla, 8, A). (4.1)

Proof. For any subpattern B C A, the probability that wy contains B is at most

P, (wo contains B) < C (%](VBQ (WfB ))p|B|’

< CpN™B) \fmu(B)p|B]
_ CpplBl-eme(B)-Bmy(B)+o(1)

(4.2)

where Cp is a constant that accounts for the number of ways to reorder the rows and

columns of B. This gives the lower bound

log P, (wy contains A

lim inf —8-2 (o )
p—0 log p

2 pla, B, A). (4.3)

For every subset X C Z2 that is equivalent to A (in the sense of a pattern) let Ix be
the indicator of the event that X C wy, and let X ~ A denote the equivalence of X and
A. Below, X, Y, Z will denote subsets of Z3 . Define

- ga-o( L)

X~A
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Also, define

A=>" Y E,(xly).

XA YA
XNY#o

Theorem 2.18 of [17] states that

)\2
P, (wo does not contain A) < exp {—K] :

Observe that

3D 3D ol SR

BCAZ~B X~A Y~A
BZo XNY=2

<O\ Z pIBIN=m=(B) pp—my(B)
Bio (4.4)
= A2} prlBl-ema(B)=pm () o)
BCA
B#@
< C)\2pfp(aﬂ,A)+0(1)'
This gives the upper bound,

log P, (wp contains A) o

lim su a, B, A). 4.5
nsup oz s pla, B, A) (4.5)
O
Proof of Theorem 2. Lemma 25 directly implies that
. log P, (Span) _ .
1 — P L inf , B, A). 4.6
L s inf p(a, B, 4) (4.6)

Assume now that Span happens. Let 77 = T Tmax where T}, is defined in Theorem 14.
By Theorem 8, 7" is a pattern-inclusion transformation given by a set of patterns P. Let
Ay be the set of patterns in P that contain no site in the neighborhood of the origin 0.
Observe that every set in Ay spans, that is, Ag € A. Note also that Ay # &, which
simply follows from the fact that there exists a finite set that spans.

Let G be the event that there exists an © € Ry ) whose entire neighborhood is
unoccupied in wy, that is LY(z) U L"(z) C w§. Now, Span C {7 (wg) = Z% } and therefore

Span N G C {wy contains a member of Ay}. (4.7)

Assume without loss of generality that M < N, which implies § < a. Assume first
that a < 1. Then
P, (G) < (pN)M + (pM)N < exp(—p~77?), (4.8)

THE ELECTRONIC JOURNAL OF COMBINATORICS 24(4) (2017), #P4.29 22



for small enough p. Together, (4.7) and (4.8) imply
P, (Span) < P, (wo contains a member of Ag) + P, (G°)

< | Ao| max P, (wp contains A) + exp(—p/?). (4.9)
AcAp
Now, Lemma 25 and (4.9) imply
. . .logP,(Span) .
—o p\BFE
111pn_>10nf oz p > min pla, B, A). (4.10)

We now consider the case a > 1. For a k > 1, let A, be the pattern

XX ... X

XX ... X
XX ... X

The number of rows is k, and each interval of occupied sites has length k. For any fixed
k and € > 0,
P, (wo includes Aj) > p°. (4.11)

Clearly, if k is large enough, Ay spans (in two time steps). Add Ay to Ag. Then, by
Lemma 25 and (4.11),

i A)=0. 4.12

min p(a, §,4) =0 (4.12)

Thus, when o > 1, (4.12) trivially implies (4.10). The inequality (4.10) is therefore always
valid, and, together with (4.6), gives the desired equalities. O

4.2 General bounds on the large deviations rate

Having established the existence of I(«, 3, Z), we now give three general bounds. These

will be used to establish continuity of I (o, B, Z ) in Section 6.5, and are the key components
for the proof of Theorem 5 in Section 7.1. Assume throughout this section that («, ) €
[0, 1]%.

Proposition 26. For any zero-set Z and nonnegative integer k,

(o, B, Z) = ~(2F) (1 — max(a, ) (1 + %ﬂ)) : (4.13)

Proof. Let A be a spanning set for Z. Then, by Lemma 12,

1
sl = el 420 = Bl (4-0)) > o] (1= o ) (14 1))

By Lemma 11, A-;, spans for 2<%, thus |As| = 7(2<*). Therefore,
1
pla, B, Asy) = 7(27F) (1 — max(a, ) (1 + k—ﬂ)) :
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Moreover, A, is a subset of A, so
e, 8, Z) 2 pla, B, A) = ple, B, Asi),
and the desired inequality follows. O]
Proposition 27. For any discrete zero-set Z,
I{a, 3, 2) < (1 —max(a, B))|Z]. (4.14)

Proof. For a set A C Z2% of occupied points, let A, C Z2 be a set such that each row in
A, contains the same number of occupied sites as the row in A, but the columns of A,
contain at most one occupied site. Define A, analogously. These sets satisfy

|A| = |Ar‘ = ’AC| = |7TI(AT)’ = ‘Wy(AC)‘-

For a Young diagram Z both Z, and Z. span: the longest row of Z, immediately occupies
its entire horizontal line, then the next longest does the same, and so on. Moreover, for
any subset B C Z,., |B| = |7,(B)| and hence

pla,B,2,) < |Z|(1 - a).
Similarly
ple, B, Ze) < |Z|(1 = P).
The desired inequality (4.14) follows. ]

Proposition 28. For any discrete zero-set Z,
e, 5, 2) < 2(1 — min(a, 5))7(2). (4.15)

Proof. Suppose the set A spans for Z, has size |A| = v(Z), and A C R, for some a, b.
Recall the definition of A, and A, from the previous proof. The key step in proving the
upper bound (4.15) is to show that the set A, defined by

A, = {(2a,0) + A, YU {(0,2b) + A}

spans for Z as well. The proof of this is similar to the proof of Lemma 21, so we only
provide a brief sketch. Restrict the dynamics to the larger rectangle R, 9. Then prove
by induction that, for every site x € Ry, \ A and every t > 0, the number of occupied
sites in T*(Ay), in both the row and the column containing z, will be at least as large as
the number of occupied sites in the same row and column in 7*(A). Therefore, for some
t >0, (a,b) + Ryp will be contained in T*(As). As R, spans, therefore so does Aj.

Since Ay spans, an upper bound on p(a, 3, As) will also provide an upper bound on
I(a,,Z). For B C Ag, let B, = BN A, and B, = BN A.. Then |r.(B,)| = |B,| and
|7y (B.)| = | Bc|. Then

|B| — a|my(B)| = Blmy(B)| = |B,| + [Be| — a(|By| + |ma(Be)|) — B(IBe| + [my(By)])
< |Bi| +|Be| — a| B[ — B|B|
< |By| + | Be| — min(a, B)(| B[ + |Be])
= |B|(1 — min(a, 3)).
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Therefore p(a, 5, As) < |Ag|(1 — min(«, 8)) and
(e, 8, Z) < |As[(1 = min(e, ) = 27(Z)(1 — min(e, §)),

as |[As] = 2|A| = 2v(2). O

5 Exact results for the large deviation rate

5.1 Support

In this section, we conclude the proof of our main large deviations theorem; the most
substantial remaining step is an argument for the support formula (1.2) for a general
zero-set Z.

Proof of Theorem 3. The existence of I and its variational characterization (1.1) follow
from Theorem 24. Then, for every A, p(-,-, A) is continuous and piecewise linear, so by
(1.1) the same is true for I(-, -, Z). Monotonicity in a and in g follows from the definition.

If (a,8) # (0,0), then I(«a,,2) < v(2), since p(a, 5, A) < |A| whenever A is
nonempty. Furthermore, if o + 8 < 1, then

p(a>B>A) = |A‘ -« ’,ﬁx<A>’ - ﬁ |7Ty(A>’>

so I is the minimum of linear functions, thus concave.

It remains to prove the claims about the support of I. By continuity of (-,
can assume (a, 3) € (0, 1]%. Suppose (a, 3) are such that [u(1—a)— 8]V [v(1—_3)
for all (u,v) € 0,2, and let

Z), we
al >0

B

e= min |[u(l—a)—=p8Vv(l-7p5)—a >0.
Jmin [u(l—a) = Vo1 - ) —al
The event Span implies that for some (u,v) € 0,2 there exists a vertex z € V such that
row(z,wp) = u and col(x,wy) = v, and the probability of this event (for a given (u,v)) is
bounded above by the minimum of the expected number of rows with w initially occupied
vertices and the expected number of columns with v initially occupied vertices. Therefore,

P, (Span) < > M(Np)*ANQMp) < [0,2]p), 651)
(u,0)€EDZ

so I(a,5,2) > €, and (o, B) € supp I (-, -, Z).

Now suppose (a,3) € (0,1]* are such that there exists (ug,vy) € 9,2 such that
[up(1 —a) — B] V [ve(1 = ) —a] < 0. Let K = max{u,v: (u,v) € 0,2}, let E denote the
event that there are at least K rows with at least wug initially occupied vertices, and let
F' denote the event that there are at least K columns with at least vy initially occupied
vertices. Observe that £ N F C Span. We will show P, (E) AP, (F) — 1, so

P, (Span) > P, (ENF) — 1,
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and I(«, 5, 2) = 0.

We will show P, (E£) — 1, and the argument for F' is similar. If o > 1, then the
probability that a fixed row has at least uq initially occupied vertices is at least p°™),
so the expected number of rows with at least wug initially occupied vertices is at least
p ) s 0o, If @ < 1 and ug(1 — a) — B < 0, then the expected number of rows with
at least ug initially occupied vertices is at least

N Np\™
M )= 2 01 (50 (o) 3 e o,
Uo 3UQ

In either case, since rows are independent, this implies P, (E) — 1. O

5.2 Large deviations for line growth

In the next theorem, we explicitly give the large deviation rate for line growth with
Z = Rup, where a,b > 0. When a@ = 8 and a = b, the rate is given in [3] by a different
method. For «, 5 € [0, 1), we let

|

Theorem 29. Fiz o, € [0,1). If either b < Ab or a < Aa, then I(«o, 3, R.p) = 0.
Assume b > Ab and a > Aa for the rest of this statement. If 5 < « and

s la-m<n (5:2)

holds, then
I(a, B, Rap) = (1 — a)ab+ ((a — B)Ab — B)a — b — (1 — B)AalAb+ Aa+ BAb+ 3
— max{(1 — B)Ab, (1 — a)Aa}.
(5.3)
If B <« and (5.2) does not hold,
I(a, B, Rap) = (1 — a)ab+ aAb-a — Sb+ SAb
+ min{—=3(Ab+ 1)a — (1 — B)AaAb+ Aa+ f — (1 — a)Aa, —Ab- a}.

(5.4)
If B > a, the rate is determined by the equation I(, 5, Rap) = 1(B, a, Ry ).

Theorem 29 implies the asymptotic result below. As we will see in Section 7.1, (5.5)
implies that the line growth achieves the lower bound (1.6), thus is in this sense the most
efficient neighborhood growth dynamics.

Corollary 30. If o, 5 € [0,1] are fizred and min{a, b} — oo,

I(a, B, Rap) ~ v(Rap)(1 — max{a, 5}). (5.5)
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Proof of Corollary 30. This follows from (5.3) and (5.4), which show that the difference
between the two sides of (5.5) is an affine function of a and b. [

We shorten I(a,b) = I(a, 8, Rap) for the rest of this section. We begin the proof of
Theorem 29 with a recursive formula for I(a,b).

Lemma 31. For a,b > 0 and (a, 3) € [0,1)2,
I(a,b) =min{[0V (—a+b(1 = 5))]+I(a—1,0),[0V (= +a(l —a))]+ I(a,b—1)}.
Furthermore, I(a,0) = 1(0,b) = 0.

Proof. Let H, be the event that there is a row with at least a initially occupied points,
and V, be the event that there is a column with at least b initially occupied points. Also,
let Span, , be the event that wy spans for Z = R, ,. Then,

Span, , = [Vi o Spana_Lb] U [H, o0 Spanmb_l} ,
where o denotes disjoint occurrence. By the BK inequality and Markov’s inequality,

P, (Spana,b) <P, (Vi) Py (Spana—l,b) + P, (Ha) P, (Spana,b—l)
< 2max {([N(Mp)’] A )P, (Span,_,,) , ([M(Np)*] A1)P, (Span,; 1)},
which implies the lower bound on I(a,b). For the upper bound, observe that the density
p initial set wy dominates the union of two independent initial sets, wi,w?, each with
density p/2. Also, note that the probability of a fixed column being empty (and so not

participating in the event Span,_, ;) in the initial configuration wj is at least 1 — Mp/2 >
1/2 for small p (likewise for rows). Furthermore, for small enough p

e () < (1-5 (3 ) wr22)
1— (1/2)N(Mp/3b)® N(Mp/3b)® < 1/2

<exp [-N(Mp/3b)’] < {6_1/2 N(Mp/3b)® > 1/2,

and likewise for H,. Therefore, for small enough p,

max {P,> (V3) P (Span,_, ;) , Py/2 (Ha) Pyy2 (Span,, ;) }

max {([V(Mp/3)") A (1/2))B,y (Span,_, ) .
(IM(Np/3a)") A (1/2))B,ys (Span, )} -

This gives the upper bound on I(a,b). ]

P, (Spanayb) >

e e

>

=
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ho = Kb— 1f‘ﬁ) vow — (b— Ab) V0,
vy = Ka—lfa)vow = (a — Aa) V0.

Thus, hg is the smallest number of fully occupied rows that make the probability of
spanning of a fixed column at least p°") (as p — 0), and vy is the analogous quantity for
column occupation.

We now define a set § of finite sequences, denoted by S = (S1,59,...,5k). By
convention, we let S consist only of the empty sequence when either hg = 0 or vy = 0.
Otherwise, S consists of sequences S of length K < hg 4+ v9 — 1, with each coordinate
S; € {H,V}, and the following property. Let h; = h;(S) and v; = v;(S) be the respective
numbers of Hs and Vs in (Sy,...,S5;.1); if Sk = H, then hx = hg — 1 and vk < vy — 1,
while if S =V, then hx < hy — 1 and vg = vy — 1. Every sequence represents a way to
build a spanning configuration for the line growth with Z = R, ;. We define the weight

of S €8 as

wS)= Y (B+1-a)a—-(1-a))+ > (—a+1=pBb—(1-H)h). (5.6)

.5, =H 1:5,=V

Lemma 32. For all a,b > 0,
I(a,b) = min{w(S) : § € S}.

Proof. 1t is clear that the statement holds if either a = 0 or b = 0, where S consists only of
the empty sequence and I(a,b) = 0. It is also straightforward to check by induction that
the right-hand side satisfies the same recursion as the one for I(a,b) given in Lemma 31.

O

Next, we look at the effect of a single transposition of H and T to the weight of S.
Fix an i < K — 2 so that S; = H, Siy; = V, and denote S7V = §. Let SV be the
sequence obtained from S by transposing H and V at ¢ and 2+ 1. Note that SVH ¢ § by
the restriction on . The following lemma is a simple observation.

Lemma 33. For any i < K —2, w(SVH) —w(SHV) = o — 3.

It is an immediate consequence of Lemma 33 that we only need to look for minimizers
among sequences HM WV H VY HMW Vo lHNY  HYVY where 0 < B < hy — 1 and
0 < v <wy—1. It is also clear from (5.6) that the weight is in each case a linear function
of v or A’ and thus the minimum is achieved at an endpoint. This already gives the
formula for I as a minimum of 8 expressions, which we simplify in the proof below.

Proof of Theorem 29. We will assume hg > 1 and vy > 1. We will also assume that
a > (3, as otherwise we obtain the result by exchanging o and 8 and a and b. Therefore,
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by Lemma 33, the minimizing sequence in Lemma 32 must be have one of two forms:
HMP=YWYH or HY V', with 0 < W < hg— 1 and 0 < v/ < vo — 1. We have
w(H™ VY H)
=(=B+ (1 =a)a)(ho— 1)+ (—a+ (1= F)(b—ho+ )"+ (=B + (1 —a)(a =)
(1= B)(b— ho) = B)0" + (=B + (1 — a)a)ho,
H" Vo)
= (=B+ (1 —a)a)l’ + (—a+ (1= B)(b—h))vy
— (=B +(1—a)a— (1- Bk + (—a+ (1 - B)b)us.

The coefficient in front of i’ in w(H" V") equals

w

—~

pla—B)

l—«

—B—(a—=Pa+ (1= p)(a—v) < —(a— Ba— <0

as we assumed 3 < a. Therefore, we take ' = ho — 1 to minimize w(H" V). Further-
more, the coefficient in front of v in w(H" V" H) is nonpositive when (5.2) holds, in
which case we take v/ = vy — 1 to minimize w(H" 'V H); v' = 0 is the optimal choice
when (5.2) does not hold. This, after some algebra, gives (5.3) and (5.4). O

5.3 Large deviations for bootstrap percolation

As a second special case, we compute the large deviation rate for bootstrap percolation
when a = 5.

Proposition 34. Suppose « = 5 € [0,1), N = p= and Ty is the Young diagram corre-
sponding to threshold 6 bootstrap percolation. Let

k= min max{u,v}=1[6/2].

(u,0)€00(Ty)
If m = [ﬁj < k, then for even 0,
Ha,a,Ty) = (k+m)(k—m+1) —a(k+m+2)(k—m+1), (5.7)
and for odd 0,
Ia,0,Ty) = [(k+m—-1)(k—m)+ k] —a-[(k+m+1)(k—m)+k+1]. (5.8)
In both cases, I(a,a,Ty) =0 for a = k/(k+1).

A consequence of Proposition 34 is that bootstrap percolation also achieves the lower
bound (1.6), at least along the diagonal o = (.

Corollary 35. As 6 — oo, for every fivred a € [0, 1]

2

I{a, o, Tp) ~ %(1 —a) ~y(T)(1 — ).
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Proof. For fixed o € [0,1) and large enough 6, m = L
can be written

|, so equations (5.7) and (5.8)

Ia,a,Tp) = %(1 —a)+0(0).

The fact y(Ty) ~ 6*/4 is implied by sending o — 0 in (5.7) and (5.8) and observing that
m =1 for small o. The case o = 1 follows since I(1,1,7p) = 0 for all 6. O

Proof of Proposition 84. Suppose o = 3 € (0,1), N = p~ and Tp is the Young diagram
corresponding to threshold 6 bootstrap percolation. Observe that [(a,a,Ty) = 0 for
a>k/(k+1).

First suppose that § = 2k and o < m/(m + 1) where m € {1,...,k}. Denote by A,
the event that there exists a vertex, x, such that row(z,wy) + col(x,wy) > j, and denote
by Span; the event that wy spans for threshold j bootstrap percolation. Then by the BK
inequality

P, (Span,) < P, (Ap o Span,_,) <P, (Ap) P, (Span,_,). (5.9)
[terating (5.9) gives
k—m k—m k—m
P, (Spany) < [[ Py (Ao—zj) < [] N (@Np)** 9 < ¢ [ p?* ) 72*¢%0. (5.10)
i=0 j=0 j=0

Observe that in the last expression above, the assumption o < m/(m+1) guarantees that
each factor is o(1). Therefore,

logP, (S
lim inf 08T OPER0) o b vk 1) — alk 4 2)(k —m 1)
p—0 log p
whenever 0 < 2 T <a< m—+1 < k-ku
Suppose now that 6 = 2k —1, m € {1,...,k} and a < -"5. Let B; denote the event

that there exists a vertex x such that row(x,wo) > j or col(z,wg) = j. Then by the BK
inequality and inequality (5.10),

P, (Spany) < P (Bk o Spany ;. 1))
k—m
< ONFHPF T N2 (Np) )

j—l

(5.11)

k a(k+1) H 2(k—j)—20(k—j+1)

7=1
Therefore,
logP, (S
liminfw >[(k+m—-1)(k—m)+kl—a-[(k+m+1)(k—m)+k+1]
p—0 log p

whenever 0 < 21 < a < 225 < kLH Equation (5.1) in [15] provides corresponding

log IPp (Spany) 0

upper bounds on limsup,_,, log p
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6 Euclidean limit of neighborhood growth

The main aim of this section is the proof of Theorem 4, which we complete in Section 6.5.
As remarked in the introduction, we need substantial information on the design of optimal
spanning sets for I(«, 5, Z) when Z is large. This is given in Section 6.1, where we show
that for large Z, I(a, 8, Z) is well approximated by another extremal quantity that has a
much more transparent continuum limit. This limiting quantity is defined in Section 6.2,
and the convergence is proved in Section 6.3. An analogous treatment for v;y,;, is sketched
in Section 6.4. The proof of Theorem 4 is concluded in Section 6.5.

6.1 The enhancement rate

Recall, from Section 2.3, the enhanced neighborhood growth given by a zero-set Z and the
enhancements f = (fo, f1,-..) and § = (go, g1, - -.). From now on, we assume that f and
g are nondecreasing sequences with finite support. It will also be convenient (especially
in Section 6.2) to represent f and ¢ as Young diagrams F' and G, whereby f; is the ith
row count in the digram F', and g; is the ith column count in the diagram G.

Let Z be the set of triples (A, f, g), with f and ¢ as above and A a finite set that spans
for (Z, f_'; 7). We define the enhancement rate I by

I(e,8,2) =min{|A| + (1 =) Y f+(1=8) > §: (A f.9 €I}

Observe that the elements of the above set are linear combinations of three nonnegative
integers, with fixed nonnegative coefficients 1, 1 —a, 1 — /3, so its minimum indeed exists.
We start with two preliminary results on I that hold for arbitrary Z.

Lemma 36. For any zero-set Z, 1(0,0,2) = y(Z) and I(a,1,2) = 1(1,8,Z) = 0 for
a, € 1[0,1].

Proof. Clearly, 1(0,0,2) < v(Z), as « is obtained as a minimum over a smaller set (with
zero enhancements). On the other hand, assume that A is a finite set that spans for
(Z,f,7), with 7(0,0, Z) = |A] + 3. f + 3. 7. Then we can form a set A’ = AUY; U Y,
such that Y] and Y5 are, respectively, horizontal and vertical translates of corresponding
Young diagrams F' and G so that no horizontal line intersects both F'U A and G, and no
vertical line intersects both G U A and F. Using a similar argument as in the proof of
Lemma 21, A’ spans for Z and so v(2) < |A'| = (0,0, Z).

For the last claim, assume that, say, 3 = 1 and observe that @ spans for (Z,0, §) for
a suitably chosen g. O

For the rest of this subsection, we fix «, 5 € [0,1) and suppress the dependency on «
and S from the notation.

Lemma 37. For any fired Z, o and (3,
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Proof. Pick A, f and § so that A spans for (Z, f,7) and |A|+(1—a) S f+(1-8) S 7=
I1(Z). Create a set Ay = AUA, U A, so that the union is disjoint, for every integer v > 0,
L0, v) contains exactly f, sites of Ay, that every vertical line contains at most one site
of Ay, and that analogous conditions hold for A,. Moreover, make sure that no horizontal
line intersects both AU A, and A,, and no vertical line intersects both A U A, and A,,.
Then Ay spans for Z. Moreover, |A,| = 327, |An] = 3 f. We now find an upper bound
for p(Ap). By dividing any subset of Ay into three pieces, we get, with the maximum
below taken over all sets B C A, B, C A, and B, C A,,

p(Ao) = max{|B| + |By| + |By| — a|me(B U By U B,)| — B|my(BU B, U By}
S max{|B| + |By| + |By| — alm:(By)| — flmy(By)]}
= max{|B| + [Bu| + |B,| — a|Bu| — B|By|}
= max{|B| + (1 — )| By + (1 = §)| Bu[}
= [A]+ (1 = a)[An[ + (1 = F)[Au].

Therefore,
I(2)=|Al+(1-a)Yd f+(1=8)> 3§
— | Ao| — al 44| — BIA,|
> p(Ao)
> 1(2),
as desired. O]

Finally, we show that, for large Z, I and I are close throughout [0,1]2. The next
lemma is, by far, the most substantial step in our convergence argument.

Lemma 38. Fiz a bounded Euclidean zero-set Z. Assume that § > 0 and discrete zero-
sets Z depend on n (a dependence we suppress from the notation), and that

d square(Z2) Ny 2
Write £ = 1/0.

Assume that positive integers m and k satisfy { < m < ?, 1 < k < (. Then for
some C' that depends on Z, «, and [3,

- > (2
[(Z24 12RO/ My < [(2) 4+ 2m + Cr.

Proof. Pick a set A that spans for Z, and is such that p(A) = I(Z).
Step 1. Let A’ = A.j. Then A’ spans for 2<%, and there exists a constant C', which
depends on Z, a and f3, so that |A'| < C¢2.

The spanning claim follows from Lemma 11. Moreover, by Lemma 12 (as in the proof
of Corollary 26), p(4') > |A'|(1 — max{a, B} (1 + 1)). As p(A') < p(A) = I(Z) < y(2),
the upper bound on |A’| follows.
Step 2. There exists a set A= Ay U A, U A, such that
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(1) Ay C A%
(2) |A] = |4);

(3) for every horizontal (resp. vertical) line L, |L N (Aq U Ap)| (resp. |L N (Aq U A,)|)
equals [L N A'[;

(4) Ap has at most one point in each column and A, has at most one point in each row;

(5) no horizontal line intersects both A; U A and A,, and no vertical line intersects
both Ad U A,U and Ah,

(6) A spans for 2<#+0%/ml. anq
(7) Ime(Ad)l < m, |my(Ag)| < m.

We will inductively construct a finite sequence of sets A%, A%, A, Al = AL U AL U AL so
that, for each i, these sets satisfy (1)—(5), with superscript ¢ on Ag4, Ay, Ay, A, and

(6') A’ spans for Z<*+i,

We begin with AY = A’ A) = o, AY = &.

Assume we have a construction for some 4. If |r,(A4%)| < m and |7, (A})] < m, then
the sequence is terminated. Otherwise, create a set B C A}, by starting from B = A,
and successively removing points that have both horizontal and vertical neighbors in B
until no such points remain. Then no point in B has both a horizontal and a vertical
neighbor in B, and 7,(B) = 7,(A}) and 7,(B) = m,(A}). Divide B into a disjoint union
B = B, U B, so that points in Bj; have no vertical neighbor in B and points in B, have
no horizontal neighbor in B. (Allocate points that satisfy both conditions arbitrarily.)
Let A' = A%\ B. Adjoin a horizontal translation of By, to A} to get Aj*t!, and vertical
translation of B, to A’ to get AT so that the conditions (3)—(5) are satisfied. For
any line L, |L N 21”1| > |LN EZ| — 1, so, by the induction hypothesis, A**! spans for
(Z/k+i)/1zz/k+i+l.

Note that |A} \ A5 > m, therefore the final i satisfies mi < |A’|, which, together
with Step 1, gives (6).

Step 8. For A constructed in Step 2, p(4) < p(A').

Let p: A" — A be the bijection that is identity on A4, and an appropriate horizontal
or vertical translation otherwise (corresponding to the construction of A from A’ in Step
2). Pick a B C A so that |B| — a|m,(B)| — B|my(B)| = p(A). Let B' = ¢Y(B). Then
|7(B)| > |m(B’)| because if ¢(z) and ¢(y) share a column, then so must = and y (by (4)
and (5)). Similarly, |m,(B)| > |m,(B’)|. Therefore

p(A) = |B| = alma(B)| = Blmy(B)| < |B'| = alma(B')] = Blm,(B)| < p(A).

Step 4. Let A} = (Ap)>k and A = (A,)>k. The set Ag = Ay U A}, UA! C A spans for
2 2%k+ [Ce2 /m)| _
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This follows by the same argument as in the proof of Lemma 11.

Define f, = |A}, N L"(0,v)| and g, = |4, N L*(u,0)|. We may assume, by a rearrange-
ment of rows and columns of Ay, that these are nonincreasing sequences.
Step 5. For so defined f and §, Ay spans for (Z<1H2k+CC/m] £ 3y Moreover,

[Ad + (1—a) > F+1=8)Y_G< |4 — alm(Ay)| - 3 7y (o)l +2m + lee

Spanning follows from the fact that Aj has at most one point on any vertical line
(which follows from (4)), and the analogous fact about A!. To show the inequality, note

that [12(Aa)| < m, |my(Ag)| < m (by (6)), my(A,)| = [A[ =20 g, [ma(A))] = | 44| = > f
(by (4)), Im(A’)I < 514 l, and Iﬂy(A’)l < 544 so

| Ao| — |y (Ag)| — Blmy(Ao)|
= ‘Ad’ + Z ]?-F Z 7
— a(|me(Aa)| + |me (Ap)| + (72 (A7) — B(Imy (Ad)| + [y (Ap)] + |y (A3)])

>Ad+ (1 -a)Y f+1-5)) 7

— (a4 + Imy(AD]) — £ (144] +14,)

>|Ad+1-a)) f+(1-8)> 7

1
—2m — —C1?
m kCﬁ,

as |A} ]+ |AL] < |Ao] < |A| < CE,
Step 6. End of the proof of Lemma 38.

1(Z) = p(A)

> p(A") (as A" C A)
> p(A) (by Step 2)
> p(Ap) (as Ay C 121\)
2 |Ao| — a|ms(Ao)| — Blmy(Ao)|

2]Ad|+(1—a)2f+(1—ﬁ)2§—2m—%C’EQ (by Step 5)
> T(Z/”Qkﬂcez/mj) —2m — %CW (by Step 5),

as desired. 0

6.2 Definitions of limiting objects and their basic properies

We will assume throughout this section that Z is a bounded Euclidean zero-set. Pick
two left-continuous nonincreasing functions f, g : [0, 00) — R with compact support. The
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enhanced Euclidean neighborhood growth transformation T is determined by the triple
(Z, f,9) and is defined on Borel subsets A of the plane as follows. For a Borel set A C R?,

and x € R?, let Tow(z, A) = length(L"(z)NA) and col(z, A) = length(L*(x)NA). Then
let

T(A) = AU{(u,0) € B2 : (£58((u, v), A) + f(v), coL((w,0), 4) + g(w)) ¢ Z}.  (6.1)
Similar to the discrete case, the functions f and g may be represented by continuous Young
diagrams F and G, so that f(v) = length(L"(0,v)NF) and g(u) = length(L*(u,0)NG).
Also as in discrete case, the non-enhanced transformation is given by (g, 0,0) and we
assume this version whenever we refer only to Z.

Note T (A) is also Borel for any Borel set A, thus 7 can be iterated. Also, as Z is a
continuous Young diagram, ’7'(14) is well-defined even if A is unbounded and one or both
of the lengths are infinite. We say that a Borel set A E-spans if T*°(A) = U, T"(A) = R2,

and we call A E-inert if T(A) = A.

The connection between discrete and continuous transformations is give by the follow-
ing simple but useful lemma, which says that 7 is an extension of 7" in the sense that T
and 7 are conjugate on square representations of discrete sets.

Lemma 39. Assume A C Z2, and assume T is gien by a discrete zero set Z and
enhancing Young diagrams F and G. Let Z = square(Z) be the corresponding Fuclidean
zero-set and F' = square(F'), G = square(QG) the corresponding enhancements. Then

%(Square(A)) = square(7 (A)).
Proof. This is straightforward to check. ]

The Euclidean counterpart of v has a straightforward definition through the non-
enhanced dynamics

3(Z) = inf{area(A) : A is a compact subset of R? that E-spans for Z}. (6.2)

To define the counterparts of I and ipin, let 7 be the set of triples (A, f, g), where f and
g are, as in (6.1), left-continuous nonincreasing functions and A C R2 is a compact set

that spans for (2?, f,g). Then let

I(a, 3, Z) = inf{area(4) + (1 — a) /Ooof +(1-7) /Ooog (A, f.g9) €T} (6.3)

and

Yenin (2 mf{/ f —l—/ (2, f,9) € L}. (6.4)
Lemma 40. Fiz an a > 0. Then for any o, 8 € [0,1]?,
f(oz,ﬁ, ag) = a27(oz, B, 2)
Moreover, ¥(aZ) = a*¥(Z) and Fpin(a.Z) = a*Fonin(Z).
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Proof. A set A C R% spans for (Z,F,G) if and only if aA spans for (a2, aF,aG). O
Next are three lemmas on non-enhanced growth.

Lemma 41. Assume T is given by a Fuclidean zero-set Z. Suppose A, C R% is an
increasing sequence of Borel sets and A = U, A,,. Then T(A) =U,T (A,). Consequently,
T>(A) is E-inert for any Borel set A C R3.

Proof. Assume z ¢ U, T (A,). Then (zou(z, A,), col(z, A,)) € Z for all n. As
row(z, A,) — row(z, A), col(z, A,) — col(z, A)

and Z is closed, (tow(z, A), col(z, A)) € Z and therefore o ¢ T (A). This proves the first
claim, which implies, for any Borel set A,

T(T(A)) = T(UTH(A) = U T(T™(A)) = U, T A) = T=(4),
as desired. ]

Lemma 42. A map %, given by a Euclidean zero-set g, maps open sets to open sets.

Proof. Assume A C R? is open. To prove that ’7'(14) is open we may, by Lemma 41,
assume that A is bounded. Pick an z € %(A) If z € A, then there exists 6 > 0 such
that Bs(z) C A C T(A). Suppose now that z ¢ A. Then (row(z, A),col(x, A)) ¢ Z.
As Z is closed, (row(z, A) — €,col(x,A) —¢) ¢ Z, for some ¢ > 0. Find a compact
subset K C L"(x) N A, with length(K) > row(z, A) —e. Let § > 0 be the distance
between K and A¢. Then every point y € Bs(x) has a translate of K on L"(y) N A (in
particular, y+ K C A) and so row(y, A) > row(z, A) —e. Similarly, by choosing a possibly
smaller 6 > 0, col(y, A) > col(x, A) — € for all y € Bs(x). Thus, for any y € Bs(x),
(tow(y, A), col(y, A)) ¢ Z, thus Bs(z) C T(A), and consequently 7 (A) is open. O

Lemma 43. Assume T is giwen by a Euclidean zero-set Z and A is a Borel set that
includes Z in its interior. Then A E-spans.

Proof. Let A & R3 be an open set that includes Z. We claim that A cannot be E-inert.
To see this, assume that a vertical line L includes a point not in A. Take the lowest
closed horizontal line segment bounded by the vertical axis and L that includes a point
not in A, then let x = (u,v) be the leftmost point outside A on this segment. Clearly
(tow(x, A), col(z, A)) = (u,v) ¢ Z and therefore 2 € T(A). Thus A is not E-inert. The
proof is concluded by Lemmas 41 and 42. O]

The final two lemmas of this section connect 1, , 7, and area(Z).

Lemma 44. For any Euclidean zero-set Z, 1(0,0, Z) = 7(Z).
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Proof. By definition, we may assume that Z is bounded. Then the inequality I (0,0, Z ) <
J(Z) is obvious as 7 is obtained as an infimum over a smaller set (with f = g = 0). The
reverse inequality can be obtained by replacing the two Young diagram enhancements
with the corresponding two initially occupied Young diagrams. We leave out the details,
which are very similar to the proof in the discrete case (Lemma 36). O

Corollary 45. For any Euclidean zero-set Z,5(Z2) < area(Z). Moreover, if area(Z) <
o0, then I(a, 3, Z) < Y(Z) < oo for all (a, B) € [0, 1],

Proof. The first claim follows from the definition of 7(Z) and Lemma 43. The second
claim follows from Lemma 44 and monotonicity in a0 and . O]

6.3 Euclidean limit for the enhanced growth

In this subsection, we establish the limit for the enhanced rate 1.

Lemma 46. Assume Z is a bounded Euclidean zero-set. Suppose that Euclidean zero-sets
Z, and 6, — 0 are such that 6,square(Z,) By Z asn — co. Then

321(2,) — 1(2).

Proof. Let ¢ € (0,1). Define the Euclidean zero-set Z,, = §,square(Z,). For large enough
n = Ny = Ny(e), by (C1), o N
(1—-e)ZCZ,C(1+6e2Z. (6.5)

Pick a compact set K C R%, and two continuous Young diagrams F and G so that K

E-spans for (Z, F,G) and with

area(K) + (1 — a)area(F) + (1 — p)area(G) < I(Z) +e.
Define A C Z3 and discrete Young diagrams F' and G by

A={zeZ:: (z+[0,1))N (5, (1 +e)K) # @},
F={zecZ: (z+[0,11) N6, (1 +e)F) # o},
G={reZ (x+[0,1>) N5 (1+eG) # 2},

Then 0,square(A) O (1+4¢€)K E-spans for ((1+¢€)Z,(1+¢)F, (1+¢)G), thus by (6.5) also
for (Z,, (14€)F, (1+¢)G), and then also for (Z,, §,square(F), §,square(G)). Therefore,
by Lemma 39, A spans for (Z,, F,G), and so
1(2,) < [A][+ (1 = a)|F[ + (1 =BG
=0, % (area(d,square(A)) + (1 — a)area(d,square(F))+
(1 — B)area(d,square(()))

<02 ((1 + ¢)*(area(K) + (1 — a)area(F) + (1 — B)area(G)) + 6) ,
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if n is large enough. Thus
1(Z,) <621+ )2 I(2) +5¢) < 6.2(1+ )*(I(Z) + 5e). (6.6)

To get an inequality in the opposite direction, assume that n > N; and pick a finite
set A C Z3 and Young diagrams F and G, such that A spans for (Z,,F,G). Then
dnsquare(A) is a compact set that, by Lemma 39, spans for

(Z,, 6psquare(F), d,square(G)),

and then by (6.5) it also spans for (1 — ¢)Z. Therefore,

I(1—-¢€)2)
< area(d,square(A)) + (1 — a)area(d,square(F)) + (1 — 5)area(d,square(G))
=0, (|l + (1 = a)|F| + (1 = B)|G])
By taking infimum over all triples (A, F, G), we get
(1 - PT(3) = 1((1 - 0 Z) < 7T(Z.). (6.7)

The two inequalities (6.6) and (6.7) end the proof. O

6.4 The smallest thin sets

Fix a zero-set Z. To prove (1.5), we need a comparison quantity, analogous to I. To this
end, we define J,;,,(Z) to be the minimum of > f+ > § over all sequences f, g such that
@ spans for (Z, f, ). We first sketch proofs of a couple of simple comparison lemmas.

Lemma 47. For any zero-set Z, v(2) < ymin(Z) < 27(2).

Proof. The lower bound is clear as 7, is the minimum over a smaller set than +. The
upper bound is a simple construction (similar to the one in the proof of Lemma 21): one
may replace any spanning set A by a thin spanning set consisting of two pieces, one with
the row counts the same as those of A, and the other with the column counts the same
as those of A. m

Lemma 48. For any zero-set Z, Fyin(Z2) < Yiuin(Z) < Fopn (Z).

Proof. This is again a simple construction argument as in Lemma 21. If & spans for
(Z, f,g), then the thin set A constructed by populating row ¢ with f; occupied points and
column ), fi + 1+ j with g; occupied points has

|A| = Zfi“‘ZQja (6.8)

and spans for Z. Conversely,_’if a thin set A spans for Z, then the row and column counts
of A can be gathered into f and g (once sorted), so that (6.8) holds and @ spans for
(274, 1,9 0
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Recall the definition of Jiy,;, from Section 6.2. We will omit the proof of the following
convergence result, which can be obtained by adapting the argument for enhancement
rates.

Lemma 49. Assume Z is a bounded Euclidean zero-set. Then Fun(Z) < area(Z).

Moreover, suppose discrete zero-sets Z, and d,, > 0 satisfy 5, — 0 and §,square(Z,) B,
Z. Then 57217thin(zn) - ?thin(z)'

6.5 Proof of the main convergence theorem

We begin with an extension of Theorem 13 that is needed to reduce our argument to
bounded Euclidean zero-sets.

Lemma 50. Let Z be any zero-set, (o, 3) € [0,1]?, and R > 0 an integer. Then
I{a, 8,Z0[0,RP*) < I(a, 8, 2) < I(a, B, ZN [0, R*) + |2\ [0, R?|.

Proof. Pick a set A that spans for Z N [0, R]?, such that p(A) = I(«a, 3, ZN [0, R]?). By
Theorem 13, there exists a set A; with |A;| < |Z\ [0, R]?|, such that AU A, spans for Z.
Therefore, with supremum below over all sets B C A and By C Ay,
I(CM,B,Z) < P(AUAl)
= sup |BU By| — a|m,(BU By)| — B|m, (B U By)|

B,B;
< sup |B| + |Ai] — al|m(B)| — B|my,(B)]
= p(A) + A4
< I(a, 8,200, R]*) + |2\ [0, R,

as desired. O

Recall the definition of E-convergence from Section 1. We omit the routine proof of
the following lemma.

Lemma 51. Assume that (C1) holds, area(Z) < 0o, and area(Z,,) < oo for alln. Then
(C2) is equivalent to B
lim area(Z,\ [0,R]*) =0

R—o00

uniformly in n.

We are now ready to prove our main convergence result, Theorem 4. Before we proceed,
we need to extend the definitions of I and Ythin to unbounded Euclidean zero-sets. For an
arbitrary Z, we define

I{a.p,2) = lim I(a, 8,200, ) (6.9)
and N N
Yehin(Z) = P}g{.lo Fenin(Z N [0, R]?). (6.10)

Observe that, if area(Z) < oo, I(Z2) < 7(2) < area(Z) < oo, and likewise Yipin(Z) < 0.

THE ELECTRONIC JOURNAL OF COMBINATORICS 24(4) (2017), #P4.29 39



Lemma 52. Assume Z is an arbitrary Euclidean zero-set. Suppose that discrete zero-sets
Z, and 6, — 0 are such that d,square(Z,) L5 Z asn — oco. Then 2I(a, 8, 2Z,) —
I(a, 8, Z). If area(Z) < oo this convergence is uniform for (a,8) € [0,1)2 and the limit
is concave and continuous on [0,1]2. If area(Z) = oo, the limit is infinite on [0,1)2.

Proof. We first prove (1.3) for fixed (a, 3) € [0,1)?, which we suppress from the notation.
If area(Z) = oo, then 621(Z,) — oo by Lemma 39, Proposition 26, (C2) and Theorem 1.

We assume area(Z) < oo for the remainder of the proof.
Fix an € € (0,1). By definition, we can choose R large enough so that

I(ZN[0,RP) > I(Z) —e. (6.11)

It follows by Lemma 51 that, if R is large enough, 62|Z, \ (0,9, ' R]?| < ¢, for all n. Then,
by Lemma 50,

I(Z,110,6,'R)?) < I(Z,) < I(Z,N10,6,'R]?) + €5, 2, (6.12)

for every n.
For every R > 0, é,square(Z, N [0,6;'R]?) — Z N [0,R]?, and therefore, by
Lemma 46, o
21(Z,n 00,6, R]*) — I(ZN[0, R?),

and then, by Lemmas 38 and 37,
821(Z,n10,6-'R?) — I(Z N0, R).
By (6.11) and (6.12), it follows that

I(Z)—e<I(ZN]0,R) < liminf 621(Z,)

<
<limsup02I(Z,) < I(ZN[0,R?) + e < I(Z) + ¢,

which ends the proof of the convergence claim.
By Proposition 27 and the established convergence,

I(o, 8, Z) < (1 — max{a, B})area(Z), (6.13)

for any (a, 8) € [0, 1)? and any Euclidean zero-set Z with finite area.

If Z is bounded, the function I(-,-, Z) is concave on [0,1]2 because it is an infimum
of linear functions. By passing to the limit (6.9), this holds for arbitrary Z. Clearly,
f(oz, B, 2) is nonincreasing in « and /3, so by concavity and (6.13), .7(, ° 2) is continuous
on [0,1]2. The functions §2I(-, -, Z,,) are also nonincreasing in each argument for every n,
so pointwise convergence implies uniform convergence. O

Corollary 53. For any Euclidean zero-set Z with area(g) < oo, any (o, B) € [0,1]?,
and any R > 0,

I(a,8,2) < I(a,8,Z N[0, R]) + area(Z \ [0, R]?).
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Proof. Define Z, to be the inclusion-maximal subset of Z2 such that %square(Zn) cZ.
Then +square(Z,) -z (L+square(Z,)) N[0, R]? L Zn [0, R]* and

L2, \ [0,nR]*| = area((fsquare(Z,)) \ [0, R]*) + O(%) — area(Z \ [0, R]?). (6.14)
By Lemma 50, we have
(v, B, Z,) < (e, 3, 2, N [0,nR]?) + |2, \ [0, nR]?. (6.15)

Upon dividing (6.15) by n? and sending n — oo, Lemma 52 and (6.14) give the desired
inequality. [

Corollary 54. For any Euclidean zero-set Z, 3(Z) > tarea(Z).

Proof. 1f area(Z ) < oo then the argument is similar to the one in the preceding corollary.
If area(Z) = oo, then for any R > 0, (Z) = 7(ZN[0, R]?) > area(Z N[0, RJ?), and so

3(Z2) = . O

Corollary 55. Assume area(g) < oco. If Z, S Z, then f(,,gn) — f(-,~,Z), uni-
formly on [0, 1]2.

Proof. 1f area(g) < oo we may assume all areas are finite. By Lemma 51 and Corol-
llary 53, we may also assume that all Z, and Z are subsets of [0, R)?, for some R. In
this case, for any ¢ > 0, (1 — €)Z C Z, C (14 ¢)Z, when n is large enough. Thus, by
Lemma 40, (1 — €)21(Z) < I(Z,) < (1 4 €)2I(Z), which clearly suffices. O

Proof of Theorem 4. All statements on large deviation rates follow from Lemma 52 and
Corollary 55, and imply (1.4). We omit the similar proof of (1.5). O

7 Bounds on large deviations rates for large zero-sets

In Sections 7.1-7.4 we address bounds on f(oz,ﬁ, 2) In Section 7.1, we complete the
proof of Theorem 5. In Sections 7.2, 7.3 and 7.4, we prove lower bounds on I near the
corners of [0, 1]2, either for general Euclidean zero-sets or an L-shaped Euclidean zero-set,
which establish Theorem 6 and show that each of the three upper bounds on I (o, B, Zv)
is, in a sense, impossible to improve near one of the corners.

7.1 General bounds on I

We assume that (a, 8) € [0,1]%. Having established the existence of I, we now recall the
three propositions in Section 4.2 and complete the proof of Theorem 5.

Proof of Theorem 5. Pick a sequence of zero-sets Z,,, such that J,square(Z,) B,z
for some sequence of positive numbers 6, — 0. To prove the lower bound, we use the
Proposition 26 with any numbers k = k, that satisfy 1 < k < 1/4,, so that also
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Snsquare(ZX*) =y Z. To prove the upper bound (1.7), we use the inequalities (4.14),
(4.15), and the inequality I(a, 3, Z,) < 7(Z,) (see Theorem 3). We multiply these four
inequalities by 02, take the limit as n — oo, and use 62|Z,| — area(Z) (by definition of
E-convergence) and Theorem 4 to obtain (1.6) and (1.7). O

A continuous version of Theorem 29 follows.

Corollary 56. For any Fuclidean rectangle }éa,b,

I(e, B, Rap) = (1 — max(a, 3))ab

Proof. 1t follows from Theorems 15 and 4 that 7(}3“1,1;) = area(}N‘?a,b) = ab, so the upper

and lower bounds on I (o, B, Ea,b) given in Theorem 5 agree. (Alternatively, one may use
Corollary 30.) O

7.2 The (1,0) corner

Theorem 57. Fiz a continuous zero-set Z with finite area. Then

I(,0, Z) > area(Z2). (7.1)

lim inf
a—1— —

A consequence of this theorem is a characterization of Euclidean zero-sets which attain
the lower bound (1.6).

Corollary 58. Assume Z is a Euclidean zero-set with area(Z) < oco. Then I(o,8,2) =
(1 — max{a, B})V(Z ) for all (a, B) € [0,1]* if and only if (2 Z) = area(Z), which in turn
holds if and only sz Rmb for some a,b > 0.

Proof. By Corollary 56 and Theorem 57, we only need to show that the second statement
1mphes the third. Suppose there do not exist a,b > 0 such that Z = Rab Since 0 <

area(Z) < o0, we may choose a,b > 0 such that for some ¢ > 0 the boundary of Z
intersects R, b in intervals of length at least € > 0 and such that (a —€,b —€) 4 [0, e]* C
Rop \ Z. If T'is the growth transformation for the dynamlcs given by ZNR, b, then it

follows that T'((Z N Ra,b) \[0,2) 2 Zn Rab, so Y(ZN R, b) < area(Z N R, ») — €% By
Corollary 53,

Y(Z) <F(Z2N Ryp) + area(Z \ Ryp) < area(Z) — €2,

which ends the proof. O

Proof of Theorem 57. We first argue that it is enough to prove (7.1) when Z is bounded.
Indeed, once we achieve that, the liminf in (7.1) is, for any Z and any R > 0, at least
areaL(Z~ N [0, R]?). The general result then follows by sending R — oo. We assume that
Z is bounded for the rest of the proof.
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We fix an o € [0,1). We also fix €,0 > 0, to be chosen to depend on « (and go
to 0 as a — 1) later. We assume the discrete zero-sets Z are large, depend on n, and

%square(Z) RN Z, but for readability we will drop the dependence on n from the
notation.

In addition, we fix an integer k > 2 that will also depend on « and increase to infinity
as a — 1. We say that a zero-set Z satisfies the slope condition if there is no contiguous
horizontal or vertical interval of k sites in 0,Z. Let ap and by be the longest row and
column lengths of Z.

We claim that for any Z there exists a zero-set Z' D Z< la/kl+lbo/kl that satisfies the
slope condition. To see why this holds, assume there is a leftmost horizontal interval of k
sites in 0,2, ending at site (ug,vp). Replace Z by the zero set obtained by moving down
points on the line R”(ug, vo) and to its right, that is, by

{(u,v) € Z2 : (u < up and (u,v) € Z) or (u > ug and (u,v +1) € Z)}.

Observe that, first, the resulting set includes Z*!; second, if 9,Z does not have a contigu-
ous vertical interval of £ sites, this operation does not produce one; and, third, after at
most |ag/k| iterations we obtain a zero-set whose boundary has no contiguous horizontal
interval of k sites. Thus we can produce a zero-set that satisfies the slope condition after
at most |ag/k| steps for horizontal intervals, followed by at most [by/k] steps for vertical
ones, which proves the claim. The resulting Z’ satisfies

1
|2/ > 2] — |ZEleo/r oM > 2] = —(ag + bo)*. (7.2)
Assume that A spans for Z, therefore also for Z’; and that |A| < |Z'|. If |7.(A)| <

(1 —9)|A|, then
1
pla,0,4) > 0|4 > 67(2) = 10| 2]. (7.3)

We now concentrate on the case when |, (A)| > (1 — §)|A|. Define the narrow region
of Z% to be the union of vertical lines that contain exactly one point of A, and the wide
region to be the union of vertical lines that contain at least two points of A. Let Ajamow
be the subset of A that lies in the narrow region, and Ay;qe be the remaining points of A.
We claim that |Ayige| < 20|A|. To see this, observe that

2|7Tm(Awide>| + |7Tm<Anarrow)| < |A|7

SO

|7Tx(Awide)’ < ’A‘ - |7TI(A)’ < 5’A|
and then

|Awide| = |A’ - ‘AnarrOW| = ’A| - |7T:v(AnarrOW)| = ’A| - |7T:v<A>’ + IWI(AwideN < 25‘14"

We will successively paint whole lines of Zi, including points in A, red and blue,
transforming the zero-set Z’ in the process. The resulting (finitely many) zero-sets Z,
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1=20,1,..., will satisfy the slope condition, and will span with initial set A from which
the points painted by that time have been removed. The painted points will dominate
the set of points that become occupied in a slowed-down version of neighborhood growth
with zero-set Z’. Initially, no point is painted and we let Z] = Z’, with af, and 0] its
largest row and column counts.

Assume that i > 0 and we have a zero-set Z;, with a/ its largest row count. If a} < eay,
the procedure stops with this final 7. Otherwise, choose an unpainted point = ¢ A that
gets occupied by the growth given by Z!, applied to A without the painted points. The
first possibility is that at least (1 — €)a) unpainted points of A are on L"(x). Then paint
blue all points on L"(x) that have not yet been painted, and let Z/,, = Z*'. The second
possibility is that fewer than (1 — €)a} unpainted points of A are on L"(z). Then z is in
the wide region and there must be at least 1ea]/k > 1€%af/k points of A on L*(z), due to
the slope condition. Paint all unpainted points in the entire neighborhood of = red, and
let 2/, = 2"

If 7 is the number of times the red points are added, then

(< 4ke 25| A|/al, < 4ke 20| 2| /al, < 4ke20b),.

Observe that |Z'-¢| < £(al + b})). Moreover, the number of points in Z’ in rows of length
at most eay, is at most k(eap)?, by the slope condition. Therefore, the points of A colored
blue at the final step have cardinality at least

(1= 12 - K{eah)? — Uy + ).
Choose § = €3 to get

Al = (1 — )| Z'| — 4ke(ag + bp)*. (7.4)
Clearly, (7.4) holds if |A| > |2'| as well. Therefore, (7.2) and (7.4) imply

1
Al > (1= O] 2] - dhe(ag + bo)* = (a0 + bo)*. (7.5)

We now choose k = 1/4/e. Moreover, we observe that there exists a constant C' > 1 that
depends on the limiting shape Z such that (ag+bp)* < C|Z] for all sufficiently large n. (It

is here we use the assumption that Z is bounded, so ag/n and by/n converge.) Therefore,
when |7,(A)| = (1 —§)|A|, (7.5) implies

p(a,0,4) > (1-6CVe)(1—a)lZ]. (7.6)
Then (7.3) and (7.6) together imply
lim inf I (e, 0, Z)/| 2| > min{(1 — 6CVe)(1 — a), ié”}. (7.7)

Finally, we pick e = 2(1 — a)'/3 to get from (7.7) that
I(a,0, Z) > area(Z) - (1 —a) —120(1 — )%, (7.8)

which implies (7.1). O
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7.3 The (0,0) corner for the L-shapes

As the lower bound (1.6) can be attained, we know that inf 5 I(a, 8, Z)/v(Z) is a piecewise
linear function that is nonzero on [O 1)2. Tt is natural to inquire to what extent the upper
bound (1.7) on supz I(a, 8, Z)/~v(Z) can be improved. One might ask, for example, for
a piecewise linear bound which is, unlike (1.7), strictly less than 1 on (0, 1]?. We will now
demonstrate by an example that such an improvement is impossible.

Our example is the limit of L-shaped zero-sets consisting of (2a — 1) symmetrically
placed n x n squares. For simplicity, we will assume that a > 3 is an integer. (A variation
of the argument can be made for any real number a > 2.) We will only consider the
diagonal o = 3, which suffices for the purposes discussed above.

Theorem 59. For the Euclidean zero set Z = R.1 U Ry, we have, for all a € (0,1),
a—2a —9a0®? < I(o, o, Z) < a — 2a.
Proof of Theorem 59. For the sequence of zero-sets Z,, = Rapn U Ry 0, We clearly have

square(Z,)/n B, R,iURy, = Z.
We will show that

1 1
a — 20 — 9ac®? < liminf —I(a,a, Z,) < limsup —I(a a,Z,) <a-—2a. (7.9)
n

This will show that 7(Z) = a and prove the desired bounds.

To prove the upper bound, we build a spanning set A by a suitable placement of a
patterns. Of these, a — 2 are full n x n squares, one consist of n diagonally adjacent 1 x n
intervals, and the final one consist of n diagonally adjacent n x 1 intervals. To obtain
A, place these a patterns so that any horizontal or vertical line intersects at most one of
them. It is easy to check that A spans. Now any B C A has

7o(B) + m,(B) > |B| - (a — 2)n?

and so
p(A) <sup(l — )| B| + a(a — 2)n’
B

= (1 — a)an® + afa — 2)n?
= (a — 2a)n?
which proves the upper bound in (7.9).

To prove the lower bound, assume that A is any set that spans for Z. By Lemma 11,
we may replace A with another set, that we still denote by A, that spans for 2<% and
whose every point has k other points in A on some line of its neighborhood. We assume
that 1 < k < n.

Fix an ¢ > 0, to be chosen later to be dependent on «. Assume first that |A| >
(1+¢€) - an® Then, by Lemma 12,

p(A) > (1+6e)(1 - (1+1/k)a) - an’. (7.10)
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Now assume that |A] < (1+¢)-an® Fix numbers s > n and r > 0, to be chosen later.
If there exist r horizontal lines, each with at least s sites of A on it, then (s —n+ k) sites
of A are wasted for the R,,_ an—k line growth, with y(R,—gan—k) = (n — k)(an — k), so

r(s—n+k)+ (an —k)(n — k) < (1 +¢€) - an’.
It follows that, if we assume
r(s—n)— (a+1)nk > e-an® (7.11)

then at most r horizontal lines and at most r vertical lines contain s or more sites of A.
Now, A is a spanning set for both line growths with zero-sets Rg,—kn—r and R,_kan—k-
Using the slowed-down version of line growth in which a single line is occupied each time
step, we see that there exist some an — k — s vertical lines, and some an — k — s horizontal
lines, each with at least n — k — r sites of A. Let A; and A, be the respective sets formed
by occupied points on these vertical lines and horizontal lines and Agense = A1 M As. Then

2(an —k —s)(n —k —r) — |Adense| < [A1 U Ao < (1+€) - an’?,

and so
‘Adense‘ P (CL - 2)n2 - 2(3 - n)n - 2(&7” + (CL + 1>k>n — € CLTL2. (712)

We now need a variant of the argument in the proof of Lemma 12 for an upper bound
on the entropy of A. Let A} be the set of points of A that are not in Agense but lie on
a horizontal line of a point in Agense. Let Aj, be the set of points of A that are not in
Agdense UA), but lie on a horizontal line with at least k other points of A (and therefore with
at least k other points of A,). Let Al be the set of points that are not in Agense U Ap U Aj,
but lie on a vertical line of a point in this union. Let A, = A\ (Adense U A U A4},), so that
any points of A, shares a vertical line with at least k& other points of A,. Then

|72 (A)| < [ (Adense) | + |7 (Ay)| + |72 (An)| + ’W-'E(A/h)|

1 1
< —|A ense 7 Av A A,
el A+ A0+ 4]
and )
|7Ty(A)| < |7Ty(Adense)| + ‘Wy(Ah)l + ‘WI(AUM + ’Wx(Av”
1 1
< - = ’
X n— g1 — k‘Adense‘ + k:|Ah| + |Av| + |Av’
and so
2 1 , ,
e (A)] + |y (A)] < m|Adense| +11+ T ([An| + [Au]) + [A4] + A5
5 1 (7.13)
<—Aense 1 7 A - Aense
Mol + (14 1) 041~ M)
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By (7.13), the fact that v(Z2<*) > (an—k)(n—k) (which follows from Proposition 16),
and (7.12)

(7.1
p(A) = |A] = a(|m.(A)] + |my(A)])

1 1 2
> ’A| (1 — (1+ E) Oé) + o (1+ E - m) |Adense|
1

+a (1—1—%— ﬁ) ((a —2)n* = 2(s —n)n — 2(ar + (a + 1)k)n — e - an?).
(7.14)

To guarantee (7.11) for large n, we choose s —n = ay/en and r = %\/En We know
that for any spanning set A, either (7.10) or (7.14) holds, so that

1
lim inf ﬁf(a, a, Z,) = min{a(l +¢€)(1 — a),a — 2a — baar/e — aae}.
To assure that the second quantity inside the min is the smaller one, we need that

(a —2)a < ae + 5av/e,
which is assured for all & € (0,1) with € = “;—20[. This finally gives

1
liminf —I(o, @, 2Z,) > a — 2a — 5a, / LY.L (a —2)a?
n? a—2 (7.15)

Za— 20— 9a043/27

ending the proof of the lower bound in (7.9). O

7.4 The (1,1) corner

The upper bound (1.7) provides a lower bound of —2 for the slope of sup 3 I(a,a, 2)/v(Z)
at @ = 1—. Continuing with the theme from the previous section, we show that this
bound cannot be improved either. To achieve this, we again show that the L-shapes
asymptotically attain this bound, a fact that easily follows from our next theorem.

Theorem 60. Assume the Euclidean zero set Z = éa,l U élﬂ for some a > 2. Then,
2(a—1) (1 —a) = 2(1 —a)?) < I(a,a, Z) < 2(a —1)(1 - a),
for all o € [0, 1].

We note that for Z as in the above theorem, 5(2) = a, and therefore the L-shape
with a = 2 provides another case (apart from the line and bootstrap growths) for which
the lower bound (1.6) is attained on the entire diagonal oo = p.

The proof of Theorem 60 proceeds in two main steps. In the first step, which holds
for general Z, we show that in the relevant circumstances an arbitrary spanning set A
can be replaced by a thin spanning set of a similar size, and use this to prove (1.9). The
second step is a lower bound on v (Z) for the L-shaped zero-sets Z.
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Lemma 61. Fiz a § € (0,1) and a positive integer k. Let A be a set that satisfies both
|1 (A)| + |7y (A)] = (1 — 6)|A| and A = A-y. Then there exists a thin set A" C A such
that

|7 (AD)] + |7y (A')| = |ma(A)] + [y (A)]

and

2
1A\ A'| < (5+ E) 1Al

Proof. Partition A into three disjoint sets Ay, A,, and Ag as in the proof of Lemma 12.
Points in Aj, lie in a row with at least k& other points of A, points in A, lie in a column
with at least k other points of A,, and points of Ag lie in a column with at least k other
points of A.

Choose any point in A that shares both a row and a column with other points in A,
then remove it. Repeat until no point can be removed. Let A’ be the so obtained final set.
Observe that A’ is thin and that, as the removed points do not affect either projection,

|7 (A)] + |y (A)] = |me(A)] + |y (A)].
Let A} = Ay N A, A = A,N A", and A, = AgN A’. Then,

[ (A)] + [y (A)] < | (Ag U A, U AR+ [y (Ag U A, U AL
< |ma(AR)| = |y (Ag U AL+ e (A))] + |y (Ap)| + [72(Ap )|

1
<A+ 2 (1A + [An] +14]) (7.16)
2
< A+ —|A].
A1+ 214
Moreover,
Combining (7.16) and (7.17) gives (1 — & — 2) |A| < |A| and hence [A\ A'| < (6 + 2) |A].
[

Lemma 62. Assume §, k and A satisfy conditions in Lemma 61, and suppose in addition
that A spans for some zero-set Z. Then there exists a thin set B that spans for Z, such
that

2
|B| < <1+5+E) |Al.

Proof. Let A C A be the thin set guaranteed by Lemma 61. Let B, be a set with the
same row counts as A\ A’ but with no two points in the same column, and let B, be a
set with the same column counts as A\ A’ with no two points in the same row. Assuming
A C Rayp, let By = ((a,0) + B,) U ((0,b) + B.). The set B = A" U By is a thin set that
spans (see the proof of Lemma 21), and satisfies |B| < (1+ 0 + 2)|A|. O

Lemma 63. For any discrete zero-set Z, and o € [0,1], I(o, o, Z2) < (1 — @) pnin(Z).
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Proof. Take a thin set A that spans for Z, with |A| = ynin(Z). For any B C A, |m.(B)|+
|7, (B)| > | B|, therefore

p(4) = sup B] = (|, (B)] + [, (B))

< Eléli(l —a)|Bl = (1 —a)|A] = (1 — a)ymn(2),

and consequently I(«, «, Z) < (1 — a)Vnin(2). O
Theorem 64. Suppose Z is a Euclidean zero-set with finite area. Then

Fnin(Z) - (1 —a) =21 — a)?) < I(, @, Z) < Fonin(Z) - (1 — ). (7.18)
Furthermore, I(o, o, Z) = (1 — a)y(Z) for all a € [0,1] if and only if Fuin(Z) = F(Z).

Proof. Pick discrete zero-sets Z,, so that n~%square(Z,) — Z. Assume that A spans for
Z,. Assume 1 < k < n throughout. The number § € (0, 1) will eventually be chosen to
depend on « € (0, 1).

By Lemma 11, A’ = A, spans for 2%, If |7, (A")| + |m,(A")] < (1 — 6)|A'|, then

1
p(A) = p(A) = 8|A| = oy(25%) > 55%}1111(37{]“), (7.19)

the last inequality following from Lemma 47. If |, (A")| + |7, (A")| = (1 — 0)|A’|, then by
Lemma 62 we can find a thin set B that spans for Z¥?* and has

2
|B|<<1+5+E)L4L (7.20)
Finally, we take B’ = B}, to get a thin set that spans for Zn/ 3k Therefore, by (7.20),

A’ > Yenin (Z25). (7.21)

1+6+2
By Lemma 12,
1
)+ ()] < (143 ) 141
and therefore, by (7.21), in this case,

l—a-7%
p(A) = p(A) = ———F - Yun(Z7 ). (7.22)

Now we divide (7.19) and (7.22) by n?, send n — oo, and use Theorem 4 to conclude that

~ ~ 1. 1-— ~
I(o, 0, Z) > min {55, . +(;} * Yehin(Z).
We choose 6 so that the two quantities inside the minimum are equal, that is, § + §% =
2(1 — ). The observation that § > (6 + 62) — (6 + 62)? = 2(1 — a) — 4(1 — a)? concludes
the proof of the lower bound.
The upper bound is a consequence of Lemma 63 and Theorem 4, and then the claimed
equivalence follows from (7.18) and (1.6). O
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The key bound we need for the proof of Theorem 60 is given by the next lemma, which
implies that, for an L-shaped zero-set Z, v4pnin(£) can be much larger than v(Z2).

Lemma 65. Assume an L-shaped zero-set given by Z = Rgip. U Rycya, for some
a,b,c,d > 0. Then Ynin(Z) = bc+ ad — b — d.

To prove Lemma 65, we need some definitions. Consider two line growths, the hor-
izontal one with zero-set R, and vertical one with zero-set R, 4. Fix integers a, ¢
such that « < @ < a+band ¢ < ¢ < c+d. We say that a set A H-spans if A spans
for R,1p. after a thin set with ¢ rows of @ sites each is added to A so that no point in
it shares a row or a column with a point of A. We also say that a set A V-spans if A
spans for R, .4 after a thin set with a columns of ¢ sites each is added to A, none of
whose points share a row or column with A. We say that a set A approzimately spans if
it both H-spans and V-spans. Clearly, any set that spans for Z as in Theorem 65 also
approximately spans with @ = a and ¢ = ¢, so the next lemma proves Lemma 65.

Lemma 66. Any thin set A that approximately spans has |A| = (c—1)(a+b—a) + (a —
)(c+d—70).

Proof. We emphasize that @ and ¢ will stay fixed throughout the proof, while a > 1,
b>a—a,c>1,d>¢— cwill decrease. We will proceed by induction on a + b + ¢ + d.
The claim clearly holds if either of the four equalities hold: a =1, ¢ =1, a+ b = a, or
¢+ d = ¢, by the formula for the line growth ~ (Proposition 15). We will from now on
assume that none of these equalities hold.

Suppose A is a thin set that approximately spans for the quadruple (a, b, c,d). The

argument is divided into three cases below. We will use the slowed-down version of the
line growth whereby a single full line (horizontal or vertical) is occupied in a single time
step, which is equivalent to the removal of that line and shrinking of the rectangular
zero-set by eliminating one row or one column from it.
Case 1. There is a horizontal line L; with at least a + b points of A. Eliminate all points
on Lj from A to get A’, and take ' = a, V) =0, ¢ =c— 1, d = d. Clearly, A’ is thin
and V-spans for Ry oyq = Ri}c +q- To see that A" H-spans for Ry iy s = Riib,c, we need
to check that the addition of a thin set of ¢ — 1 rows of @ sites each, added to A, actually
produces a spanning set for R,i;. in this case. Indeed, after L is made fully occupied,
at most ¢ — 1 horizontal lines ever need to be spanned in the line-by-line slowed down
version of the line growth. By the induction hypothesis,

Al > a+b+|A]Za+b+(d—1)(d+b—a)+ (d—1)(+d—7?)
=(c—1(a+b—a)+(a—1)(c+d—0¢)+a—a+1
>(c—1)(a+b—a)+ (a—1)(c+d—0),

as a = a.

Case 2. There is a vertical line L, with at least ¢ + d points of A. Using Case 1, this
case follows by symmetry.
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Case 3. There exists a horizontal line L, with ag > a points of A, and there exists a
vertical line L, with ¢g > ¢ points of A. We assume that ag is the smallest such number,
that is, that any horizontal line with strictly fewer than ay points has strictly fewer than
a points, and thus strictly fewer than @ points. We also assume the analogous condition
for cg. Observe that the points on L, and L, are disjoint, because A is thin and a,c > 2.
This is the only place where we use thinness; the necessity for disjointness is the reason
that a or ¢ cannot be 1, leading to the factors (¢ — 1) and (a — 1) in the statement.

Now we let ' =a,d =c¢, b =b—1and d = d— 1. We will remove a points from
Ly, and ¢ points from L,, redistributing the remaining points on these two lines to make
a thin set A’ that approximately spans. Once we achieve that, the induction hypothesis
will imply that

Al Za+c+|A|Za+c+(d =1)(d +V—-a)+(d —1)(d+d —7)
=(c—1)(a+b—a)+(a—1)(c+d—7)+2
>(c—1)(a+b—a)+ (a—1)(c+d—7).

It remains to demonstrate the construction and approximate spanning of A’. Clearly, if
we remove the points on L, from A, the resulting set Ay H-spans for Ry 1y v = Ratp-1,c =
R, ., even without the redistribution of excess points from L,. Now we address the
removal and redistribution of points from L;. Let By be the set Ay augmented with the
set A{, of ¢ horizontal lines of @ points, so that By is a thin set that spans for R, 1.
The set By still contains ag points on Ly.

Consider the line-by-line slowdown of line growth R,i5_1,., accompanied by the cor-
responding removal and shrinking of the zero-set (spanning of a horizontal line results in
removal of that line and of the bottom row from the zero-set; likewise for vertical lines).
If ag < @, then the line L;, is never used, as the lines in A{, complete the spanning before
it could be used, that is, because lines in Aj suffice after the shrunken zero-set has @
columns. Thus the points on L, may be removed from By to form B;. Assume now
ag > a, and recall the minimality of ag. When L, is spanned, the shrunken zero-set has at
most ag columns. By minimality, only vertical lines, say, L1, ..., L,,, m < ag—a < ag —a,
are spanned before the zero-set shrinks to @ columns, then lines in Aj finish the job.
Place m points on the lines L4, ..., L,,, one point per line, so that they share no rows
with any other points of By, and remove all points on line L;, forming the set B;. Then
the lines Ly, ..., L,, become occupied as before, since the extra point formerly provided
by (spanning of) the line Lj has been compensated. This brings the reduced zero-set to @
columns and leads to spanning. Therefore, By \ Aj is a thin set that H-spans for Rq4p—1 .

The redistribution of at most by — b points from L, is obtained analogously; add those
redistributed points to By \ Af to obtain the desired set A’. This justifies the induction
step in this case and finishes the proof. n

Proof of Theorem 60. Let Z, = Rign)n U Ry [an]- Then Lemma 65 implies that

Yehin(Zn) = 2(a — 1)n* + O(n).
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The opposite inequality follows from the fact that a thin set with [an] — n sites on each
of n horizontal and n vertical lines spans for Z,,. Therefore,

Yenin(Z5) = 2(a — 1)n* 4+ O(n).
Clearly -5square(Z,) Ly Z, thus by (1.5), i (Z) = 2(a — 1). Theorem 64 now con-
cludes the proof. O

Proof of Theorem 6. The claimed limits (1.8) and (1.9) follow from, respectively, Theo-
rem 57 together with (1.7), and Theorem 64. To prove (1.10), first observe that (1.7)
provides an upper bound for all «, which has the slope 0 (resp. —2) when « is close to 0
(resp. 1). The matching lower bound is provided by Theorems 59 and 60 upon sending
a — 00. [

8 A law of large numbers for random zero-sets

Assume that n is large and that we pick at random a Young diagram of cardinality n.
We consider the following two ways to make this random choice.

e Let Z, be a Young diagram of cardinality n chosen uniformly at random. We call
this the Vershik sample [26].

e Build Z, sequentially: start with Z; = @ and, given Zj, choose Z;.; by adding
a single site to Zj chosen at random among corners, i.e., from all sites that make
Zk+1 a Young diagram. We call this the corner growth or Rost sample [23].

See [23] for a review of the fascinating research into properties of the many possi-
ble random choices of a Young diagram. The key property of these selections are the
corresponding asymptotic shapes. Let

Zvershik = {(x,y) € R? : exp (—\%x) + exp (—\%y) > 1}

and
ZRrost = {(x,y) € R?: \/§—|— \/37 < 61/4}_

We now state the shape theorem. See [23] and [20] for concise proofs.

Theorem 67. For any € > 0, the Rost sample Z, satisfies
P ((1 — e)ZVROSt C nY?square(Z,) C (1 + 6)2R05t> — 1,

as n — 0.
For any e > 0 and R > 0, the Vershik sample Z,, satisfies

P ((1 — )(Zvershix N [0, R]?) C (n~*square(Z,)) N[0, R]?
C (14 )(Zversix N[0, B)) = 1,

as n — Q.
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As a consequence, we obtain the following law of large numbers.

Corollary 68. For either the Rost or Vershik samples

1
sup —I(a,8,2,) —1(o, 8, 2)]| — 0,
(a,B)€l0,1)2 | T

where Z is the corresponding limit shape, and the convergence is in probability.

Proof. This follows from Theorems 4 and 67. O

9 Final remarks and open problems

1.

Does the completion time property given by Theorem 14 hold for a more general
class of growth dynamics than neighborhood growth?

. What is supz I (o, 8, Z)/v(Z)? See (4.14) and (4.15), and observe that we only have

trivial upper bound 1 for this quantity when o and 8 are small.

Is there a simple characterization of Euclidean zero-sets Z for which %hin(g) =

7(Z)? We know that this holds for rectangles, isosceles right triangles, and L-shapes
Ry, U Rg 1, for a < 2, but not for L-shapes with a > 2 (see Section 7.4).

Does the slope lima_o4 o (I(a, o, Z) — 5(Z)) have a variational characterization?

. What is the slope of I{ (o, B, ZN) as («a, 8) approaches one of the corners at a different

direction from those considered in Section 7.2-7.47 What can be said about other
boundary points?

Fix («a, 5) # (0,0) and a zero-set Z. What is the minimal a such that there exists
an A C R, , with p(a, 8, A) = I(a, 8, 2)?

. Can an explicit analytical formula for I(c, 3, Ty) be given for all (a, 8) € [0, 1]?

Can existence of large deviation rates be proved for bootstrap percolation [15] or
for line growth [3] in three dimensions? A result in this direction is proved in [3],
where it is also pointed out that it is not at all clear that the completion time result
holds in higher dimensions.

. What is the algorithmic complexity for computation of v(Z), when Z is given as

input?
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