MAXIMUM AND SHAPE OF INTERFACES IN 3D ISING CRYSTALS
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ABSTRACT. Dobrushin (1972) showed that the interface of a 3D Ising model with minus boundary conditions
above the zy-plane and plus below is rigid (has O(1)-fluctuations) at every sufficiently low temperature.
Since then, basic features of this interface—such as the asymptotics of its maximum—were only identified
in more tractable random surface models that approximate the Ising interface at low temperatures, e.g., for
the (241)D Solid-On-Solid model. Here we study the large deviations of the interface of the 3D Ising model
in a cube of side-length n with Dobrushin’s boundary conditions, and in particular obtain a law of large
numbers for My, its maximum: if the inverse-temperature 3 is large enough, then My /logn — 2/ag as
n — 0o, in probability, where ag is given by a large deviation rate in infinite volume.

We further show that, on the large deviation event that the interface connects the origin to height h, it
consists of a 1D spine that behaves like a random walk, in that it decomposes into a linear (in h) number
of asymptotically-stationary weakly-dependent increments that have exponential tails. As the number T' of
increments diverges, properties of the interface such as its surface area, volume, and the location of its tip,
all obey CLTs with variances linear in T". These results generalize to every dimension d > 3.

1. INTRODUCTION

We study the plus-minus Ising interface in d-dimensions at sufficiently low temperatures, where for d > 3
the interface is known to be rigid and yet its large deviations, including the asymptotic behavior of its
maximum, were unknown. The Ising model on a finite subgraph A C Z¢ is an assignment of +1 to the
d-dimensional cells of Z¢ (faces when d = 2 and cubes of side-length 1 when d = 3), collected in the set C(A).
These cells are identified with their midpoints, corresponding to the vertices of the dual graph (Z + %)d, and
u,v € C(A) are considered adjacent (denoted u ~ v) if their midpoints are at Euclidean distance 1. The
Ising model on A is then the Gibbs distribution ps = ua s over configurations in Q = {£1}¢Y) given by

ia(0) x exp [—AH(0)] , for H(o) = ou £ 0},
u~v
where 8 > 0 is the inverse temperature. Placing boundary condition 1 on the model, u}, refers to the condi-
tional distribution of g, for some larger given graph H D A, where the configuration of C(H)\C(A) coincides
with 7. These definitions extend to infinite graphs via weak limits, and in the low temperature regime studied

here, different boundary conditions 1 on boxes in Z? lead to distinct limiting Gibbs distributions [32, §6.2].
Here, we consider 3 > Sy for some fixed By and A = A,,, the infinite cylinder of side-length 2n in Z%,
Ap = [-n,n]4 x [-o0,00] = {—n,...,n}? 1 x {—o0,..., 00},

with boundary conditions that are (+) in the lower half-space C(Z%~! x {—o00,...,0}) and (—) elsewhere,
called Dobrushin’s boundary conditions. Let u, = ,uj\Fm 5 denote the Ising model with these boundary condi-
tions, and note that every o ~ p, defines a set of (d— 1)-cells separating disagreeing spins, which in turn give
rise to an interface Z separating the minus and plus phases: in 2D, it is a (maximal) connected component
of such separating edges connecting (—n,0) and (n,0); in three dimensions, it is the (maximal) connected
component of such separating faces containing A, N(Z?~! x {0}) (we defer more detailed definitions to §2.1).

The classical argument of Peierls, which established the phase transition in the Ising model for d > 2,
shows that in the above described setting, the size of “bubbles” (finite connected components of plus or
minus spins) has an exponential tail. One thus looks to determine the behavior of the interface Z.

In the 2D Ising model, the properties of this random interface between plus/minus phases in pu, is very
well-understood: for 8 > f., the critical point of the Ising model, this interface converges to a Brownian
bridge as n — oo, and detailed quantitative estimates are available for its fluctuations and large deviations for
large n, mimicking those of a random walk (see, e.g., [24,25,35-37,42,43]). In view of its height fluctuations
that diverge with n (in this case, with variance Cgn in the bulk), the interface is referred to as rough.

For the 3D Ising model (and in fact extending to every dimension d > 3), Dobrushin [28] famously
showed that, for large enough 3, the plus/minus interface Z is rigid (localized) around height 0: the height
fluctuations are O(1) everywhere. Namely, Dobrushin established that the probability that the interface
T reaches height at least h above any given zy-coordinate in [—n,n]? is O(exp(—38h)). An important
consequence of rigidity is that the Gibbs distribution yj; arising as the weak limit of y, is not translation-
invariant in its z-coordinate. It is believed that the interface becomes rigid only after a roughening threshold
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FIGURE 1. The plus/minus interface Z in the 3D Ising model p,, (side length n = 64) with
Dobrushin’s boundary conditions, when conditioning on Z reaching height h = 64.

Br > B¢, with this roughening phase transition being exclusive to dimension 3. Interfaces of tilted Dobrushin
boundary conditions are, unlike the flat ones, believed to always be rough; see §1.4 for more details.

Since Dobrushin’s work showing that the interface 7 is typically a flat surface at height 0, basic features of
this interface—such as the asymptotics of its maximum, the shape of the surface near the maximum and the
effect of entropic repulsion—were only identified in more tractable random surface models that approximate
the Ising interface at low temperatures, e.g., the (241)D Solid-On-Solid model by Bricmont, El-Mellouki
and Frohlich [9] and Caputo et al. [16,17], and the Discrete Gaussian and |V¢[P-models in [39] (in these, the
surfaces are height functions, with no overhangs or interacting bubbles that do exist in the Ising model).

In what follows, for the sake of the exposition, we state our new results on the interface Z in the context
of the 3D Ising model, noting that they extend to any dimension d > 3 (see Remark 1.1).

1.1. Maximum height. Let M,, be the maximum height (z-coordinate) of a face in Z. Dobrushin’s estimate
that yin(Z 5 (y1,y2,h)) = O(exp(—3Bh)) shows, by a union bound, that M,/log, < Cs in probability as
n — oo for some Cg > 0. As we later explain, a lower bound of matching order, M,/ log,, > cg in probability
for some other cg > 0, can also be deduced from those methods via decorrelation estimates. Our main goals
here are obtaining the asymptotics of M,, (law of large numbers (LLN) for the maximum) and characterizing
the typical structure of the surface around points conditioned to achieve large deviations. The first result
establishes the LLN and expresses the limit in terms of a large deviation (LD) rate function of having the

origin be x-connected to height h via (+)-spins (denoted <i>) within C(Z? x [0, h]) in the measure ;.

Theorem 1 (LLN for the maximum). There exists By such that, for all 8 > By, the mazimum M, of the
interface I in the 3D Ising model with Dobrushin’s boundary conditions ,ufn 3 satisfies

M, 2 .
lim = — in probability, (1.1)
n—oo logn  oag

where the constant ag > 0 is given by
1
= lim ——logpuh (4,4, ) «———— (Z+1)?x{h-1 1.2
@8 = 0 T, o8k <(2’2’2) @ (L Athmah ) -2
and satisfies ag/B — 4 as f — oo.
Note that the existence of the limit in (1.2) is both nontrivial and essential, and its proof (see §6.2 and

in particular Proposition 6.7) relies on our results on the structure of the interface Z conditioned on large
deviations in p,,, which drive an approximate sub-additivity argument.
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FIGURE 2. The pillar above a point =, denoted P,; in blue, the spine, partitioned into increments.

1.2. Structure of tall pillars. To formalize the notion of Z achieving a large deviation above a point x,
define the pillar associated to a point = € [—n + ,n — 3]* x {0} (we defer detailed definitions to §2.3):
from a configuration o ~ pu,, repeatedly delete every finite cluster of (4) or (—) by flipping its spins (thus
eliminating all bubbles), then discard C([—n,n]? x Z_); the pillar of z, denoted P,, is the resulting (possibly
empty) *-connected component of (+) cells containing = + (0,0, ), along with all faces of Z that bound it.

The height of the pillar P,., denoted ht(P,.), is the maximal y3 such that some (y1,y2,y3) € P,. The proof
of (1.1) in Theorem 1 hinges on a large deviation estimate for ht(P,) stating (see Proposition 6.1) that

1
lim ——log pn (Wt (Py) > h) = ags.
h—oo h

(Observe that the upper bound on M, /logn in (1.1) readily follows from this by a union bound over z.)

A key step in the analysis of the typical structure of P, conditioned on {ht(P,) > h} is to decompose the
pillar into increments: define the cut-points of P, to be every y = (y1,y2,y3) € P, such that y is the unique
cell in the horizontal slab with height y3 belonging to P,. Ordering the cut-points as vi,...,v with an
increasing third coordinate, their role mimics regeneration points of random walks (though the increment
sequence is far from Markovian); thus we refer to the subset of P, delimited by v;,v;+1 (including these
two cells) as a pillar increment (see Figure 2). Let X be the (countable infinite) set of possible increments,
and let A(X) be the surface area (number of bounding dual-faces) of an increment X. Our next result is a
central limit theorem (CLT) for averages of a function along the pillar increment sequence.

Theorem 2 (CLT for the increments). There exist By, ko > 0 so that the following holds for all 8 > By: for
every sequence T =T, with 1 KT <K n, every non-constant observable on increments f : X — R such that
f(X) < e AX) for every X € X,

and every x = (x1,22,0) with (x1,22) € [-n+ Ap + 3. n— A, — ]2 for some A, > T, if (271,..., 27) is
the random increment sequence of Py, then conditional on the event {7 > T}, one has that

T
= U0 ~BU(2)]) = N(0.0%) for some o(3. ) > 0.

The variance 02 and asymptotic behavior of ﬁ Zthl E[f(%:)] in Theorem 2 are expressed in terms of a

stationary distribution on increments (see Theorem 4(iv), and Proposition 9.1 for their explicit expressions).
While the above is only conditional on {7 > T}, we find that 7 and the height of P, are typically compa-
rable (see Lemma 3.3): limp, o0 tin(Z > (1 — dg)h | ht(P,) > h) = 1 (and ht(P,) > 7 deterministically).
In fact, we establish (see Theorem 4) that, conditioned on {.7 > T}, the first cut-point typically appears at
height O(logT'), and the increment sequence captures all but a negligible portion of the pillar P,.
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FIGURE 3. Two views of a pillar P, with .7 = 20 increments and its cut-points highlighted.
On left: every pillar P, whose “shadow” (its projection on R? x {0}) intersects that of P,
will belong to the same wall in Dobrushin’s interface decomposition into walls and ceilings.

A special case of the above CLT is that the distribution of the “tip” of the pillar conditioned on having
at least T' increments is asymptotically Gaussian, as are its volume V(P,) and surface area A(P,).

Corollary 3. There exists Sy such that, for every 5 > o and sequences T =T, with 1 < T < n and
x = (x1,%2,0) where (x1,22) € [-n+ A, + %,n - A, — % 2 for some A, > T, the pillar at x has that its
number of increments 7 = T (P,) and height Wt(P,) satisfy, for some \(B) > 1,

ht(P,)/ 7 2+ X conditional on {T > T} . (1.3)
Furthermore, conditional on {7 > T}, the height of P, is asymptotically Gaussian, and moreover:
(1) distribution of the tip: the variables (Y1, Y2, ht(P,)) € P, (arbitrarily chosen if ambiguous) satisfy
Y1, Y5, ht — AT 200
(¥, Y2, ht(Py)) = (21, 72, AT) = N(O, <g o 0 )) for some A\(8) > 1 and o(83),0'(8) > 0.
VT 0 0 (02
(2) volume and surface area: there exist \;(8) > 1 and 0;(8) >0 (i =1,2) such that
V(Py) — T A(Py) — AT
VT vT
In order to establish the above results, one must control the behavior of the pillar below its first cut-point.
But, it is precisely this part of the pillar where the effect of neighboring pillars is the most difficult to control:
the abundance of nearby pillars around height 0 might in principal cause a pillar, conditioned to contain T’
increments, to have a large (diverging with T') segment preceding its first increment. We account for this via

a novel decomposition of the pillar into a base and a spine: the next result shows that the former’s total size
is typically negligible, while the latter admits a detailed characterization in terms of its increment sequence.

— N(0,07), and = N(0,03).

Theorem 4 (pillar structure). There exists By > 0 such that the following holds for all B > Bo: for every
sequence T =T, with 1 K T < n and x = (x1,22,0) with (x1,z2) € [-n+ A, + %,n - A, — %]]2 for some
A, > T, there exist ¢,C > 0 such that, conditional on F > T, the pillar P, has the following structure:
(i) [Base] There is a cut-point v, so that the base of Py, defined as B, = {y € Py : ht(y) < ht(v.,)},
satisfies diam(%,) < r except with probability O(exp(—cpr)) for every ClogT <r <T.
(ii) [Spine] The increments X+ +1,... Z7 of the spine S, := P, \ B, satisfy, for every k,r < h, that the
probability that A(Zr,+1) > 1 is O(exp(—cfr)) (letting A(Z:) =0 fort > T ).
(i1i) [o-mizing] For every k(T) > j(T), if A1 € Fy := U((%’)Lmogﬂ and Ay € Fo = o((Z;)L,) then the
probability of Ay N Ay differs from the product of the probabilities of A; by O((k — j)~19).
(iv) [Asymptotic stationarity] There exists a stationary distribution v on X% so that the conditional law of
the increments (..., Zp/2a—1, X172, ZT/241,- - -) given T > T converges weakly to v.
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(These are special cases of stronger statements, which do require additional definitions; for those results
implying Items (i)—(iv), see Prop. 5.1, Prop. 4.1, Prop. 7.1 and Cor. 7.3, respectively.) As mentioned, each of
these require delicately designed maps on interfaces, for which we can control both the change in probability
under the map, and its multiplicity; the maps for Items (i)—(iv) are depicted in Figures 9-12 respectively.

Remark 1.1. Theorems 1-4 generalize naturally to all dimensions d > 3; the main changes will be that
li\é"h — (Ci;ﬁl) in probability, and ag/8 — 2(d — 1) as § — oco. The results and
proofs are otherwise unchanged except that the constants will depend on the dimension d, and the lattice
notation would be changed, e.g., the interface will be a connected set of (d — 1)-cells, or plaquettes. For the

sake of clarity of exposition and visualization we present all proofs in the most physical d = 3 setting.

the maximum M,, will have

Remark 1.2. While Theorems 1-4 are w.r.t. the measure p, (which is the Ising model on the infinite
cylinder A,, with Dobrushin boundary conditions), the fact that the same results hold on the box [—n,n]?
follows from a standard coupling argument. Indeed, by the exponential tails on interface fluctuations and on
bubbles, the interfaces on A,, and [—n,n]¢ can be coupled to match with probability 1 — O(e=°"); likewise
their pillars P, conditioned on having at least T' increments, agree with probability 1 —O(e~") since T' < n.

1.3. Tools and key ideas.

Cluster expansion vs. Peierls maps under mized boundary conditions. The classical Peierls map—an injection
from configurations with a specified bubble (a connected set of (d—1)-cells homeomorphic to a (d—1)-sphere)
to ones without it, demonstrating that the energetic cost of such a bubble outweighs its entropy at large
enough f—is a strikingly effective and robust tool for handling low-temperature behavior under homogeneous
boundary conditions. There (within the plus or minus phase) it implies that for any dimension d > 2, bubbles
are microscopic (and their size obeys an exponential tail) at low enough temperature. However, Peierls maps
are insufficient to address the rigidity of the interface in the presence of Dobrushin’s boundary conditions:
the natural attempt to define a Peierls map on configurations which would “flatten” the interface is hindered
by (a) the interaction of the interface with nearby bubbles, and (b) its self-interactions due to overhangs.

To overcome this obstacle, Dobrushin used cluster expansion (cf. also [40]), a robust machinery that, in
this case, allows one to disregard the floating bubbles and move to a distribution over interfaces Z given by
(D) o exp | < BT+ ()] (1.49)

fez

where g is a function (over interfaces Z with a marked face f) which is uniformly bounded and local in the
sense that |g(f,Z) —g(f’,Z')| decays exponentially in the radius r about which the balls B,(f) in Z and the
local neighborhoods of f in Z and f’ in Z’ are isomorphic (see Theorem 2.21 in §2.5 for the full statement).
N.b. that by moving to distributions on random interfaces, hiding the interacting bubbles in the Ising model,
one loses several useful features of the Ising model: the law of Z does not have the domain Markov property,
and there are long range interactions between faces in Z.

With this representation, properties of the Ising interface can be deduced from Peierls-like maps. The
general strategy for utilizing such maps is as follows. Suppose we wish to show that some set of interfaces A,
(e.g., those with height oscillations of at least r above the origin) is exponentially in r rare at 8 large. Then
we construct a map ¥ sending A, to a subset ¥(A,.) of interfaces for which we have the following control:

(1) energy gain: for every Z € A,, the map ¥ induces an energy gain |Z| — |¥(Z)| > r.

(2) weight modification: for every Z € A,, we obtain J(LT((II))) < e BUTI=IYDD from (1.4).

(3) multiplicity: for all £ > 7, every J in the image of ¥ has at most C* pre-images Z with |Z| — | 7| = .
(If we wish to show A, has small probability conditionally on some set B, we further require ¥(A,) C B.)
The complication in carrying this out is, of course, the function g, which captures the very same obstacles
that hindered the basic Peierls approach—the (hidden in the cluster expansion framework) bubbles in the
Ising model and self-interactions of the interface. Ideally, one would be able to bound the effect of g by
comparing the faces f € Z which were modified under ¥ to faces f’ € J with isomorphic local neighborhoods.

Dobrushin’s walls and ceilings decomposition and why it fails for LLN. Dobrushin was able to carry out the
above approach via a clever combinatorial decomposition of the interface, which reduced the analysis of the
maps on the 3D interface to two-dimensional interactions. This decomposition is based on the following
partition of Z tailored to view it as a perturbation of the flat interface Ly := F(R? x {0}):
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o A ceiling face f € T is a horizontal face whose projection on the xy-plane is unique among all faces
of the interface Z. A ceiling of 7 is a maximal connected component of ceiling faces.
o A wall face f € T is a non-ceiling face. A wall of 7 is a maximal connected component of wall faces.

Consequently, one can “disregard” the ceilings as well as the vertical positions of every wall, and “standardize”
each wall by moving it down to height zero, obtaining a standard wall representation of the 3D Ising interface.
Importantly, this yields a bijection between collections of standard walls, and interfaces (see Lemma 2.12),
akin to the contour representation of the 2D Ising configuration.

The natural attempt at a map W is then to have it delete a specific wall W rooted at a face x € Ly, from
the standard wall representation of the interface Z, then recover from the resulting standard wall collection,
the interface ¥(Z). The difficulty is, as usual, due to the function g, and specifically due to non-deleted faces
whose local neighborhoods would be vertically shifted by ¥. To circumvent this, one may further delete any
wall that is “too close” to W; formally, one defines a group of walls according to some criterion of proximity,
while relying on the fact that when walls are sufficiently far apart, the exponential decay of g will negate
their interaction. However, deleting too many additional walls can forfeit the second requirement from the
map—control over its multiplicity. Dobrushin’s criterion was a carefully chosen middle-ground, importantly
based solely on two-dimensional distances in the zy directions (see also Definition 2.23):

e Two walls W and W' are said to be “close” if the interface Z contains at least dist(x,z)? faces above
x or above 2’ for some z, 2’ € Ly in the projections of W and W’ onto Ly respectively.
o A group of walls if a maximal component of pairwise close walls.

(Note that “tall” walls are easier to group with, and the seemingly arbitrary threshold dist(z,2’)? plays a
special role, via an isoperimetric inequality, in the analysis of faces deleted vs. ones that are only shifted.)
The advantage in Dobrushin’s combinatorial decomposition is then that under the map W, faces only undergo
vertical shifts, and xy-distances between faces are preserved: as such the radius r coming from g can be
expressed in terms of an xy-distance to the nearest deleted wall, so that the above definition of closeness
enables the desired control on the contribution from the g terms in (1.4) in terms of B(|Z| — | 7).

This argument showed that the group of walls adjacent to a fixed face © € Ly in Z has an exponential tail,
implying the rigidity of Z and that its maximum height is O(logn) with probability tending to 1. However,
it is far too crude to handle subtle quantities of interest such as the asymptotics of the maximum (LLN) and
the structure of the interface in a local neighborhood surrounding it (e.g., results a la Corollary 3):

1. The classification of faces into walls and ceilings does not relate well to the local spin configuration—as it
depends on the behavior of the interface far above/below a face. But, the LLN (Theorem 1) does embed
local spin-spin correlation: the leading order term of the maximum of Z is given in terms of a connective
constant of spin agreement in infinite volume, which operations of walls are too coarse to reflect.

2. Recall that treating connected sets of wall faces as a single wall means any two connected wall-sets with
intersecting shadows on the xy-plane are one and the same. While crucial to Dobrushin’s reduction of
the problem to 2D, this comes in the way of analyzing the connected component of plus spins emanating
from a fixed face x € Lo; the taller this component is, the more pronounced this issue is (see Fig. 3, left).

3. Further bundling of walls into groups of walls attaches an extra layer of walls to a connected component
of plus spins; moreover, the criterion for this bundling says that if the wall W, of some face z € Ly
has h faces above x, then it will collect every distinct wall W, for y within a circle of area h centered
about = (and so on, in a cascading manner). This would make it impossible to use this framework for
more delicate questions such as tightness for the centered maximum (Problem 1.4).

4. Analyzing the effect of operations on walls (beyond simply deleting the entire group of walls of x € Ly)
is problematic: the collection of walls does not enjoy monotonicity / FKG inequalities, nor a domain
Markov property (these properties are critical in the proof of sub-multiplicativity, as explained below).

Maps on the increment sequence and base. Unlike Dobrushin’s proof of the rigidity of Z which used maps to
compare Z to flatten interfaces, in this work we construct Peierls-type arguments with reference interfaces
that, rather than flat, have a three-dimensional large deviation above a point x € Ly:

1. At a high level, we would like our maps to “straighten” the pillar in the input interface Z, namely we
would like to replace an increment in the pillar by a straight column of singleton boxes. The potential
interactions of the pillar with its base, whose size and shape are much more difficult to control, necessitates
that every map should first “flatten” the base as well. Consequently, we wish to use a map with a reference
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FIGURE 4. Typical pillars of the Discrete Gaussian model (left), the SOS model (middle),
and the 3D Ising model (right) conditioned on the large deviation event ht(P,) > h.

FIGURE 5. The pillar P, vs. the (+)-component & above x: on left, P, = () whereas &2 # ()
(the interface tunnels underneath &?); on right, P, # () whereas & = ) (a minus bubble).

interface consisting of a flat plane appended to a modification of the random pillar P, (altered at its base
and the designated increment we wish to control). This is achieved in two steps:
(i) A map ¥, to straighten the increment 2; (see §4.1 for its definition, and §4.2 for its proof strategy).
(ii) A map P4 to flatten the base (see §5.1 for its definition, and §5.2 for its proof strategy).

2. Whereas Dobrushin proofs only had vertical shifts, and thus interaction distances were controlled by 2D
distances, in the above maps we must account for both horizontal and vertical shifts and their interplay.
The subtle choice of v, the “source point” for the spine as given in Theorem 4, serves as a key ingredient:
in a sense it protects the pillar from interaction with neighboring ones (whose analysis is essential in the
LLN for the maximum—see below) and isolates the effects of horizontal and vertical shifts: below v,
faces will only be shifted vertically by our maps, and above it they will only undergo horizontal shifts.

Establishing the limiting LD rate function. As the leading order constant of the maximum of the interface
is given by a solution to the LD problem of plus connectivity in infinite volume (much like the maximum of
the surface in approximating models for the 3D Ising model such as the (2 4+ 1)D SOS and DG models were
governed by LD problems; see Figure 4), a prerequisite to the proof of Theorem 1 is to establish existence of
the limit given in (1.2). A standard approach to accomplish this would be to establish sub-multiplicativity
or super-multiplicativity for ap := ut;(Ap), where Ay, is the event in the right-hand of (1.2):

e One may expect (ap) to be super-multiplicative, just like other increasing connection events in the
Ising model and other monotone spin systems. However, if we reveal the + connection up to height
hi due to Ap, in hope that only positive information is given on A, 4p, (whereby FKG would
provide the sought estimate), we find that at height h; the measure is more negative than at height
0—the non-translation invariance of the boundary conditions makes a connection from h; to ho
exponentially less likely than one from height 0 to h;.

e Instead, we prove approximate sub-multiplicativity via a crucial application of Theorem 4(i). The
notion of a pillar is well-suited to describe the (+)-component of x above height 0—which we may
reveal up to height h;. The (—) spins on its boundary yield negative information, which we may
discard via monotonicity and domain Markov; however, this reveals additional (+)-spins at height 0,
which encompass positive information. Yet these are part of the base %,, which Theorem 4 shows
has size at most C'log® hy with probability 1 — o(1). Tilting the measure by these (+)-spins thus
costs a factor of eQos” h1) = e°(") which does not affect the sought sub-multiplicativity bound.

A subtle point worthwhile stressing is that, despite the close connection between the pillar P, and the
(+)-component above z in R? x [0, 00), neither one necessarily contains the other (see Figure 5).
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Maps on pairs of interfaces for mizing and stationarity. In order to prove the more refined a-mixing and
stationarity properties of the increment sequence, we introduce 2-t0-2 maps that act not on a single interface,
but on a pair of interfaces. Importantly, with mixing and stationarity, our aim is not to show some set of
interfaces is unlikely, but rather that some set of interfaces have roughly equal probability to some other set
of interfaces: e.g., the pair (2}, 2k) = (X, Xi) is roughly equally likely as (£, Z1) = (X, X},) in the case
of mixing, and £ = X is roughly equally likely as £} = X in the case of stationarity. There is no relative
energy gain here, so we need the cost in the exponent coming from the function g in (1.4) to be o(1). To
resolve this, we instead pair up interfaces, and apply the map to pairs of interfaces, performing a swapping
operation to be able to identify each face in the original pair of interfaces, with some face in the image pair
of interfaces. We explain the subtleties in carrying this through in more detail in §7.1.1 and §7.2.1.

Stein’s method argument for the CLT. The proof of the CLT in Proposition 9.1 (which implies Corollary 3)
uses a Stein’s method type argument which was used by Bolthausen [1] to handle stationary, mixing sequences
of random variables (appealing to the new results on a-mixing and stationarity obtained via the 2-to-2 maps).
We explain the complications in our setting compared to that of [4] in §9.1.

Comparison to Ornstein—Zernike theory. We pause to compare our proof approach above to the well-known
Ornstein—Zernike (OZ) theory of which the results of Theorem 4 may be reminiscent. Since the pioneering

works [13,14], there has been a remarkable line of work analyzing the structure of “long connections” in the
high-temperature Ising model (all 8 < 8.) in all dimensions d > 2 using what is known as modernized OZ
theory; the analysis was extended to the FK and Potts models (see, e.g., [15, 38]).

Namely, these works have analyzed, in the setting of the Ising model, the shape of a plus cluster connecting
the origin to a site Z at distance ||z||. Via a decomposition into cut-points or cone-points, and increments be-
tween these, these works have identified a renewal structure in the long finite clusters of the high-temperature
Ising model, with diffusive random-walk behavior at cut-points, and microscopic excursions in between.

In d = 2, by the duality between 8 < 8. and 8 > ., OZ theory directly translates to the low-temperature
interface under Dobrushin boundary conditions. As such, for all 8 > f., the 2D Ising interfaces have been
decomposed into cut-points with a renewal structure, and small increments in between with rapid decay of
correlations; this was instrumental in pushing convergence of the interface to a Brownian bridge all the way
to B [34]. In d > 3, there is no correspondence between high-temperature connections and low-temperature
interfaces; rather, the more naturally analogous low-temperature event is a truncated connection event of
the origin being connected by pluses to some x under the infinite-volume minus measure—in percolation
language, a connection from 0 to z not connected to the unique infinite component.

By contrast, in our setting, the pillars of the plus phase are part of the infinite plus component, and are
thinned by the distinct infinite minus component whose coexistence is forced by the boundary conditions.
By Theorem 4, these pillars appear to have similar behavior beyond their first cut-point to long finite plus
clusters in the minus phase. But, below that first cut-point there is a strong influence from the connection
to the infinite plus component. The cut-point, increment decomposition is not helpful for dealing with these
interactions with other branches of the infinite component (at the base); thus, controlling the base of the
pillar is the most delicate part of our analysis.

It is therefore important to stress that, while appearing similar to our cut-point decomposition of pillars,
one cannot hope to characterize the pillars of the low temperature 3D Ising interface via the OZ theory.
Indeed, the OZ behavior is valid for all 5 > . in any dimension, whereas rigidity, let alone the results we
prove, is conjectured to be false near (. in dimension d = 3, as well as under any tilt in dimension d = 3.

1.4. Related work and open problems. In this section, we give a (by no means complete) overview of
literature related to the analysis of random interfaces/surfaces describing separation of phases, and highlight
some unresolved problems. As discussed, the pioneering work of Dobrushin rigorously established results on
such interfaces of the Ising model via cluster expansion, including in particular rigidity at low temperatures
in three (and higher) dimensions, and thus the existence of (infinite-volume) Gibbs measures describing the
coexistence of phases. The approach of [28], outlined in §2.2-2.6, has been used to show rigidity for various
other statistical physics models in d > 3, e.g., for the Widom—Rowlinson model [11,12], the Falicov-Kimball
models [20] and percolation and random-cluster/Potts models [33,49]. We also mention that Van-Beijeren
gave an elegant and simplified proof of the rigidity of the Ising interface using correlation inequalities in [48].
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Subsequently, cluster expansion was instrumental in analyzing the analogous interface in two dimensions.
This line of work culminated in the seminal monograph [25], showing that the shape of a macroscopic minus
droplet in the plus phase takes after the Wulff shape, the convex body minimizing the surface energy to
volume ratio (where the former is in terms of some explicit, analytic, surface tension 75 > 0). Microscopic
properties of an interface of angle # in an n X n box are by now also very well-understood, with fluctuations on
O(+4/n) scales, and a scaling limit to a Brownian bridge [24,25,34,35]; these hold up to the critical 8. [36,37].

In dimensions three and higher, the microscopic features of the interface are only well-understood for
approximations to the random surface separating the plus and minus phases, given by integer valued height
functions ¢ : [-n,n]? — Z on an n x n box. Perhaps the most well-studied of these approximations is the
Solid-On-Solid (SOS) model, going back to the 1950’s (see [17] and [1]); the (2 + 1)-dimensional SOS model
(approximating 3D Ising) is a special case of |V¢|P models: a class of gradient models with Hamiltonians
H(p) = >, > IVid(x)|P (p = 1 is the SOS model, and p = 2 is the discrete Gaussian model (DG)). In
particular, the SOS Hamiltonian matches that of Ising with Dobrushin boundary conditions restricted to
configurations where the intersection of the plus spins with each column {(z1,22,h) : h € Z} is connected
(i.e., SOS configurations have no overhangs or bubbles, which are microscopic in Ising in the § — oo limit).

In the setting of the SOS model at low temperatures, the maximum of the surface is typically of order logn
(see [9]). In [16,17], its maximum was found to be tight around % log n, by showing that the probability of
a “pillar above a face x reaching height h” is exp[—48h + O(1)]; on this large deviation event the interface
looks like a vertical column of height A+ O(1) with an O(1) “base” (c.f., Corollary 3, where for instance, the
tip is delocalized, and see the depiction in Figure 4). Related properties in the presence of a floor inducing
entropic repulsion were studied in [17], and extended to the discrete Gaussian and other |V¢[P-models in [39].

Problem 1.3. For ag defined in (1.2), what are the asymptotics of ag — 45 (next order asymptotics of ag)
as § — oo? in particular, is it the case that ag < 45, so that 3D Ising is “rougher” than (2 4+ 1)D SOS?

While cluster expansion only converges at sufficiently large [, it is natural to ask if the rigidity of the
interface, and our new results, hold for all 5 > B.. This is not believed to be the case, as the Ising model
is widely believed to undergo a roughening transition for d = 3 (and no other dimension): much like the
SOS and DG approximations, which exhibit phase transitions in f/—whereby they roughen and resemble the
discrete Gaussian free field [8,30] for small f—it is conjectured that for the 3D Ising model there exists a
point Sy > B, such that, for 8 € (8., Br), the model has long-range order, yet the typical fluctuations of its
horizontal interface diverge with n; proving this transition is a longstanding open problem (see, e.g, [1, 10]).

Much progress has been made in recent years on understanding the distribution of the maximum of the
2D discrete Gaussian free field and its local geometry. It is known for instance ([5—7]; see also, e.g., [50])
that this maximum is tight around an expected maximum that is asymptotically 2+/2/7(logn — % loglogn),
and that the centered maximum has the law of a randomly shifted Gumbel random variable.

Problem 1.4. What are the asymptotics of E[M,,] — Q—Qﬁ logn (next order asymptotics of E[M,,]) as n — co?
Are the fluctuations of the centered maximum O(1), i.e., is the sequence {u, (M, — E[M,] € -)} tight?

We end this section with other well-studied perspectives on the 3D Ising model at low temperatures. While
the interface-based approach of Dobrushin [28] proved to be extremely fruitful in 2D (where the results hold
for interfaces in any angle), in 3D the combinatorics of that argument break down as soon as the ground state
is not flat. It remains a well-known open problem to show that there do not exist non-translation invariant
Gibbs measures corresponding to interfaces other than those parallel to the coordinate axes. The progress
to date on roughness and fluctuations of “tilted interfaces” has been limited either to 1-step perturbations of
a flat interface [41], or to results at zero temperature using rich connections to exactly solvable models [18].

In lieu of these approaches, a coarse-graining technique of Pisztora [14] enabled the establishment of surface
tension and a Wulff shape scaling limit for the 3D Ising model at low-temperature: Cerf and Pisztora [19]
considered an Ising model on an n xn xn box with all-plus boundary conditions, and showed that conditional
on having (1 + €)u* (09 = —1)n3 minus spins (atypically many), the largest minus cluster macroscopically
takes on the corresponding Wulff shape. Results of this sort are focused on the macroscopic behavior of
the model (as opposed to the interface-based approach) and do not describe the fluctuations around the
limiting shape. In particular, the convergence to the Wulff shape holds all the way up to 8. (when combined
with [2,3]), even though near (. (above the roughening transition) it is expected that the interface is not
only delocalized, but that the minus cluster actually percolates all the way to the boundary of the box [10].
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1.5. Outline of Paper. In §2, we first overview the notation of the paper and introduce Dobrushin’s
decomposition of the interface Z into walls and ceilings; then, in §2.6, we recap the proof of rigidity from [28]
and the bounds this implies on g, (ht(P;) > h). In §3, we define increments of P,., and use them to split P,
into its base and spine; in §4, we show that spine increments have an exponential tail on their size. In §5,
we prove that the base of a pillar consisting of T increments has an exponential tail on its diameter beyond
ClogT. Then in §6, we use the structural results of §3—5 to prove the existence of the large deviations
rate (1.2); with this we prove the law of large numbers for the maximum, Theorem 1. In §7, we analyze
finer properties of the increment sequence of P,, showing in §7.1 that correlations between increments decay
polynomially in their distance, and in §7.2 that the increment sequences are asymptotically stationary. With
these in hand, in §8, we prove a priori estimates on the mean and variance of observables of the increment
sequence of P, and in §9 combine the above to prove the CLT of Theorem 2 and deduce Corollary 3.

2. PRELIMINARIES: INTERFACES, CLUSTER EXPANSION AND RIGIDITY

In this section, we introduce key definitions from Dobrushin’s decomposition of 3D Ising interfaces into
walls and ceilings and recap his proof of rigidity of the Ising model interface. We modify the presentation
of [28] slightly to track certain constants, and this will serve as a useful indication of the difficulties we will
encounter when our reference interface is no longer a flat plane.

2.1. Notation. In this section we compile much of the notation used globally throughout the paper.

2.1.1. Lattice notation. Since the object of study in the present paper is the interface separating the plus
and minus phases, we consider the Ising model as an assignment of spins to the vertices of the dual graph
(Z3)* = (Z + %)? so that spins are assigned to the cells of Z* and interfaces are subsets of the faces of Z3.

Namely, let Z3 be the integer lattice graph with vertices at (x1, 2, 23) € Z® and edges between nearest
neighbor vertices (at Euclidean distance one). A face of Z? is the open set of points bounded by four edges
(or four vertices) forming a square of side-length one, lying parallel to one of the coordinate axes. A face is
horizontal if its normal vector is t+eg, and is vertical if its normal vector is one of +e; or *es.

A cell or site of Z3 is the open set of points bounded by six faces (or eight vertices) forming a cube
of side-length one. We will frequently identify edges, faces, and cells with their midpoints, so that points
with two integer and one half-integer coordinate are midpoints of edges, points with one integer and two
half-integer coordinates are midpoints of faces, and points with three half-integer coordinates are midpoints
of cells. A subset A C Z3 identifies an edge, face, and cell collection via the edges, faces, and cells whose
bounding vertices are all in A; denote this edge set E(A), its face set F(A) and its cell set C(A).

Two edges are adjacent if they share a vertex; two faces are adjacent if they share a bounding edge; two
cells are adjacent if they share a bounding face. A set of faces (resp., edges, cells) is connected if for any
pair of faces (edges, cells), there is a sequence of adjacent faces (edges, cells) starting at one and ending at
the other. We will denote adjacency by the notation ~.

It will also be useful to have a notion of connectivity in R? (as opposed to Z3); we say that an edge/face/cell
is x-adjacent to another edge/face/cell if and only if they share a bounding vertex.

Throughout the paper, we will use the notation d(z,y) = |r — y| to denote the Euclidean distance in R3
between two points x,y (or if they are edges/faces/cells their respective midpoints). Similarly, we will use
the notation B, (x) to denote the (closed) Euclidean ball of radius r about the point . When these balls are
viewed as subsets of edges/faces/cells, we include all those whose midpoint is in B,.(z). We further denote
by A @ B the symmetric difference of the face sets A and B.

Subsets of Z3. The main subsets of Z3 with which we will be concerned are of the form of cubes and cylinders.
In view of that, define the centered 2n x 2m x 2h box,

An,m,h = [[777'771]} X H*TTL,TTL]] X Hfhvh]] - ng

where [a,b] := {a,a+1,...,b—1,b}. We can then let A,, denote the special case of the cylinder A, , oo-
The (outer) boundary A of the cell set C(A) is the set of cells in C(Z3) \ C(A) adjacent to a cell in C(A).

Additionally, for any h € Z let £}, be the subgraph of Z3 having vertex set Z? x {h} and correspondingly
defined edge and face sets (L) and F(Ly). For a half-integer h € Z+ 1, let L, collect the faces and cells in
F(Z*)UC(Z?) whose midpoints have half-integer e3 coordinate h. Finally we occasionally use Lo = [+ Ln
for the upper half-space and Lo = |J;,.( Lr. for the lower half-space.
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2.1.2. Ising model. An Ising configuration o on A C Z3 is an assignment of +1-valued spins to the cells of
A, ie., o€ {+1}¢M) For a finite connected subset A C Z?, the Ising model on A with boundary conditions
o(9A) = n is the probability distribution over o € {£1}¢() given by

pi (o) o exp [—BH(0)] , where  H(o) = Z 1{o, # 0w} + Z oy, #nw}-

v,wEC(A) vEC(A),wEDA
v~w vvw
Throughout this paper, we will be considering the boundary conditions 7n,, = —1 if w is in the upper half-

space (w3 > 0) and 1, = +1 if w is in the lower half-space (w3 < 0). We refer to these boundary conditions
as Dobrushin boundary conditions, and denote them by 1 = F; for ease of notation, let fiy ym.n = uf ot
Domain Markov and FKG properties. The Ising model is said to satisfy the domain Markov property, mean-
ing that for any two finite subsets A C B C C(Z?), and every configuration n on B\ A,

pB(oa € | opa="npa)=py*(cac-),

where we use o4 to denote the restriction of the configuration to the set A. It also satisfies an important
consequence of its monotonicity, known as the FKG inequality. That is, for any two increasing (in the natural
partial order on configurations) functions f, g : {£1}¢™) we have

By [£(0)g(0)] > By [f(0)] By [9(0)] -

A special case of this inequality, is when f and g are indicator functions of increasing events A and B
(meaning that if 0 < ¢’ and o € A, then o’ € A, and similarly for B), yielding pa (A, B) > pa(A)ua(B).
An increasing event that will appear in the proof of Theorem 1, is a connection event. Namely, we call a
cell set a connected set of plus sites in o, if it is a connected set of cells such that all the cells are assigned +1
under o. A plus cluster in o is a maximal connected set of plus sites. If we denote by {v & w} the event
that v,w € C(A) are in the same plus cluster, we see that this is an increasing event. Finally, for a subset

A’ C A, denote by {v <%> w} the event that v, w are part of the same plus cluster using only cells of A’.

Infinite-volume measures. Care is needed to define the Ising model on infinite graphs, as the partition
function becomes infinite; infinite-volume Gibbs measures are therefore defined via what is known as the
DLR conditions; namely, for an infinite graph G, a measure ug on {1}, defined in terms of its finite
dimensional distributions, satisfies the DLR conditions if for every finite subset A C G,

Bpucoone) [MG(UA €| UG'\A)] = pnaloa € ).

On Z4, infinite-volume Gibbs measures arise as weak limits of finite-volume measures, say n — oo limits of
the Ising model on boxes of side-length n with certain prescribed boundary conditions. At low temperatures
B > B.(d), the Ising model on Z? admits multiple infinite-volume Gibbs measures; taking plus and minus
boundary conditions on boxes of side-length n yield the distinct infinite-volume measures ,u%} and g5 [40].

2.2. Interfaces under Dobrushin boundary conditions. We begin with the key combinatorial de-
composition from [28] describing the interface separating the minus and plus phases under the Dobrushin
boundary conditions. We refer the reader to [28] for more details.

Definition 2.1 (Interfaces). For a domain A,, ,,, ;, with Dobrushin boundary conditions, and an Ising con-
figuration o on C(Ay 1), the interface T = Z(0) is defined as follows:
(1) Extend o to a configuration on C(Z3) by taking o, = +1 (resp., o, = —1) if v € Lo\ C(Apm.n)
(resp., v € Lo\ C(Apm.1))-
(2) Let F(o) be the set of faces in F(Z?*) separating cells with differing spins under o.
(3) Call the (maximal) *-connected component of Ly \ F(A) in F(o), the extended interface. (This is
also the unique infinite *-connected component in F(o).)
(4) The interface Z is the restriction of the extended interface to F (A, m.p)-

It is easily seen (by Borel-Cantelli) that taking the h — oo limit py, 5 to obtain the infinite-volume
measure /} ., o, the interface defined above stays finite almost surely. Thus, pf,, . -almost surely, the
above process also defines the interface for configurations on all of C(A,, m,00)-
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FIGURE 6. Three distinct standard walls, with their interior ceiling faces (purple) and wall
faces (vertical in teal, horizontal in light blue) as per Definition 2.4. Middle example features
two distinct (4+) components in R? x R, which correspond to two distinct pillars but form
a single wall (consistent with the fact that projections of distinct walls on Ly are disjoint).

Remark 2.2. In lieu of the above definition of the interface due to [28], one could consider other flavors,
e.g., letting Z be a minimal connected set of faces separating differing spins (or following some splitting rule
which singles out a unique connected set of such faces, e.g., along the northeast diagonal in 2D). A simple
Peierls argument implies that the set difference between that definition and Dobrushin’s definition consists
of finite connected sets of faces with exponential tails on their size.

Remark 2.3. Just as Ising configurations with Dobrushin boundary conditions define an interface, every
interface uniquely defines a configuration with exactly one *-connected plus component and exactly one
x-connected minus component. For every Z, we can obtain this configuration o(Z) by iteratively assigning
spins to C(Ay m.p), starting from the boundary and proceeding inwards, in such a way that adjacent sites
have differing spins if and only if they are separated by a face in Z. Informally, o(Z) is distinguishing the
sites that are in the “plus phase” and “minus phase” given the interface Z.

(Note that the extended interface also splits C(Z3) into precisely two infinite connected (as opposed to
x-connected) components, along with possibly additional finite connected components.)

Following [2&], we can decompose the faces in Z and define certain useful subsets of Z. For a face f € F(Z?),
its projection p(f) is the edge or face of Lo given by {(z1,x2,0) : (z1,22,s) € f for some s € R} C R? x {0}.
Specifically, the projection of a horizontal face (a face that is parallel to the plane Ly) is a face in F(Ly),
while the projection of a wvertical face (one that is not parallel to Ly) is an edge in £(Ly). The projection of
a collection of faces I is p(F) := U;cp p(f), which may consist both of edges and faces of Lo.

Definition 2.4 (Ceilings and walls). A face f € T is a ceiling face if it is horizontal and there is no
f1 e T\ {f} such that p(f) = p(f'). A face f € T is a wall face if it is not a ceiling face. A wall is a
(maximal) *-connected set of wall faces. A ceiling of 7 is a (maximal) %-connected set of ceiling faces.

Definition 2.5 (Floors of walls). For a wall W, the complement of its projection (a subset of R?)
p(W)* = (E(Lo) U F(Lo)) \ p(W)

splits into one infinite component, and some finite ones. Any ceiling adjacent to the wall W projects into
one of these components; the one that projects into the infinite component is called the floor of W.

This can be reinterpreted with the following notion of nesting of walls and ceilings.

Definition 2.6. We say an edge or face u € £(Ly) U F(Ly) is interior to a wall W if u is not in the infinite
component of p(WW)e.

A wall W is interior to (or nested in) a wall W’ if every element of p(WW) is interior to W’. Similarly, a
ceiling C' is interior to a wall W if every element of p(C) is interior to W.

Observe that of the ceilings Cy, C1, ..., C; adjacent to a wall W, one of them is the floor of W—say Cy—and
the rest are interior to W. For any admissible pair of standard walls, as their projections are disjoint, either
one wall is nested in the other, or p(W,) is contained in the infinite component of p(W,)¢ and vice versa.

Definition 2.7 (Standard walls). A wall W is a standard wall if there exists an interface Zy, such that Zy
has exactly one wall, W-—as such it must have as its unique floor a subset of Ly. A collection of standard
walls is admissible if they are all disjoint and have pairwise disjoint projections (see Figure 6).
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FiGURE 7. Correspondence between an interface and its standard wall representation
(Lemma 2.12): three distinct standard walls (left) and their corresponding interface (right).

Lemma 2.8 ([28]). For a projection of the walls of an interface, each connected component of that projection
(as a subset of edges and faces) corresponds to a single wall. Moreover, there is a 1-1 correspondence between
the ceilings adjacent to a standard wall W and the connected components of p(W)€. Similarly, for a wall
W, all other walls W' £ W can be identified to the connected component of p(W)¢ they project into, and in
that manner they can be identified to the ceiling of W to which they are interior.

Definition 2.9 (Standardization of walls). To each ceiling C, we can identify a unique height ht(C') since
all faces in the ceiling have the same z3 coordinate. For every wall W, we can define its standardization
Osr(W) which is the translate of the wall by (0,0, —s) where s is the height of its floor.

Remark 2.10. We can index walls as follows: assign an ordering of the faces of Ly, and index W by the
minimal face in £y that shares an edge with p(W), and lies either in F(p(W)) or in one of the finite connected
components of p(W)¢. For any admissible collection of standard walls, the indices of the walls are distinct.

We then have the following important bijection between interfaces and their standard wall representation.

Definition 2.11. Let the standard wall representation of an interface Z be the collection of standard walls
given by standardizing all walls of Z.

Lemma 2.12 ([28]). There is a 1-1 correspondence between the set of interfaces and the set of admissible
collections of standard walls. In particular, the standardization 0s.(W) of a wall W is a standard wall.

Proof. From an interface, the standard wall representation is an admissible collection of standard walls as
projections of distinct walls are disjoint. To obtain an interface from an admissible collection of standard
walls, it suffices to take the standard wall representation of an interface Z and describe how the addition
of one standard wall 6s(Wy,), compatible with the standard walls of Z and not interior to any walls in Z,
changes Z to Z’. (One could then construct an interface Z from its standard wall representation by beginning
with the interface £y with empty standard wall representation, and iterating the above procedure, adding
the standard walls from innermost outward).

Consider an interface Z with standard wall collection (0s:Wy)ie, such that ((8soWy)ize,) U Oso(Wy,) is
admissible; suppose further that fs; is not interior to any wall of Z. Let Jw, be the interface whose only
wall is the standard wall s, W, and denote its floor by Cy and non-floor ceilings by Ch, ..., C;.

Construct a face set from Z and 04, W;, as follows:

(1) Remove all horizontal faces of Z in p(Wy,).
(2) Vertically shift every face of Z projecting into one of p(C;)1<i<; by ht(C;).
(3) Add all faces of O3, Wy, .

The resulting face set is evidently a valid interface 7’ and one can check that it has standard wall represen-
tation (QSTWt)t;éto) @] GSTWto' |

We note the following important observation based on the above bijection.

Observation 2.13. Consider interfaces T and J, such that the standard wall representation of T contains
that of J (and additionally has the standardizations W = W1, ...,W,.). By the construction in Lemma 2.12,
there is a 1-1 map between the faces of T\ W and the faces of J \ H where H is the set of faces in J
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projecting into p(W'). Moreover, this bijection can be encoded into a map f f that only consists of vertical
shifts, and such that all faces projecting into the same component of p(W)¢ undergo the same vertical shift.

Finally, we introduce a notion of nested walls which will prove useful to bounding the base of tall pillars.

Definition 2.14. To any edge/face/cell z, we can assign a nested sequence of walls 20, = |J, W, that is
composed of all walls that p(x) is interior to (by Definition 2.6, this forms a nested sequence of walls).

Observation 2.15. Foru € Ly, for a nested sequence of walls 0., one can read off the height of the face(s)
of T projecting onto u. In particular, if a face f € T has height h, its nested sequence of walls must be such
that the sum of the heights of the walls in W, sy exceeds h.

2.3. Interface pillars. The above definitions were all from [28] and, informally, they reduce the analysis
of 3D Ising interfaces to that of a low-temperature 2D polymer model given by the projections of walls. For
us, this is insufficient as we aim to study the structure of tall walls, wherein the projection does not carry
much information about the shape and height. As such, we define the notion of a pillar above = € L.

Definition 2.16 (Pillars). For every interface Z, consider the restriction o(Z)[._, of the Ising configuration
o(Z) to the upper half-space. For any face = € Ly, the cell-set o(P,) of the pillar P, = P,(Z) above z will
be the (possibly empty) *-connected plus component in o(Z)[,_, containing = + (0,0, %) The pillar P, will
have face-set consisting of the bounding faces of o(P;) in the upper half-space, so that it is a subset of Z.

Pillars can be viewed as a subset of some collection of nested walls along with their ceilings as follows:

Observation 2.17. The pillar P, s described by 20, together with all walls that are nested in some wall
of W, ; namely, if we index walls by enumerating faces of Lo in terms of distance to x, then the set of walls
Uy: d(y, ) <diam(,) Wy contain all the information about the pillar Py. Moreover, Py N (R? x (|ht(v1)], 00))
(possibly with the exception of one upper delimiting face) is all a subset of a single wall.

Much of this paper is interested in the large deviations regime for the height of such pillars, so we formally
define heights of interface subsets.

Definition 2.18. For a point (21,72, 23) € R3, we say its height is ht(z) = z3. The height of a cell is the
height of its midpoint. For a pillar P, C Z, its height is given by

ht(P,) = sup{xs : (z1,22,23) € f, f € Py}

It is important to distinguish between situations where P, is empty because the interface lies exactly at face
x, and when it goes below face z; in view of this, if P, = ), we say that ht(P,) = 0 if z — (0,0, %) is in the
plus phase (i.e., is plus in ¢(Z)), and ht(P,) < 0 if  — (0,0, %) is in the minus phase.

2.4. Excess area. For a pair of interfaces, we need to quantify the energy cost/gain of having one interface
over the other. The competition of this energy cost with respect to the interface £y with the entropy gain
from additional fluctuations governs the behavior of the Dobrushin interface.

Definition 2.19 (Excess area). For two interfaces Z,Z’, the excess area of T with respect to Z’, denoted
m(Z;7'), is given by

WL T) = 1T] - [T
where these are the cardinalities of the face-sets of Z and I’ respectively. Evidently, for any Dobrushin
interface Z, we have that m(Z; Lo N A) > 0.

We can also define excess areas for subsets of interfaces, and interpret these as the “excess area of the
interface that contains the subset with respect to a reference one that does not.” For instance, for a standard
wall W, if we denote by Zy the interface whose only wall is W, then m(W) = m(Zw; Lo N A). For a wall
W, its excess area is given by the excess area of the standard wall 65 (W). The excess area of a collection
of walls F' is analogously defined, and one can easily see that m(F) = >y, . p m(W).

Finally, define the excess area of a pillar m(P,), and of one pillar with respect to another, m(P,; P.), via
the excess areas of the unique interfaces consisting only of the faces in P, (resp., P.) along with faces of L.

Remark 2.20. Notice that for a wall W, its excess area is exactly given by

m(We) = m(bse(Wa)) = [Wal = [F(p(Wa))]
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where F(p(W,)) is the face set of the projection p(W,,). Moreover, for an interface Z having standard wall
representation (W3):cr, per Lemma 2.12, we have that

mI) =m(Z;LoNA) = > m(W).
We(Wz)wELO
As observed in [28], this form of the excess area makes a few key properties clear:
1
m(We) 2 5IWal - and - m(Wy) 2 |E(p(Wa)| + | F(p(We))]- (2.1)

Moreover, any two faces z,y € Ly interior to the projection p(W,) satisfy |z — y| < m(W,).

2.5. Cluster expansion for interfaces describing phase coexistence. Cluster expansion is a classical
tool for expressing the partition function of a spin system on a domain as a product of polymer weights (in
an appropriate polymer representation of the model) rather than as a sum over weights of configurations.
Crucially, this product is an infinite product that only converges in perturbative regimes (e.g., for us 5> 1).

In our setting of the Ising model, these polymers are minimal connected sets of faces which separate
differing spins, and are the bounding face-set of a connected set of cells. The associated weight of such a
face-set v is given by e ?I7l. The polymers are then endowed with hard-core interaction rules encoding the
admissibility of a collection of polymers, so that it in fact encodes uniquely, an Ising spin configuration. For
a full derivation of the validity of cluster expansion, we refer the reader to the book [29, Chapter 5]. In our
setting, the hard-core polymer interactions preclude distinct polymers from sharing any edges or vertices.

Using this cluster expansion, [10] proved properties of the single-phase Ising measures ,ui3 and ugg_ at low
temperatures. An easy implication of this cluster expansion is that one can take a limit of uf Aonp 85 h — o0
and obtain an infinite-volume Gibbs measure on the cylinder A,, = A, 5 o Whose interface i is ﬁmte almost
surely (for each fixed n), and this limit does not depend on the boundary conditions taken at the top and
bottom of A, ,, n: see [28, (2.7) as well as Lemma 3]. Denote this limiting measure yu, = puf .

Applying the cluster expansion one can compute probabilities of interfaces under this p, measure.

Theorem 2.21 ([28, Lemma 1]). Consider the Ising measure pu, = p.; on the cylinder Ay, 5, oo. There exists
Bo > 0 and a function g such that for every B > By and any two interfaces T and T',

5:((11/)) :exp( Sm(Z;7') + (Zg f,7) Z g(f’,f)))

fez frer’

and g satisfies the following for some ¢, K > 0 independent of B: for all T,T' and f € T and f' € T',
e(f.I)| <K (2.2)
g(f.7) — g(f, T')| < Ke~ (ST (2.3)

where v(f,T; f',I') is the largest radius around the origin on which T — f (I shifted by the midpoint of the
face f) is congruent to ' — f'. That is to say,

r(f,.Z; f,.I') == sup{r : (T — f) N B-(0) = (Z' - f') N B,(0)}

where the congruence relation = is equality as subsets of R3, up to, possibly, reflections and +3 rotations in
the horizontal plane.

Throughout the rest of the paper, the constants ¢ and K will be reserved for those of (2.2)-(2.3).

Remark 2.22. In [28] and other works, the congruence above is written only as a congruence up to trans-
lation. However, one can see by following the derivation of Theorem 2.21, that this congruence can also be
up to reflections and +7 rotations in the zy-plane (under which the Ising Hamiltonian is invariant). More
precisely, for polymer weights w(y) and interactions 6(y,v’), we can define the Ursell functions as

@(71,---,%: - > 1T Bee) -1,

GCKm (i,5)€G
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where the sum is over connected subgraphs of the complete graph on m vertices. The cluster expansion
formally expresses the partition function of the Ising model on a graph as

Z:exp{z Z O(V15 -+ -5 Ym) H w(%‘)}

m>191,Ym i<m

Theorem 2.21 arises from viewing p.” with interface Z as a cost from the disagreements along Z, along with
one Ising model above Z with minus boundary conditions, and one below Z with plus boundary conditions.
The function g is therefore given by simple algebraic manipulations from the Ursell functions and polymer
weights, all of which are invariant under reflections and rotations in the xy-plane.

We end this section with a piece of terminology that we will use frequently. We will say that the radius
r(f,Z; f',T') is attained by a face g € Z (resp., ¢’ € I') of minimal distance to f (resp., f') whose presence
prevents r(f,Z; f,Z') from being any larger.

2.6. Rigidity of Dobrushin interfaces. For the benefit of the reader, we include Dobrushin’s proof of
rigidity for 3D interfaces from [28], namely that the walls corresponding to horizontal interfaces have expo-
nential tails on their excess areas. This will straightforwardly imply that the probability that the pillar above
a face x € Ly reaches a height h has an exponentially decaying tail. We will need the following definition
of [28] that collects walls that are close, and therefore excessively interact with one another, together.

Definition 2.23. For a wall W, for every edge or face u € p(W), let N,(u) = #{f € W : p(f) = u}. We
say that two walls W7 and Ws are close if there exist u; € p(W7) and ug € p(Wa2) such that

fur =zl < \/Np(u) + /N, (u2).

Then an admissible set of standard walls F' = | J, W; is a group of walls if it is a maximal connected component
(via the adjacency relation induced by closeness) of walls i.e., every wall in F' is close to some other wall in
F and no wall not in F' is close to a wall of F'. Index a group of walls by the minimal index of its walls, and
let (Fyz)zec, be the admissible group of wall collection of Z.

Following the definition of admissible sets of standard walls and Lemma 2.12, it should be clear how
admissible collections of groups of walls would be defined, and that the set of all admissible collections of
groups of walls are in 1-1 correspondence with the set of all possible Dobrushin interfaces (see §5 of [28]).

Remark 2.24. The procedure for sorting the faces of £y and using this ordering to identify each group of
walls by the appropriate minimal face in £y that can be used to identify the group of walls, will be called
an indexing of Z. Our results will easily be seen to hold uniformly over this indexing (i.e., uniformly over all
orderings of the faces in Ly).

Lemma 2.25 ([28, Lemma 8)). There exists By and a universal C' such that for 8 > By, for any admissible
collection of groups of walls (Fy)y+s, Fy, we have

ﬂn(yz = FZE? (yy)y;éz = (Fy)y;ﬁm)
tn(Fo = 0,(Fy)yta = (Fy)ya)

The above readily implies an exponential tail on the size of the group of walls indexed by face x € L. In
fact, it can easily be used to show that the probability that the interface intersects the column {(z1, z2,s) :
s € R} above a height H decays exponentially in H, and with our definition of pillars, we can also use it to
show that it implies an exponential tail on ht(P,).

< exp[— (8 — C)m(Fy)] -

Theorem 2.26 (23,27, 28], see also [12]). There exists C > 0 such that for every 8 > [y, for every
x € LoNA, and every r > 1,

pn(M(Fy) > 1) < exp [ — (8- C)T] .
Furthermore, we have that for every h > 1,

pin (ht(Py) > h) < exp [_ 4B — C)h] :
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Proof of Lemma 2.25. Let ®, be the map that takes an interface Z and eliminates its group of walls .%,

(if such a group of walls is nonempty), generating the new interface as per Lemma 2.12. Now for ease of
notation, let Z be the interface with the collection of groups of walls (#,), = (F,), and let Z’ be the one
with the collection of groups of walls (%), where %, = F, for y # x whereas F, = (), so that 7' = ®,(Z)
and m(Z;Z') = |Z| — |Z'| = m(F,). By Theorem 2.21, we have

pn(Fo = Fy, (/y)y;ﬁx = (Fy)y;éz) - pin(T) — ex B _ -
o o = ki e () + (eD)- 3 s 7).

We wish to bound the absolute value of the difference of the sums in the right-hand side. Denote the walls
constituting F, by Wy, , Wa,,..., Wy, for some [. Recall from Observation 2.13, the 1-1 correspondence
between Z \ F,, and the faces of Z’ that do not project in to F(p(F,)) and encode it with the notation
f— f Then, we have

fex f’GI’ fEF f’EI"P(f')GJ:(P(F ) Jf¢Fs

< 3Km(F, Z K exp —cr(f,I f I’)}
JEF:

It is clear by construction, that for every f, f the distance r(f,Z; f ,Z') is attained by the distance to a wall
face. Since the distance between two faces is at least the distance between their projections, and projections
of distinct walls are distinct,

Z Kexp [—cr(f,T; 1, 7')] Z K max exp[—éd(p(f),u)].

FEF. fer, U

Then by the definition of groups of walls and closeness of walls, for a ceiling face f, N,(p(f)) =1, and for a
wall face f ¢ F., N,y(p(f)) < |p(f) — p(g)]? for all g € F,. Thus this is at most

Z KN,(u) ‘max exp|—cd(u, u') Z Z K(ju—u'|> + 1) exp[—cju — u|] .
uep(Fe)e veet) wEp(Fy) uep(Fa)®
which by integrability of exponential tails is easily seen to be at most C(|E(p(Fy))| + |F(p(F,)|) for some

constant C, which is in turn at most Cm(F}) by (2.1). |

It is also important for us to control the number of interfaces that get mapped to the same interface under
application of the map ®,. We begin with the following geometric observation.

Observation 2.27 (e.g., Lemma 2 in [28]). The number of *-connected collections of k faces in Z¢ containing
a specified face f, is at most s* for some universal (only lattice-dependent) s > 0.

The following follows from Observation 2.27 and Definition 2.23; we do not include the proof here, but it
can be found as part of the proof of the more complicated combinatorial estimate in Proposition 5.7.

Lemma 2.28 ([28, Lemma 9]). There exists s such that for any x € LoNA, the number of possible groups of
walls F, with excess area m(F,) =k is at most sk, Likewise, there exists s' such that the number of possible
groups of walls F' containing = in their interior, with m(F) = k is at most (s')* .

Together, Lemmas 2.25 and 2.28 imply an exponential tail on groups of walls. In various papers [12,27,33]
proving rigidity for such models, they were used to show that the height of the interface above a face
x = (x1,22,0) € Lo, defined there as max{h : (z1,22,h) € T}, has an exponential tail. Since that definition
of height above x differs from the pillar-based perspective we take in the present paper, we modify the
argument therein slightly to prove an exponential tail on the height of the pillar ht(P).

Proof of Theorem 2.26. We begin with the first estimate. Let Ip _g = Im(®,) be the set of interfaces
where the group of walls %, is empty. By Lemma 2.28 (and the definition of the map ®, defined above,
relying on Lemma 2.12), we see that for every I’ € I _gp, the pre-image

{ZTed, N T : m(ZT;T') =k}
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has cardinality at most s*. Then by Lemma 2.25, for every r > 1,
pn(m(F) > 1) < Z Z Z pn(Z) < Z Z Mn(Il)Sk exp[—(8 — C)k]
kzr T'€lp,—¢p Ted; 1 (T/):m(T;9, (T))=k k>rI'€lp,—p
from which we obtain by summability of exponential tails, that for some C’, for 8 > Sy,
pin(m(Fs) = 1) < C"exp[=(8 = C)rlpn(Ip,=9) < C"exp[—(8 — C")r].

We now turn to bounding the probability of ht(P,) > h.

In order for ht(P,) > h, by Observation 2.17, there must be one sequence of nested walls 20, = (W) all
of which contain z in their interior, with > m(W,_) = hi, along with a sequence of nested walls 20, = (W, )
with y; # x, for any ¢, s, containing some y in the interior ceilings of 20,, such that >, m(W,,) > 4h — h;.
In order to bound this, we can therefore write

fin (ht(Py) > h)
< pn(m(W,) = 4h) + Y pa(m(Qy) = h)pn(3y = |y — 2| < ha,m(W,) = 4h — by | m(W,) = ha)

ha<4h
< pn(m(W,) > 4h) + Z fn (m(We) = o) Z sup pin(M(2Wy) = 4h — hy | (W2, )s) -
hy<dh yily—a|<hy Wes)sm(Wa)=h

To bound the probabilities expressed above, let us turn to groups of walls instead of walls, denoting by §.
the group of walls of the nested sequence 20, and §, corresponding to the nested sequence of walls of 20,,.
Following [12,27], for a group of walls F, set

L(F2) = m(F2) L m(F.)> |22}

and notice that m(20,) < > ¢%(#.). Indeed, every wall W, € 20, must nest z and therefore must have
excess area at least d(y, ), from which it follows that its group of walls F}, in turn has m(F,) > d(y,z). By
the tail estimates of part (1) of Theorem 2.26, we can bound

E,, [e(B—20)¢2(F2) | (For)arpz] <1+ CeClz—zl
(where E,,, is expectation with respect to p,,) which implies (by iteratively revealing (F) for all z) that
E[e(f—20) 2. ¢2(F2)] < H(l +Ce P < K < 0.

By Markov’s inequality, then,
pn((§2) 2 7) < pn (P2 TP 5 (3200 < om0 24)

By the same reasoning, for any collection §, = (F},)s, since the exponential tail of Theorem 2.26 on F,, for
y # s for any s holds conditionally on (F,)s, we see that similarly,

sup ,Un(m(gy) > | (Fp,)s) < Ke~(A720)r
(Frg)sm(Sz)=h1

Using that m(20,) < m(F,) deterministically, we can plug in these estimates to see that

pin(ht(Py) > h) < Ke #2004 |¢ N~ e flat2Ch pRe=(F=20)(h=h)
h1<4h

S K Z h?674ﬂh+80h S 16Kh4€745h+80h
h1<4h

which for h large, is at most exp[—4(8 — C’)h] for some other universal constant C"’. ]
By pairing the Dobrushin result with a straightforward forcing argument, we see the following.

Proposition 2.29. There exist 5y, C > 0 such that for every 8 > By, every n, h large and x € Lo N A,

1
—4p—e ¥ < 7 10g i (ht(Py) > h) < = 45+ C.
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Proof. The upper bound here was given by the second part of Theorem 2.26. It remains to prove the lower
bound; this proof will follow a more traditional coupling argument. First of all, with probability 1 —eg for
some g vanishing as 8 — oo, we have that ht(7,) > 0 using e.g., the reflected version of Theorem 2.26;
(also notice that the event {ht(P,) > 0} is an increasing event).

Let Py be the set of all sites {z 4+ (0,0,¢/ — %) : £ = 1,...,h}. On the intersection of ht(P,) > 0 with
0(Py) = +1, the interface has ht(P,) > h, so that by the FKG inequality, it suffices to show the lower bound

1
7 log pin(0(Py) = +1) > —4Bh — e *Ph.

In order to show this estimate, we can expose the spins of Py from bottom up, starting with the one at
x4+ (0,0, %) With probability at least %, Or(0,0,1) = +1, and by monotonicity, at worst, all other spins in
o(Pg) are minus; by the domain Markov property and an elementary calculation, the probability of the spin
at = + (0,0, ) being plus is at least —oxp(4f) (1 — tanh(28)). Continuing on to the next site in Py,

1+exp(—48)
conditional on the first one being plus, the same lower bound applies. As such, we can lower bound
—4Bh
_ _ € —4Bh—e %8}
Mo, (U(P@)—+1 |O’m7(070’%)—+1) Zm>e e 7
concluding the proof as long as h is sufficiently large. |

3. INCREMENTS AND THE SHAPE OF TALL PILLARS

In this section, we give a structural decomposition of a pillar, in the large deviation regime where it reaches
a height of h. We prove that it is composed of a base—shown in §5 to have an exponential tail beyond height
O(log h))—and a spine protruding from this base up to a height of h. This spine is further decomposed
into a sequence of increments between cut-points where the spine is one-dimensional and vertical. In the
remainder of this section, we give preliminary bounds regarding this decomposition, showing that the total
number of increments is comparable to h, and has an exponential tail beyond that. In the following §4, we
analyze individual increments, showing that they each have an exponential tail on their excess area.

3.1. Increments of the pillar. We begin by defining the building blocks of the pillar where the 3D Ising
interface undergoes an atypical fluctuation.

Definition 3.1 (Cut-points). Call a height h € Z + % a cut-height of the pillar P, if the intersection of the
slab L}, with o(P,,) consists of exactly one (midpoint of a) cell. We can call that single plus site v € o(P,,)
a cut-point and identify it with its midpoint.

Definition 3.2 (Increments of the pillar). For a pillar P, we define its increment collection (%;); as follows.
Enumerate the cut-points of P as v1,vs,...,v5,v741 in order of increasing height, for some 7. The k-th
increment of the pillar P is the set of all plus sites in o(P) centered at heights between ht(vy) and ht(vg41),
inclusively (this is also identified with the bounding sets of faces in PNR2 x (|ht(vy) ], [ht(vie1)]), as before).
Denote by I, r the set of interfaces which have . > T.

Since the pillar does not necessarily end at a cut-point, there may be a remainder of plus sites in the pillar
above the height ht(vg11). We can call this the remainder and denote it by 2% ; in fact for any ¢t < .7,
we could denote the remainder beyond the ¢-th increment 2%; which consists of (Ziy1,..., Z7, Z>7).

3.2. Comparability of height and number of increments. In this section, we show that the number
of increments (as defined in the preceding subsection) serves as a good proxy for the height of a pillar. We
remark that the converse part of the next lemma would have readily followed had we had an exponential
tail for m(P,) (when added to Proposition 2.29)—however, this is false, since P, may contain a wall with
surface area r? and er? nested thermal fluctuations (resulting in m(P,) > cr?) at a cost of only exp(—cr).

Lemma 3.3. One always has I, C {ht(P,) > k+1} for every k. Conversely, there exist absolute constants
C,c > 0 such that, if 8> By and T = |(1 — C/B)h] then

pin (Lo | ht(Py) > h) >1—0(e™").
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Proof. The first assertion follows from the fact that, by definition, each increment increases the height of
the pillar by at least 1 and the extremal increment contributes two to the height.

The lower bound is substantially more involved, and requires the use of a map that replaces a pillar of
height h and fewer than |[(1 — C/S)h] increments, by a straight column of height h (consisting of h — 1 total
increments). This will combine the proof of Lemma 2.25 with some new ideas that will serve as a warm-up
for the more sophisticated maps on pillars used in Section 4 and especially Section 5.

Let @, be the map that takes an interface Z and generates an interface J as follows:

(1) Let (W3,).ecr, be the standard wall representation of Z per Lemma 2.12.

(2) If [z] := {2} U UfE»Co:fN-'L'{f} delete from the collection (W) .ez,, Sa) i= Ufe[w] Sy as well as F o, )-

(3) If the interface Z" whose standard wall representation equals §[,]US y(»,) has a cut-height below ht(v,),

let h' be the highest such cut-height and let 4! be the index of a wall of P, that attains height A'
and is not included in §;) U§,(v,). Delete §,i from the standard wall representation obtained after
step (2). (The existence of such a y' is guaranteed by the definition of v; as the lowest cut-point.)

(4) Add to this standard wall representation the bounding vertical faces of a straight column of h cells

above x, centered at x + (0,0,¢ — %) A=1,...,h.

(5) Let J be the interface with the standard wall representation resulting from step (4) as per Lemma 2.12.
The map is well-defined because after step (2), there are no walls incident to x nor its bounding edges and
the addition of the standard wall in step (4) maintains the admissibility of the standard wall collection. The
resulting 7 therefore has a pillar P consisting of exactly a column of kA — 1 increments, attaining height h.

We next claim that if Z is such that {ht(P,) > h} but .7 < (1 — §)h (for ¢ to be chosen later), then

W(Z; T) = |§a] U Fp(or) USyt| — 4h > 26h. (3.1)

By Observation 2.17, the entirety of the pillar above ht(v1) is deleted and therefore, for each height between
ht(v;) and h that is not a cut-height, there is an excess area contribution of 2 faces (due to 6 faces bounding
two cells vs. 4 faces bounding one cell), totaling to 2(h — 2 —ht(v;) — 7). For heights between 0 and ht(v;),
we claim that the interface having standard wall representation ) U §p(v,) U §y+ has no cut-heights, in
which case it would follow that those heights together contribute at least 2(ht(v1) — 1) to the excess area
and (3.1) would follow. Indeed, if no y' is chosen in step (3), then by definition there were no cut-heights
of the interface corresponding to §z) U §p(v,) below ht(v;), so suppose there was a highest such cut-height
at h' and a corresponding 5 was selected (noting that then W,+ must be distinct from W,(,,)). Then since
the walls W+ and W, ) must each attain the height ht, there can be no cut-heights at or below A' in
the interface corresponding to 2 ,(,,) U 2W,+ and therefore there also cannot be any at or below ht in the
interface corresponding to 2] U Sp(vr) U Syt

Having constructed the map ®, 5, the proof now proceeds in two parts: (1) we show that the relative
weight p,(Z)/un(J) is exponentially decaying in (8 — C)m(Z; J) and (2) we show that the multiplicity of
the map ®, 5, is at most exponentially growing in m(Z; 7).

To begin with the first, it suffices for us to show the bound

S (D~ Y B T)| < Cm(T: ) + 4] < ClL+ 67 h (3.2)
fez freg
To establish such a bound, we decompose Z and J into different subsets of faces as follows:
e Let E be the set of all faces in the groups of walls §[;) U p(0,) U Tyt
e Let F be the set of f € J such that p(f) € p(F(E)), added in place of a removed horizontal wall
face in p(E) to “fill in” the interface.
e Let G be the bounding vertical faces of a column of h cells above x, added in step (4) of @4 .

Under this decomposition, there is a 1-1 correspondence between Z \ E and 7 \ (F U G) via vertical shifts
as determined by Observation 2.13; encode this into f — f. Then,

‘Zg(fvl)— > g(f’J)‘ <> gD+ D g DI+ D st D+ > ‘g(f,I)—g(fJ) :
fez fleg feE f'eF freG fET\E

The first quantity is bounded by K|E| = K|§[;] U § (o) U Tyt < 2K(1+26"1)m(Z; 7) by (2.1) and (3.1).
Similarly, the second term is at most K (1426~ ")m(Z; J) and the third term is at most 4K h which is in turn
at most 2K6~'m(Z; 7). The last term is bounded similarly to the proof of Lemma 2.25. By construction,
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for every f, the radius r(f,Z; .7 ) is attained by the distance to a wall face, and as before, moving to the
distance between projections,

Y Kel-a(f,5F,7))< S K max exp[-ad(p(f), )
u€p(BEUG)
fET\E fET\E
and using the definition of closeness of walls, there is a C' > 0 such that this is at most
> > K(lu—u'f+1)exp[—clu—/|] < CK[EUG],
uw Ep(EUG) uep(E)e
yielding (3.2) by applying (2.1) and (3.1) as above.
We next wish to bound the multiplicity of the map, i.e., we wish to show that for every M and every J
in the image of @, 5, the size of the set {Z € q);’}l(j) :m(Z; J) = M}. Every such Z can be identified with
the choices of the standard walls in F[) U §,(0,) USyt, so that it suffices to bound the number of possible

such choices leading to excess area M. By iteratively applying Lemma 2.28 (first choosing how many walls
constitute §,], and then the size of each such that the total size is at most 2M ), then enumerating over the

at most M? choices of where to place p(v;) and p(y') (using Observation 2.17 these must be interior to some
wall of 20,), and then enumerating over the choices for § p(vr) and §yi, we see that for some universal 5 > 0,

{ZTed,,(J) m(Z;T) =M} <sM

(See e.g., the proof of Proposition 5.7 for more details on a similar enumeration process.)
We now combine the two parts above to conclude the desired. Expressing p, (IS (1-6)h ht(P,) > h) as

> SY Y Y ey

IGI;,(l_é)h,ht(Pm) M2>26h J:ht(PJ)>h qu)—l (J)m(T;7)=M
Z M, —BM+C(1+571 )M+Mlog§’un(ht(sz) > h) ’
M>25h
from which the lemma follows by dividing through by p, (ht(P,) > h) and taking 3 large and § = C’/j3 for
some sufficiently large C". [ ]

3.3. Spine and base of pillars. The fundamental difficulty in understanding the structure of pillars con-
ditionally on reaching a height h, or on having 7" increments, is the interactions of the pillar with nearby
oscillations of the interface, particularly at low heights, where these are plentiful. Towards this, it will be
important to us to isolate the portion of the pillar which interacts most strongly with other pillars near
it—called the base—and the rest of the pillar, which climbs above all oscillations in some ball of radius
O(h VvV T) about z, called the spine. The ball of proximity grows with the number of increments T' we are
conditioning on having, as the pillar’s (zy)-coordinates diffuse as T' grows; this creates the complication that
the definitions of the spine and base must be T' dependent.

For a set A C F(Z3), let C.(A) denote the points in R? whose projection is distance at most r from p(A):

Cr(A)={y: rfneiglp(y) —pHI <7}

Let Ry be some sufficiently large constant, e.g., to be chosen in Lemma 3.15 to be 100. For two faces
x,y € Lo, let ({x,y)) be a minimal connected set of faces of Ly connecting = to y. For ease of notation, for
a cut-point v, we’ll define

Cv,x,T = CROT(<<p(U)7 SC>>) .

Definition 3.4 (Spine). Consider an interface Z with pillar P, = P,(Z). For each T, let 75 = 75p(T) be
the minimal index ¢ > 1 such that the cut-point v; of P, lies above the largest height attained by walls in
T\ P, indexed by faces in Cy, o 1 (in every possible ordering of F(Ly)). We then call v the T-source-point.
When T is understood from the context (e.g., for Z € I, 1) we drop it from the notation and write v.,. With
respect to that T the spine S, will then be the x-connected component of P, consisting of all sites/faces
above ht(v,,) — 5, i.e., consisting of the increments 27, L, XS .

Definition 3.5 (Base). For an interface Z in I, 7 with pillar P, let the base %, of the pillar be given by the
entirety of the pillar below the height ht(vy,,)+ 3. In general, a base can be identified with the set-difference
P: \ Sz, along with the four bounding faces of the T-source-point v, .

1
2
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X, X, X,

X X,

FIGURE 8. A stretch of the spine (right) decomposes into a collection of rooted increments
which are members of X (left). The increments X;, Xy and X¢ are trivial increments X4 .

(For reference, in Figures 2 and 10, the spine is shaded in blue, and the base is shaded in pink and orange.)
We will show in Section 5 that, with high probability, most of the increments of a pillar belong to the spine.

3.4. Properties of increments. Let X be the set of all possible rooted increments, where an increment is
identified with a *-connected subset of plus sites in the upper half-space of Z3 consisting of a cut-point plus
site at (%, %, %), as well as a cut-point plus site at its largest height, and such that no height in between these
is a cut-height. As usual, we also identify such increments with a *-connected collection of faces that bound
its plus sites; however, in this face set F(X) we exclude the bottom-most and top-most delimiting faces
(since, viewing this increment as a subset of an interface, those faces would not be present in the interface).

Let Xggy be the set of rooted remainders i.e., *-connected subsets of plus sites in the upper half-space of
72 where we only impose that they have exactly one cell in the slab £ 1at (%, %, %) Correspondingly, its
face set is the set of faces that bound it, now excluding only the bottom-most delimiting face (at (%, % 0)).
Definition 3.6. For each increment Z; in the pillar P, recall that its bottom-most and top-most cells are
v; and v; 41 respectively. We define the height of an increment X; € X by ht(X;) = ht(v;11) — ht(v;).

Lemma 3.7. There is a 1-1 correspondence between the triplets of v.,,, the collection of T rooted increments
(Xi)i<r for X; € X, and remainder increment Xs7 € Xpuu, and the set of spines of at least T' increments.

Proof. Identifying the increment sequence given a spine was described by the definition of increments. Ob-
taining from this increment sequence, the rooted increments, consists only of shifting each by the vector
—v; + (%, %, %), the rooted remainder is similarly recovered.

Given a sequence of T' rooted increments, a source point v, and a remainder X~r, we can reconstruct
the cell-set of the spine by taking the union over i of the translates of X; by the vectors —(%, %, %) + v
where v; are defined inductively as increments are stacked. (Naturally, the rooted remainder X is shifted
by —(3, 3, %) +wvry1.) As a consequence, we can identify the set of all rooted spines of at least T increments

with the set X7 X Xpeu. See Figure 8 for a visualization of this scheme. [ |

We will always use the notation Xg to denote the trivial increment that consists of exactly two plus cells,

one on top of the other (the rooted one has the plus sites centered at (3,%,1) and (3,1, 2)). The trivial
111

remainder increment consists of exactly one plus cell at (3,3, 5)-
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Definition 3.8. The excess area of an increment X € X is given by its excess area as compared to the
trivial increment Xy so that

m(X) := [F(X)| = [F(Xg)| = [F(X)| - 8.

The excess area of a remainder X< is measured with respect to the trivial remainder increment, so that
m(Xsp) := |[F(Xsr)| — 5 (recall that the remainder increment includes its upper delimiting face(s)).

Remark 3.9. Notice that m(2;) > v/2|p(vi+1) — p(vs)| (the nontrivial increment X of height 2 consisting
of two #-adjacent cubes has |F(X)| = 10 and m(X) = 2) and for every X # Xg,

m(X)Z%|]-'(X)| and | F(X)] > 6(ht(X) — 1) + 8.

Definition 3.10. For a spine S, of . — 7y increments (Z£;)r,<i<s and remainder 2% &, the excess area
of the spine m(S,) with respect to a trivial increment sequence of height ¢ — 7gp,

my(Se) = m(Z; Ly ) = m(25y) + Z m(23),
Top St<t
and ift > .7, we set my(S,) = m(S;). The excess area of the spine (dropping the index t) is m(S;) = mo(Sy).
The height of a spine S, is ht(S,) = ht(P,;) — 2 — ht(v,,) = ht(2>7) + D re<i< g 6(Z25).

Definition 3.11. For any interface Z € I, 1, let Iy be its truncation, with cell-set 0(Zrg) := (0(Z)\0(Sz))U
{vs,} where we have removed all plus sites of the spine besides v, from Z, and face-set consisting of the
faces in Z that bound cells in o(Z;g). A truncation is T-admissible if its pillar P, (Z) has a T-source point
vy, and nothing above ht(v,,) + % (Recall that the property of being a T-source point is independent of
the increment sequence of the spine above it).

3.5. Exponential tail on the number of increments. Here, we show that a spine S, of an interface
in I, 7 has an exponential tail on the surface area (as well as excess area) of its remainder Z5r. This
implies an exponential tail on the number of increments beyond 7" in a spine conditioned on having at least
T increments. Since we are only looking at a portion of the increment above a cut-point, it is droplet-like,
and the proof does not involve any of the more delicate issues we will encounter in later sections.

Lemma 3.12. There exists C > 0 such that for every 8 > By, every T and every r > 0,
pn (M(257) > 7 | Lr) <exp [— (8- C)r].

In particular, pn(Ip x| L) < exp[—4k(8 — C)]. Moreover, these estimates also hold conditionally on
any T-admissible truncation Iy and spine increment sequence (2;)r,<i<t = (Xi)rp<i<T-

Proof. Let @1 : I, 7 — I, 1 be the map that, for each Z € I, r, generates the interface ®1(Z) by replacing
25 with the trivial remainder, and agrees with Z otherwise. It should be clear that ®7(Z) € I, v \ Iy 741;
moreover, the pillar of ®7(Z) will have height equal to ht(vr41) + 3. By Theorem 2.21, for any Z € I, 1,

% —exp (= AmTOr(D) + Y el D)~ Y. elf,er(T).
" ez Fredn(T)

By definition of excess areas of remainders, m(Z; ®1(Z)) = m(2>r). Suppose without loss of generality
that Z has remainder Xs7 such that m(Xs7) > 1 as the lemma is trivially satisfied for » = 0. For ease of
notation, let Z/ = ®1(Z) and consider the difference of the sums in the exponential. By (2.2)—(2.3),

‘Zg(f,f)— Yoe(. )< Y &L —e(f D)+ Y gD+ D 18(fT)

feT frer feINT’ fe\7T/ FET\T
< Y Y Kexpl-af.f)+ Y K<(C+K)|IaT|,
fEINT f'eZPI’ feTRT’

for some constant C. But by construction, we have that |Z ®Z'| = m(X~r) + 2, where the additive 2 comes
from the upper-bounding face of the remainder, which is shifted between Z and Z’. Consequently, we have
that for some universal C independent of 3, for every 7 € I, 1,

5:((?) <exp[— (8- Cm(ZT;Z)] =exp [~ (B - C)m(X>r)].
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At the same time, we claim that for every 7' € I, v \ I; 741, there are at most s* elements in the pre-image
@' (T') with excess area k, for some universal s > 0. Since m(Z;Z’) = |Z & Z'| — 2, to every Z € &, (Z') of
excess area m(Z;Z") = k, we can uniquely identify the connected set of faces constituting Z&Z’ of cardinality
k 4 2 containing the upper bounding face of vpr,1. By Observation 2.27, the number of such sets is at most
sk*2. We now can expand the probability p,(m(X=71) > r, L, 1)

Z :un(l-) = Z Z ﬂn(I) < Z Z e*(ﬁfc)ksk“pn(f) ,

IEIw,T?m(X>T)Z’I‘ k>r IGI;L-,Tim(X>T):]€ k>r I/E‘iT(Im,T)

At this point, since @7 (I, 7) C I, 7, we see that for § > o, this is at most

> e (@) < e (L),
'e®r(Is,1)

for some other constant C’ > 0 independent of 3; dividing both sides by p,, (I, ) implies the first inequality.
The second inequality follows because Z € I, r11 implies that m(Z; @7 (Z)) = m(Xs1) > 4.

To see the analogous conditional estimates, fix a T-admissible truncation Z; and first 7" increments of
the spine (X;);<r, and let iw,T be the set of interfaces in I, 7 having Zrx and (£5)i<r = (X;)i<r. Repeating
the argument above, we see that u,(m(Xs7) >, LT) can be expressed as

Z pn(Z) = Z Z pn(Z) < Z Z e_(ﬁ_c)ksk—mﬂn(z/) :

Tely, rm(Xs7)2T k>r Tely rm(Xs7)=k k>r T'e®r(Ip,7)

Observing that @T(ix,T) C im’T, we see that the right-hand side is at most C'e’(ﬁfcl)’",un(imj) and dividing

through by p, (I, 1) yields the desired conditional estimate. |

3.6. Increment sequences are typically tame. Before turning to the tail estimates on the increments
themselves, we prove an easy preliminary estimate, showing that under the event I, 7, the probability that
S, is not contained in a ball of radius of order T' centered at v, is exponentially small in 7.

Let 79 be a large constant, say 20, and let Ry := 5rg; we will reserve these letters for these specific
constants. We now define a notion of tameness for spines, and subsequently in Lemma 3.15 demonstrate
that with high probability, a spine is tame.

Definition 3.13. Fix T} for every t, a spine in S, € X' x Xypy is tame with respect to I, r if
m(Sy) < roT, and ht(Sg) < roT.
Call an interface Z € I,  tame if its spine S, is tame, and denote by L%T the set of tame interfaces in I, 7.

Before turning to the proof that spines are typically tame, we pause to comment on the usefulness of
restricting to tame spines going forward.

Remark 3.14. First of all, notice that the tameness of a spine is only a property of the increment sequence
constituting the spine X7 X Xpew and does not depend on the truncation below it. Moreover, note
that any spine S, with source point v,, that is tame is such that the spine S, is contained entirely in a
cylinder of radius 9T and height 7T above (and centered at) v,,. This is in turn confined to the cylinder
Coryr(Vr,) C Cu,, 2,1, 50 that for any x such that d(z, dA,,) > 1007, adjoining to any T-admissible interface
T, any tame spine (identified with an element of X7 =™ x Xpy), yields a valid interface in I, 7.

Additionally, notice that, by construction, if Z € TLT, for any face f € S,, the distance d(f,Z) is
attained by a face in Zwy N Cry1(vr,) C Cu,, 2,7, as the distance to Zig \ Cry1(vr,) is at least 3rT" while
the distance to v, is at most 2r¢T.

We now prove that spines of interfaces in I, 7 are exponentially unlikely in 7" to not be tame.

Lemma 3.15. There exists C, By > 0 such that for every 8 > By, such that for every T, every T-admissible
truncated interface Ly, we have that for every r > 8T

.un(mT(Sw) > | Ly, I:E,T) < eXp[_(/B - C)T’] .

In particular, ju,(T, 7 | Tyg, I 1) > 1 — O(e=F=C0T) "and hence also pi, (Lo | Loz) > 1 — O(e”(B=CIroT),
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Proof. The second statement follows from the fact that m(S,) < mp(S,) and ht(S,) < T + imp(S,) and
T < 3r when r > 8T. Therefore, we focus on proving the bound on {mp(S,;) > r}. Let T € I, r be such
that it has T-admissible truncation Z;; with source-point index 7gp, and spine &, with increment collection
(Xi)rp<icr and X5, such that mp(Sy) = m(Xsr) + >0 o;cpm(X;) > 7. Let Zy r be the interface with
the same T-admissible truncation and spine of exactly T — 7, increments that are all Xg. By Theorem 2.21,

_in(T) :exp(_5m<z;zg,T>+Zg<f,I>— > g<f’71z,T>)»

Mn(IZ,T) fez '€l T

and we recall that m(Z;Zg, 1) = mp(S;). Denote by S;(Zz 1) the spine of Zg 1. We can bound the difference,
’Zg(f7z)_ Z f I@T ‘ Z ‘g .f7 faIGT ‘+ Z ‘g f7 ‘+ Z |g(f/7IZ,T)|'
fez f'€Tlor ¢S, fES, €80 (To 1)

By (2.2), the latter two terms contribute at most K (|S,|+47 + 1) = K(m(Z;Zy ) + 8T +2). By (2.3), the
first term is bounded as

Y Kexp[—a(f,T; £,To)] < Y, > Ke™hH< Y N Keedlhf)

7¢S. F¢8, ['EIBTy fETIDT, feu?
which by integrability of exponential tails is at most C|Z&Zg 7| < C(m(Z;Zg 1) +8T +2) for some universal
C. Assuch, once m(Z;Zg 1) > 8T, say, this is comparable up to a universal constant to mr(S;) = m(Z; Zg 7).
Also, notice that the number of possible spines S, of excess area mp(S,) = k is at most the number of

connected sets of faces of size k + 1 incident to the upper-delimiting face of v,,, which is at most s**!, for
some universal s by Observation 2.27. Thus, there is a universal C' such that for any r > roT, we have
S, T
CAESETAE SN TOED SIS DI HCIE D DD DI -
k>r 8p:Se UL €l 1 k>r S8p: Sy UL €l 1 Hn Oz @,T ) £TR
<37 s+ expl—(6 — O)K],

k>r

at which point, absorbing the s* into the exponential, yields the desired bound for some different C. |

Remark 3.16. If T is comparable to h, we can attain a version of Lemma 3.15 that also conditions on the
event {ht(P,) > h}. Namely, for any Zry, if we set T/ = TV (ht(P,) — 3 —ht(vy, ) + 7sr), and apply the proof
of Lemma 3.15 with respect to Zg 7/, we would see see that for every Z € I, v N {ht(P,) > h}, we have

Nn(I) /
————<exp|—(8—C)mp(S,) +8CT"| .
s <o [ (8= O (80) +50T']
As long as r > 8T, this would imply that p,(mr (Sy) > 7 | Zeg, L, ht(Ps) > h) < exp(—(8 — C)r);
therefore, as long as 87" < 8(T V h) is less than 207, e.g., as long as % < T < h, we have for every Zg,
fin (X5 7 | Loy, ht(Py) > h, Iig) < exp [ —4(8 — C)h)]. (3.3)
4. EXPONENTIAL TAIL ON INCREMENT EXCESS AREAS

In this section, we control the excess areas of the increments that constitute the spine of a tall pillar.
Of course it could be that the source point of the spine is itself an order T distance from x and the base
contributes macroscopically to the surface area, but this is ruled out in Section 5. Henceforth, take T to be
large and take = to be any point in the “bulk” of Lo N A, oo relative to T, e.g., d(x, 0A,) > 1007

We show an exponential tail on the excess area of the i-th increment of the spine of an interface Z € I, 7;
the bound will be uniform over both the truncated interface and all the increments below the i-th one.

Proposition 4.1. There exists co > 0 such that for every B > By, every T, and every i < T, we have that
fin (M(Zrps) = 7 | Lop) < expl—cofr],

where if Tsp +1 > T, we define m( 25, +:) = 0. In fact, for every T-admissible truncation Iy, and every
sequence of increments (X, +;)j<i € X, we have the same estimate:

fin (M(Zrts) =7 | Tons (Zrts)jci = (Xrptg)j<is Lor) < exp [ — coBr]
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A useful corollary of the above proposition is the following tail estimate on a quantity measuring the
interaction of the spine with the truncated interface Zry.

Corollary 4.2. Let ¢y > 0 be the constant from Proposition 4.1. There exists some C > 0 such that for
every 8 > PBo and every T, for each T-admissible truncation Zyy and every r > 0,

/Jn(z ‘.F(%Tsp+i>|€_a + |]:(%>T)‘€_6(T+1_TSP) >r | ITR)iw,T) < CeXp [— %Coﬁ(’r — C)] .

i>1

Similarly, for every T-admissible truncation Ly and increment sequence (Xr, yi)i<i,, we have

Nn(|]:(%>T)|€_E(T+1_T“—i°) A N F( L) €T > | T, (L gi)ici = (X‘Fsp+i)i<imiz,T>
i>io

<Cexp[—icB(r—0)].

Proof. By Proposition 4.1, and in particular its second assertion, for any T-admissible truncated interface
Z.r with source-point index 7, the sequence (m(27,,+:)):>1 is dominated by a sequence of i.i.d. exponential

random variables &; with rate cof (as seen by revealing the increments one at a time from bottom to top).
Noting that for every 0 < A < %coﬂ and every i > 1,

By, [exp (Ae™&)] = [1 = Ae™/(coB)] " < 1+ 2(cof) Ae™ < exp(e™),

we set A = %COB and obtain that

By {exp (AZ |}-(%ﬁ"+i)|6_ai) | Zin, L’T} = HE[QXP ()\(fi + 4)e_a>] < exp (Z (144)) e—ci)

i>1 i>1

1+2
< exp <1+ cff) :
— €

Letting v = 1/(1 — e™¢), this implies by Markov’s inequality that

Hn ( Z |.F(¢%‘Ts[’+i)|675i Z T | ITR,) iz,T) S e(1+2606)77>\r = exp [7%COB(T - 47)] .

i>1
The matching conditional bounds follow from the analogous conditional estimates in Proposition 4.1. |

We prove Proposition 4.1 by constructing a map for shrinking increments of the pillar. In order to do so,
we define a map between collections of pillars that replaces increments of the pillar with X4, decreasing the
excess area of the increment and, in turn the pillar—the complication is that unlike the map @, of [28], the
effect of this removal is not localized and translates the entirety of the pillar above that increment.

4.1. The increment reduction map ¥;. For each T and i < T, we define a map V¥, that replaces the i-th
increment of a spine with a stretch of trivial increments X .

Definition 4.3. For every ¢ < T, we will define the map ¥; : irc,T — L,T. Suppose Z € i%T, consists of
a T-admissible truncated interface Z,; with source point index 7gp, an increment sequence (Xr, 4;);<T—rp
and remainder X< € Xypy. Then ¥, (Z) will have the same truncated interface Zyy, and its spine will have
increment sequence (X, ;)j<7-r, and X{, constructed as follows. If X; = X4 or if 74 +i > .7, then let
(X})j<r = (Xj)j<r and XL = Xo7; otherwise, construct the increment sequence of W;(Z) by taking the
increment sequence (X;)r,<;j<r and

(1) Mark the index 74 + i, as well as every index j > 7 + ¢ having the property that

m(X;) > m(X,, 4i)eFe0=me=

Also mark the remainder if it has m(Xs7) > m(X,,, 4;)ez T+ =)

(2) Label the sequence of marked indices jo = 7gp + 4, and jo < j1 < ... < ju, where, if the remainder is
marked, j, is > T.

(3) For each marked index ji, replace X, in the increment sequence (X;); by a stretch of ht(Xj,)
consecutive trivial increments (Xg, ..., Xg), to obtain (X});.

We refer the reader to Figure 9 for a visualization of the map V.
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Bl Wl

FIGURE 9. The increment map ¥; sends the stretch of increments on the left to the stretch
on the right. The increment X;, = X, 4; is replaced by a stretch of five trivial increments;
the increment X;, = X, 1,40 is also replaced by trivial increments as m(X;, ) > m(Xj, )ec.

4.2. Strategy of the map V,;. Let us briefly describe the strategy behind the construction of the map
above. Our goal is to show an exponential tail on the excess area of the (7sp + 4)’th increment conditionally
either on having at least T increments—Proposition 4.1—or on having height at least h and T increments—
Proposition 4.7. Towards this, we wish to construct a map ¥; having that
(1) For every T € I, 7 N {ht(P,) > h}, the interface ¥;(Z) € I, 7 N {ht(P,) > h}
(2) pon(Tor N {mM( 2 1i) > 1)) < e B~y (U;(1, 7)) via the steps (1)~(3) of (1)~(3) in §1.3 as well
as the analogue of this inequality, with both events also intersected with {ht(P,) > h}.

Towards this, our map replaces the (g + 4)’th increment by a sequence of ht(.2%,,+:) trivial increments,
yielding an energy gain that is comparable to m(2,,+:). N.b. replacing it by just one trivial increment
would not ensure that the resulting pillar also attains the same height as the original pillar.

Unlike changes in the standard wall representation, changes in the increment sequence subsequently induce
a horizontal shift of all increments above the (7sp + ¢)’th one. These horizontally shifted increments Z; can
then interact with increments below 27 1; via the term g(f,Z; ', ¥;(Z)) of (2.3). By (2.3), this quantity
decays exponentially in the distance to £, 44, so that if the excess area m(%;) is larger than e~ UL Zrpti) |
we cannot compare the contribution of the perturbative g term to the energy gain of the map. For this
reason, we additionally delete all increments whose excess areas are greater than some exponential factor
times their distance to 2., 4. Iterating this procedure up the spine yields the map ;.

The following remark summarizes the properties of the map W, that we will use in its analysis.
Remark 4.4. By construction, the excess area of the spine of ¥;(Z) is at most the excess area of the spine
of Z, the map ¥;(Z) keeps the height of S,, and thus also P., fixed, and the map ¥; only increases the
number of increments of the spine. Therefore, for every Z € L7T, we have U;(Z) € iLT. Moreover, notice
that the truncated interfaces of Z and W;(Z), and their first 7p + ¢ — 1 increments, agree.

4.3. Analysis of the map ¥;. We will bound the effect of the map on the energy in Proposition 4.5, and
its multiplicity in Lemma 4.6. Combining these will imply Lemma 4.1, the main result in this section.

Proposition 4.5. There exists C > 0 such that for every 8> o and everyi <T, if T € L, r,
fin(Z)
N?L(\Iji(z))

Proof. For ease of notation, fix any such ¢ and let J = ¥;(Z). Suppose that Z has T-admissible truncation
Zr with increment sequence (X, +i)i<7—r, and remainder Xsp. If J = Z, the inequality trivially holds,

log + Bm(Z; ¥(Z))| < Cm(Z; ¥4(Z)) -
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so let us assume that Z is such that m(X,, ;) > 0. By Theorem 2.21, we can express

5n((§)) = exp ( = pm(Z; T) + Zg(f,I) - Z g(f/,j)> _
! fez freg

Let {jk}r<x be as in Definition 4.3. To allow us to consider the increments and remainder in a uniform
manner, let j, :=T + 1if j, is “>T”, so that X;_ refers to Xsr if j, =T + 1. We have

1
m(I; \Pl(z)) > g ];m(Xjk) ;

since every nontrivial increment with height bigger than 1 must have at least six faces at each height between
|ht(v;)] and [ht(vj41)], whereas the stretch of trivial increments would have four faces at those heights.
Now let us split the set of faces in Z into the following sets (refer to Figure 9):

e For each k < k, let Ej, be the set of faces F(Xj, ) in Z.

e For each k < k, let Fy be the (possibly empty if jryr1 = ji + 1 or if j = T + 1) set of all faces

between vj, 11 and vj, ., (not-inclusive), with F defined as the set of all faces above v;, 41.

e Let G be the set of all remaining faces in 7
Also, for notation, let E? C Ej, be the bounding faces of v;, and Vj,., in T (so |E?| = 8) and if j, = T + 1,
then Eg will only be the four bounding faces of v;, in Z. Let Eg;j be the corresponding faces in 7, i.e., the
faces of the ht(X};,) consecutive trivial increments, so that |E£;‘7\ = 4ht(X;,) (if j. =T + 1, also include
the top-most bounding face of the spine in 7).

By definition, the faces in G are shared between Z and J, the faces |J, Ex \ E% are precisely those that

are removed by the map ¥;, and the faces in F can be translated to correspond in a one-to-one fashion to
the faces in J \ (G U, E%J). Namely, if for every k < &, we set #) to be the shift map by the vector

- Z P('Ujg+1) _P(Ujg)
0<t<k

then every face f € F}, is identified with the face #*) f in 7, and for k < k, each stretch 8(*)F}, is delimited
from below by the upper-bounding face of H(k)Eg C Eg‘j and from above by the lower-bounding face of
9(’“+1)E£+1. By construction, we have

I=GU|JE;UF;, and J=GU|JEUIVF,.
k<k k<k

We can therefore split up the sum

e D= > e D <D0 . DI+Y Y eI

fez freg k f€Eg k ngg?j
+> > 8(hD—g@W LD+ 18T —(f, ). (41)
k feF feG

We bound these sums one at a time. By (2.2), along with |F(X,,)| < 5m(X,,) (by Remark 3.9 and
m(Xj,) > 0), the first and second sums in (4.1) are bounded above as

DD s DI+Y] Y0 le(f T < 2K Y F(XG,)| < 10Km(Z;.T).

k feEg k fEEg;‘j k

Let us now turn to the third term of (4.1), which we can bound as follows: first of all, notice that for any
face f € Fy in increment F(X;) for jy < j < jry1, the radius r(f,Z;0%) f, 7) is attained either by some
face in a spine (belonging to precisely one of Z or J), in which case its value is at least (j — jx) A (Jx+1 — J),
or by some face in G (the faces in G are the same in both Z and J, but will be at different relative locations
to f vs. 0 f). Let us take any k < &, fix a jp < j < jrp1 (j > jx if K = k and j, # T + 1) and a face
f e F(X;) C Fy, and expand

lg(f.Z) —g(0W £, 7)| < K exp[—ex(f, ;0% £, 7))
< K exp[~¢(j — ji)] + K exp[~c(jr+1 — §)] + K exp[—cd({f,0™ [}, G)].
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Notice that since both Z and J are in L,p their spines are contained in Ca.y7(vr,). As a consequence,
d(f,G) is attained by a face in Cr,r(vr,), and is at least j — 7p — @ > j — ji (n.b. there are j — 75p — @
cut-points separating G and f), and the same holds for d(8*) f, G); therefore, the above becomes

8(£,7) — (0™ f, 7)| < 2K exp [~ &(j — jir)] + K exp [ — (jrsr — 5)] - (4.2)
Now summing the first term in the right-hand side in (4.2) over all k¥ and f € Fy,

EY S Fxei < kYY) [8+m(Xjk)}e%a(jfmefa(jfjk),
k<t jr<j<jk+1 k<t jr<j<jk+1
using that |F(X;)| = 8 + m(Xj;) for jp < j < jx+1, and the facts that the reduction map was not applied at
index j and was applied at ji, so that
m(X;) < m(Xr,14)e? U7 < m(X,)er U

Then, by integrability of exponential tails, we see that the right-hand side above is in turn bounded by
C) e, m(X;,) = Cm(Z; J) for some universal C. The second term in (4.2) can similarly be bounded as

EY Y mX)eUnD<gY Y m(X)<OY m(X,,).
k<k jr<j<jr+1 k<k jr<j<jrk+1 k<rk

for some constant C, where we used that

S omx) < Y mX, e U < Om(X, e Uk T < Om(X,, ) -
Jk<F<Jk+1 T <J<Jk+1

Again, by integrability of exponential tails, we see that for some other C > 0, the contribution of this term
is bounded by C'>”, _, m(X,) < Cm(Z; 7). It remains to bound the fourth sum in (4.1): for faces f € G,
the radius r(f,Z; f, J) must be attained by a face in Z & J, so that

Sl -gr < S Y KeUo Y S Ke o),
feG FEGNCRyT (vrgy) 9EIBT fEG,fECRyT (V1) 9ETDT

Since T ® J C Capy1(vs, ), integrating the exponential tail, the second sum above is at most O(T?e~"0T).
On the other hand, by definition of the spine and the fact that it is tame,

Z Z e cdf9) < 9 Z |]:(Xj)|€fé(jffsri)

FEGNCRT (vrg) 9E(X;) 1250 V(X]) 2o =g
S mX) 42 Y mXae i,
<k JZjo: i {intr<n

which we again find to be bounded by Cm(Z; J) for some other universal constant C. Plugging all the above
bounds into (4.1), we see that for some universal C' (independent of 3), we have

> el D)= Y 8/, )| < CmiT; 7). u

fez freg

We now bound the multiplicity of the map ¥, for a fixed excess area m(Z; ¥;(Z)).

Lemma 4.6. For every i <T and every J € \I/i(iw,T), there exists an s > 0 such that for every K,
HZ e v ' (J):m(T;T) =K} <s¥.

Proof. Fix any i and J € ¥;(I, r). For a fixed spine S,(7) it suffices to bound the number of spines S, (Z)
for which the map ¥; sends S,(Z) to S;(J) with m(S,(Z); S.(J)) = K (as the map ¥; fixes all faces of the
interface in Zrz). We first observe a few basic facts.

By definition of ¥;, any spine S,(Z) that gets mapped to S,(J) by ¥, is such that their increment
sequences (X;)j<; coincide, and therefore the spines agree up to the i-th increment of S,(J), which will
satisfy X/ ., = Xg. In particular, for a given J, the interface Z is uniquely identified by the collection
of increments (X, )r<, and the indices of those increments {jj }r<x, since the rest of its spine is given by
increments which are the same in both Z and J. Therefore, starting from v, 4; for the interface J (which
coincides with the same cell for T), we can build a set of faces that uniquely identify the interface Z by taking
the union of all the increments (X;) between X;, = X, 4, and the final X;_ (inclusive).
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The union of these increments, viewed as a subset of the spine S,, clearly forms a *-connected set of
faces in F(Z3) that are x-adjacent to the upper-bounding face of the marked cell v;. We claim that this
subset of S, has cardinality bounded above by C'K for some universal C. This follows from the fact that
the cardinality of the face set of an increment is at most 4m(X;) so long as X; # X4, so that the total
cardinality of the face set of | J F(X;) is at most four times

o <3 <in
domXp)+) >, D+mX)<m(T )+ > 2m(X;)edoli—Te—)
b k<h e <G <Gt ¢ U} do<i<in
<m(Z;J) +2C ) m(X;,),
k<k

which is, in turn, bounded above by Cm(Z; J) for some large enough, universal C. Since this rooted face-set
uniquely identifies 7 € ¥ 1(J ), the result then follows immediately from Observation 2.27. |

Proof of Proposition 4.1. Since m(Z;¥;(Z)) > im(27,+:), it will suffice for us to show the upper
bound on g, (m(Z; ¥;(Z)) > r | Zrs, Ler). Fix a T-admissible truncation Zyz and an i < T, and express

/Ln(m(I, \Ijl(z)) 2 T, ITRa IT,T) as

o NH(I)
2o m@=) ) 2wy

Tel,, rNTen,m(Z; ¥ (T))>r k2r 7eW;(1y,rNIw) ZeW; (J)m(Z;T)=k

<Y )X s O,

jE\I’i(im,TmZTR) k>r

where we used the shorthand L,T N Z;x to denote the set of interfaqes in L,T wit? that truncation, and the
inequality followed from Proposition 4.5 and Lemma 4.6. Since ¥,; (1, 7 NZws) C I, 7 NZy, by integrability
of exponential tails, the sum over k > r is at most Ce~#=)" for some universal constant C, leaving

un(m(l', \Ill(I)) Z T, ITR7iI,T) S Cﬂn(im,Tvl.TR) exp [7 (B - C)T] ’

for some universal constant C. Dividing both sides by i (Zrr, Is,7) yields the first estimate. The matching
estimate conditional also on (27, 1;);<: follows by repeating the argument, additionally restricting our sum
to interfaces with that increment sequence, as the map U; fixes all increments before the (74 +14)-th one. W

4.4. Exponential tail conditionally on ht(P,) > h. In the proofs of the existence of a limiting large
deviation rate and the law of large numbers for the maximum of the interface, it will be important to work
with the monotone event {ht(?P,) > h} rather than I, 7. The fact that the map ¥; keeps the height of a
spine fixed allows us to also deduce the analogous exponential tails conditional on {ht(P;) > h}. In fact, if
one were only interested in estimates conditional on I, 7 (as are relevant to the shape theorem and central
limit theorem), the map ¥, could be simplified to replace each increment in (X, )r by Xz, keeping the
number of increments fixed, but shrinking the height.

Proposition 4.7. There exists C' > 0 such that for every f > By, every T < h, every half-integer hy < h,
and every T-admissible truncation Iy having ht(v.,) < hy, we have

fin (|F(Se N Lpy)| = 447 [ 06(Py) > h, Ton, Lir) < expl-pr/C].
Similarly, for every i < T, and every T-admissible truncation Lz with Tep < i, and sequence (X;);<i,
pn(m(23) = 1 | (X)j<is Zons ht(Py) = b, Lpr) < exp[—Br/C]. (4.3)
This latter estimate also implies the analogue of Corollary 4.2, also conditioned on {ht(P,) > h} for h > T.

Proof. The proof of (4.3) goes similarly to the proof of Proposition 4.1. Namely, if we restrict the proof
therein to interfaces additionally having ht(P,) > h, and notice that for all such interfaces, their image under
U, is also a subset of {ht(P,) > h}. With this observation, the natural modifications yield the desired.

The proof of the first inequality in Proposition 4.7 is more subtle as the increment intersecting Ly, is
random. For each interface Z having |F(S; N Ly, )| > 4+ r, let 71(Z) denote its increment index such that
Z o+ intersects Ly, non-trivially. Then let ¥j, denote the map that for each Z having | F(S,NLp, )| > 4+,

S|
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is defined by ¥, (Z) = V¥, (1)(Z). Fix a T-admissible truncation Z; and express i, (|F(S;) N Ln,)| >

44 r,ht(Py) > h, I, I, 1) as

- _ (@)
> n(T) = > ZIC2D DR D (A ea)

Zel,, rNht(Py) >hN T k>r 7€®y,, (T, 7 NZwNht(Py)>h) T Zew NT)
‘.7:(5;50[,},,1”244-7‘ Xrgotr1 MLy #0
m(Z;T)=k

At this point, we notice that for each J, and k > r, there are at most k possible choices of 7 such that
{Z:7 e ¥} (J),m(Z;J) = k} is non-empty. This is because, if X, -, N Ly, # 0 it must be that
hi — vr,4+r, <k (the excess area of the map is at least ht(v, 4+, +1) — ht(vr, 4+, )). Reading off from 7, the
increment index intersecting L, _x—1, one of the next k£ increment indices must be 7. Combining this with
Propositions 4.5 and Lemma 4.6, we see that this is at most

Z b () Z kst e= B~ < Oy, (T, 0 N Lo Nht(P,) > h)e” B~
JG‘I’hl (imﬁTﬂImﬂht('Pm)Zh) k>r
since W, (Ip.7r N Zep N {ht(Py) > h}) C (Lo 7 N Zee N {ht(P,) > h}). Dividing both sides out by i, (L7 N
Zre Nht(P,) > h) then yields the desired. |

5. EXPONENTIAL TAILS ON THE BASE OF A PILLAR

In Section 4, we showed that the increments of the spine each have exponential tails on their excess areas.
Here, we show that the groups of walls that constitute the interface apart from the spine, but are “near” the
spine have excess area at most order O(logT'). As a consequence, we see that |v., — x| is at most O(log T')
with high probability; this difference, and the base more generally, will be negligible as far as any T — oo
limit theorems are concerned.

As before, take T' to be large and take x to be a point in the “bulk” of LoNAp 1 0o, €.8., d(z, 0A,) > 100T.

Proposition 5.1. There exists K,c > 0 such that for every 8 > By, we have for every r > KlogT,

pn(ht(vr,) > 7 | I7) < exp[—cpr], (5.1)
pin(diam(p(#.)) > 7 | Toi7) < expl—chr]. (5.2)
where the diameter diam(p(%;)) 1= max, ye,,) |v — y|. Finally, we can also deduce that for r > KlogT,
,un( Z m(2;) > | iw’T) < exp[—cfr]. (5.3)
1 <Tgp

Remark 5.2. In particular, (5.1) implies that for every r > K log T, with probability 1 — e~°*", we have
Tep < 73 the bound (5.2) immediately implies the analogous bound on |p(vr,) — z|.

Remark 5.3. Since we prove that the projection of the spine attains an order /T distance from x, there
should be groups of walls of Z \ P, onto which P, projects, that attain an excess area clogT'; thus the order
of the bounds on ht(v,,) and diam(p(%.)) is correct. On the other hand, we expect that ht(vy) is order
one, and already the increments starting from 27 have exponential tails; the difficulty in proving this is in
controlling the interactions of 27, ..., 25, with nearby groups of walls which attain a higher height.

5.1. The base reduction map ®4. We first define a map that eliminates at least one group of walls of
excess area larger than KlogT in C, . 7, and in doing so, allows one to lower the height of the source
point for the spine. The map also shifts v, in the zy-plane, to lie above z if |p(vy.,) — 2| > K logT.

In order to study the impact of this map on u, it will help to formulate the base %, in terms of the
definitions outlined in Section 2.2. In view of this, for any interface Z € I, 7, recall from Definition 3.11 that
it has a truncated interface Z;z. We can define the groups of walls corresponding to Z;y via Lemma 2.12.
Fix some K sufficiently large with respect to all other constants that are independent of 5. We refer to
Figure 10 for a visualization of the map ® 4.

Definition 5.4. Let ®5 : I, — I, 7 generate an interface ®5(Z) from Z as follows. Suppose Zy has
standard wall representation (W,).cr,, base %, and source point v, and further suppose that its spine S,
has increment collection (X;)r,<i<7 and remainder Xsp. If ht(v,,) < KlogT and diam(p(%,)) < KlogT,
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FIGURE 10. The base reduction map ® sends the interface Z (left) to ®4(Z) (right) by
eliminating the nested sequence of walls 20, (pink, left), along with the vertical column
which attains the height v, (orange, left), replacing it by a straight vertical column above
x (pink, right) and shifting the spine S, (blue, left) to lie above that column.

then the map is set to be trivial, ®4(Z) = Z. Otherwise, if ht(v,,) > K log T and/or diam(p(£)) > KlogT,
then construct J = ®4(Z), by

(1)
(2)

Mark in the standard wall representation (W.).cr, the groups of walls §, , as well as §p,) =
Ufe[x] Wy, where [z] = {2} UUrcry puatf}

If there exists some h < ht(v,,) such that the interface with standard wall representation 20, U0,
intersects £, in exactly one plus cell, take the largest such height A and let y' be an index in
LoNCy,, o1 of awall that attains height AT and is not included in 20(,) U20,,_, and then mark F,:.
(If h < ht(v,,), such a wall must exist by the definition of the source point v, .)

Remove all the marked walls, i.e., §y,, U§[ Uy from the standard wall representation of Zyg.
Let Z' be the interface with the resulting standard wall representation, let h — 1 be the height of a
highest wall indexed by Z' N C,, o7 and let k. :=hV (ht(vs,) + 3).
To that new interface, add the new standard wall consisting of the vertical bounding faces of a
column of height ht(h,) above : i.e., the cells z+ (0,0,{/— ) : £ = 1,..., h,. The resulting interface
has a T-source point, which we will denote v, (7) -

Shift the spine S, by the vector x + (0,0, hy — %) — v, ; i.e., the increment sequence of the new spine
8,(J) sourced at v, () will be h, — 1 — ht(v,, (7)) trivial increments, followed by the increment
sequence of S.

5.2. Strategy of the map ®4. As in §4.2, to obtain exponential tail bounds conditionally on P, having
T increments and/or attaining height h, we require that ®4 send I, 7 N {ht(P,) > h} to L. 7N {ht(P) > h}.

Ideally, the map would replace the base %, with a single column of height ht(v,,,) above z, and have an
energy gain proportional to diam(p(%4,)) and ht(v.,). Since the spine of Z starts at v,, and not above z,
we must additionally shift the spine to lie above x, so that together with the added column, it forms the
new pillar P7. We summarize the role the different steps above play in constructing such a map.

(1)

(2)

Step (1) above marks the nested sequence of walls supporting v, and therefore attaining ht(vy, ),
for deletion. It additionally marks the nested sequence of walls of x, to clear out space for the spine
to be shifted horizontally and reattached above .

If we only performed this first step of deletions, and then added back a column of height ht(v,,,) above
x, the map would have an excess area proportional to diam(4,) but not necessarily to ht(v,,). In
particular, if the groups of walls §,,  were mostly composed of trivial increments, so that its excess
area is not much more than 4ht(v,,), the energy gain would not be proportional to ht(v,,).
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In order to obtain an energy gain proportional to ht(v,, ), we note that by definition of v, every
height below ht(v,,, ) must have been intersected by at least two plus sites in o(Z) N (Lo NCo,_ 2,7)-
Therefore, if §,, U F[;) did not contain excess energy larger than, say, 6 ht(v,,, ), there must exist
another group of walls indexed by Lo NC,, .7 Whose excess energy is also comparable to ht(vr,,).
Step 2 finds one such groups of walls and additionally marks it for deletion.

(3) The remaining steps (3)—(6) then shift the spine to lie above z, and reconnect the shifted spine to z
via a column of h, plus sites. The reason ht(v,, ) is possibly increased to height h,, is the following:
even though the map ®4 only deletes walls of Zg, it could be that the deletion of such a wall
increases the height of some W nested in a wall of §;) U0, USyr. The effect of this would be
that placing the spine at « + (0, 0, ht(v,,,)) could take the spine very close to the vertical shift of W,
and their interactions could be large: in order to maintain the separation between the spine and the
new truncated interface, we therefore place the spine at the higher height h.

5.3. Properties of the map ®4. With the above remarks in place, we now establish, formally, the fact
that ® 4 is well-defined, and show that it has an energy gain that is comparable to each of the quantities we
prove exponential tails on, in (5.1)—(5.3).

Lemma 5.5. The map ®z : I, v+ — 1, 1 is well-defined, keeps the height of P, fized, and,

m(Z; @5(Z)) = m(Fz) U Fo,, USyt) — 4he > 2((hi — 1) V diam(p(2%,))) V é Z m(X;),

1< Tsp
as long as the map ®5 was nontrivial (Pz(T) #I).

Proof. For the fact that ® 4 is well-defined, we observe that by definition of the source-point, for every height
h < h(vs,), the set of walls indexed by faces in C,__ . r intersect that height in at least two plus sites; by
Definition 2.14, any face f € Z;y is also attained by the interface corresponding to the nested sequence of
walls 20,,(5). Thus, the sequence(s) described by steps (1)-(2) of Definition 5.4 exist. At step (5), since all
walls projecting onto [z] have been removed, the standard wall being added by the vertical column of plus
sites above z, maintains the admissibility of the remaining standard wall collection.

Since 7 € L,T, and Cr,r(z) C C%,,(z)@fﬂ the resulting T-source point v, (7) has height at most hy;
moreover, when we shift the spine of Z in (6), the resulting spine will be confined to Cr,r(x) = Cy,, ;) 2,7;
finally, the new pillar P, (®(Z)) has first h, —1 > 75 — 1 increments that are trivial, followed by T'— 7¢p + 1
increments from S, so it has at least T increments total. Thus, the map yields a valid interface ®2(Z) € I, .

The lower bounds on the excess area follow from the following considerations. Since the marked sequences
of walls in items (1)—(2) of Definition 5.4 intersected each height below ht(v,, ) in at least two sites, we
removed an excess of 6(ht(vy,,)) — 3) vertical faces from Z, and added back at most 4(ht(v,,) + 3) faces
in step (5); the excess area m(Z; ®(Z)) is at least the difference between these. If h, = ht(v,,) + 1, then
this implies m(Z; ®5(Z)) > 2(h. — 1), as desired. Now suppose otherwise that h, = h > ht(v,,) + 1. This
could only have happened if there had been a wall nested inside one of §[,) U §y,, UFy+ that was shifted
vertically upward by at least h — % —ht(vy,,) upon deletion of F[,1 Uy,  UF,+ (the maximum height of that
wall must have been below ht(v,,,) in Z). For such a vertical shift to be possible, its nesting sequence of
walls must have had height at least (h — ht(v,,) — 1) and therefore excess area at least 9(h — ht(v,,) — 1)
faces (with the extreme case being a 3 x 3 column with the nested wall in its center). On the other hand,
4(h — ht(v.,,) — %) faces were added, so m(Z; ®5(Z)) > 2(h, — 1) still holds.

Let us turn to the bound w.r.t. diam(#). In order for v,, to be in the pillar of z, there must be a
wall in Z, containing both = and p(vy,) in its interior, which will be marked and removed in item (1) of
Definition 5.4; in fact the maximal nested wall containing both v, and = bounding the entirety of the base
is marked by item (1), resulting in an excess area of at least 2 diam(p(%,)) > 2|p(vs,) — |-

Lastly, the fact that m(Z;®4(Z)) > %ZKTSP m(X;) follows from the facts that all the increments
(21,...,25,) are part of the same wall, which contains Ur, in its interior, so it is removed, and replaced
by a straight vertical column of the same height. |

5.4. Estimating the effect of ®4. We bound the change in probability under application of the map ® 4.
For ease of notation, locally in these sections we will simply denote this map by ® = ®g.
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Proposition 5.6. There exists C > 0 such that the following holds for all 8 > By. For every I € L, 1 with
spine increment sequence (X;)r,<i<r and remainder Xsr,

pin(Z) . . —(TH+1—7 N, —eli—Ts
1og—un@(z))+5m(z,¢><z))\sc[m@@(z))ﬂﬂxﬂﬂe = >+R§ST|HXZ>|e< )

Proof. Suppose that Z € I, ¢ with truncation Zy;, increment sequence (X;);<r and remainder X-7 and
suppose that one of ht(v,, ) or diam(p(%,)) are at least KlogT, as otherwise the inequality is trivially
satisfied. Set J = ®(Z) for ease of notation; by Theorem 2.21,

D) () a0 Y )

pn(T) fez reg

We wish to bound the absolute difference between the sums above by the right-hand side of Proposition 5.6.
We will decompose Z and J into different subsets of faces, in order to pair up faces of Z with faces of J
that locally do not feel the effect of ® 4. Let

§ =B USur, USyt = (Fi)s U (Fp(ury).)s U (F1)s,

Y
be the nested sequences of groups of walls marked in steps (1)—(2) that were eliminated in step (3) of
Definition 5.4 (indexed by [z],y", v, € Lo NCy, z1). Sets E,F,G C ZU J will consist of all those faces
that were removed from Z or added to J: L
e Let E be the set of all faces in the groups of walls §; these were removed in step (3) of ® .
e Let F be the set of f in J such that p(f) € p(F(E)), added in place of a removed face in p(F) to
“fill in” the interface.
e Let G be the set of all other faces added to form J, namely the single wall consisting of the bounding
faces of a vertical column above = added in step (5) of ®g.
Also, for any f € Ziz \E, we set f to be the vertical translation of f as governed by the interface corresponding
to the remaining walls after E have been removed: see Observation 2.13. Finally, for every f € S, = S,(Z),
let 0, .f be its translation by x + (0,0, hy — %) — vr,,. This decomposition allows us to expand,

e - Y g(fm] N I R )

fez freg feE feF feG
+ Z ‘g(fvz)_g(estp@f7j)‘ + Z ’g(f,I)—g(f,j)) (54)
FE€8:(T) FETR\E

Let us begin with the first three terms, for which crude bounds suffice. By (2.2) and Lemma 5.5, there is a
universal constant C' > 0 such that they are at most

K(E|+ |[F| +|G]) < K(2m(F(4) UTo,, UTyt) + m(Fe) UTv,, USyt) +4he) <Cm(T;T).

Now, let us turn to the fourth term in (5.4), which encodes the contributions from the spine. Since the
entire spine S, (Z) is translated by the same vector z + (0,0, ks — 1) — vy, for every f € S,(Z), the radius
r(f,Z;0,., of, J) is attained either by a face at height at most ht(v,,) — 3 in Z or at most h, — 1 in J,
or by a face outside of Cvm,,:r,T~ However, since the increment sequence (X;)r,<i<r, X>7 is tame, and the
height of the pillar is fixed by the map ®g, it must in fact be attained by a face in C,, 2,17 D Cu, (2,1 Of
height at most ht(v,,) — % in Z or hy — 1 in J. The contribution from the fourth term in (5.4) is at most

2
> S Kexpl-er(f,Z:0, o f. T <D 3 Remeuh)-hitony)=4)
T <i<T+1 feF(X;) T <I<T+1 fFEF(X:)
< Y KIFX) et
Tep <e<T+1

where we again used subscript “T" 4 1”7 to indicate > T here. (Notice that the radius r(f,Z;0,,  .f,J)
is attained by a face whose height is at most ht(h,) and if h, # ht(v.,) + 3, then 6, , shifts the spine
vertically accordingly, so that ht(6,, . f) — h. = ht(0,, o f) —ht(vr,) — 3.)

It remains to control the contribution from the interactions of the truncated pillar Z; with the application
of the map ®4. The key idea here is that either they interact through the spine, in which case the contribution
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is bounded as the above term, or they interact through the groups of walls in Zx, in which case they are
controlled as in the proof of Lemma 2.25. To this end, let J;z be the image of the truncated interface under
steps (1)—(3) of @, prior to the addition of the faces in G. Then, we can bound the difference

Z ‘g(ﬂI)—g(f,J)‘S Z Kexp[—ér(ﬁI;f,j)]
fEIrnyng fGIIR,ng
by noticing that the distance r(f,Z; 1, J) is either attained by a face in S, a face in 0, »S., a face in the
set G, or is equal to r(f, Zrg; 1, J'). This lets us bound

Ke (I TFT) <« Kle—tl£:9) 4 o=ed(f0ury, 9) Kle—@d(f:9) 4 o—cd(f.9)
2 < 2 2K + I+ > YKl + )

fETR\E fEZR\E g€S: fEZR\E g€G
+ Y ReorUTmfi T (5.5)
fEIR\E

As argued for f € S,, the first term in the right-hand side of (5.5) can be bounded from above by

9 K[ >y DL 3 e—éd(f,g)}
T SIST g€ F(X;) frd(f,9)>i—Ter 9EF (X>) frd(f,9)>T+1—Ts
< 2C[|F(Xar)e THTm) 1 37 | F(X e 0]
Top <e<T'
for some universal C, where we used that S, is tame and the definition of the source point. The second term
in (5.5) is trivially bounded above by

S Y K00 4 0] <2 Y Y Reti0D < 2R CIG
fELR\E geG 9€G feF(Z3)
By Lemma 5.5, we have that |G| = 4h, < 2m(Z; 7). Finally, we bound the last term of (5.5) as in the proof
s

of Lemma 2,20 and 3.3: by construction, for every f, f pair, the distance r(f, Zrg; 1, J') is attained by the
distance to a wall face, and therefore, moving to the distance between projections,

Z Kmaéx)exp[ ed(p(f),u)] < Z I_(Np(u)urélpaé)exp[—éd(u,u’)]

uep
FETH\E ! u'ep(F)e

Z Z K(ju—u'|* + 1) exp[—cju — u|] .
u'€p(F)° uep(3)
By integrability of exponential tails, this is at most C|F(p(F))|+C|E(p(F))| < 2Cm(Z; J) for some universal
constant C'. Combining all the above estimates concludes the proof. |

5.5. Bounding the multiplicity of ®4. Here, we bound the multiplicity of the map ®4. This is where
we use the fact that the nested sequences of groups of walls we eliminated had excess area at least K logT.

Proposition 5.7. There exists s independent of 8 such that for every T, every J € ®5(1,.7) and every k,
HZ €@,/ (T):m(T;T) =k}| < s*.

Proof. If k < KlogT, the map ®4 must be the identity map and we must have k = 0, so the bound is
trivially satisfied; therefore, suppose £ > KlogT. In order to bound the multiplicity of the map, we will
uniquely identify any pre-image Z with several collections of admissible groups of walls, indicating the nested
sequence(s) of walls that are marked in steps (1)—(2) of Definition 5.4, along with their groups of walls. The
requirement of k > K logT will allow us to pick the centers of the nested sequence of walls from step (1),
amongst the faces in Ly that were in the cylinder C,_ . 7.

Claim 5.8. Given J € ®5(1..1), one can uniquely identify T € @él(j) from
(1) the site v,
(2) the groups of nested walls ' = S[als 5= Svrg, s
(3) a groups of nested walls F> which is either empty if F* U F> intersect every height below h(v,,) in
more than one cell, or Fy+ for some gﬂL S CUTW%T.
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Proof of Claim 5.8. To prove the claim, we reconstruct Z given this collection. First, in order to read-off
hs, we need to read h by removing the pillar P,(J) from J and finding the height of a highest wall in
Cu,, .z r- With h, in hand, take the interface J, and remove the set of faces G from it by eliminating
the column wall above = up to height h,. This leaves a truncated interface J.r along with a spine S. By
construction, this spine is exactly the spine S, of Z up to the translation v, —x—(0,0, h,— %) The truncated
interface Jrr has a standard wall representation, to which we can add all standard walls in § U &2 U §°.
The resulting collection of standard walls is admissible and can then be mapped back to an interface by
Lemma 2.12, which is exactly the truncated interface Z;x. Appending the spine S, at v, yields Z. ]

With the claim in hand, we begin by enumerating the number of choices we have for v, ; since m(Z; J) >
2ht(v,,) and 2|p(v,,.) — x| by Lemma 5.5, there are at most k% possible choices of v.,.

We now wish to bound the number of possible pairs of (a) collections of groups of nested walls F[,; and
8., » and (b) collections of groups of walls corresponding to the nested walls §,+, indexed by some face y!in
LoNC,,, 21 Take the at most three sequences of nested walls identified by steps (1)-(2) in Definition 5.4 of
Z, denote them by (W{); with groups of walls §¢ = (F); for a € {1,2,3} (so that W is nested in W, ,).
One can generate a *x-connected set of faces out of each such sequence as follows:

(1) Assign to each point in u € p(lJ; F}') the set R, of faces in Lo a distance at most /N, (u) from u,
(2) For every wall Wi nested in W, assign to it the set R{ ; of minimal collection of faces in Lo
connecting Wi to W, . In the case of § (resp., Fo,,,, or §yt) include also the faces of [z] resp.,

(p(vr,) and y) and connect them via a shortest path of faces R to W.

The union of the groups of walls ¢, along with the face sets | J,,¢ p(ge) Bu and U; R is a x-connected set of
faces by the definition of groups of walls, and by construction. Moreover, given this union, one can recover
the set §* because any face f € Ly in this union is in §* if and only if another face in the union projects
onto it (otherwise it couldn’t be a wall face). The cardinality of this union of faces is bounded above by

>l X R+

ac{1,2,3} u€p(Fe)

By Remark 2.20, |§%| < 2m(F*) for each i,a. By construction, and the nesting of walls, ) . |R{| <
>, m(We) <m(F?). Finally, by definition of groups of walls,

oD IRI<Y Y Now <2m(3).

i uep(Fp) i uep(F)

Because m(F*) < 2m(Z;J), we see that for each a € {1,2,3}, the union described above is a connected
collection of at most 12m(Z; J) faces rooted at some specific face (x or p(vs,) in the cases a = 1,2).
Therefore, the number of possible such collections of groups of walls of nested walls associated to Z €
O~ 1(J) : m(Z;J) = k is bounded as follows: pick an origin y' € £y N Co, 2.1, Pick 0 < ki, ky, k3 < k and
then finally, to each of [z], v, ,y', associate a connected group of faces of size at mo st k,. The number of
choices of origin y' is at most the size of Lo N C,, 57, which is at most (RoT + k)?. The number of total
such choices is then easily seen to be at most (RyT 4 k)2k3s*, which is at most exponential in k as long as
k > KlogT for some large K to make the O(T?) term negligible. |

Proof of Proposition 5.1. By Lemma 5.5, the event that Z has ht(v,,) > r implies that m(Z; ®(Z)) > r,
and similarly, the event that diam(%,) > r implies that m(Z; ®%(Z)) > r. As such, let us fix an r > K log T}
for ease of notation, let us denote, for the rest of this section,

T, = {z €Loq | F(Zop)e”® T 4 N | F(25) e ™) < r}

Top <0<T

Then we can write

o (W(T: (D) 2 7| L) < o (T3 @(D) 27,15 | Lur ) + o (m(Z: @(D) 2 T, | Lur ).
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By Corollary 4.2, the first quantity on the right-hand side is at most Cexp(—p8r/C) for some universal C.
The latter quantity can be bounded as follows by Propositions 5.6-5.7:

- Nn(I)
2 o= 2 2 2 e

Zel, NI, Je@(I,,rNly) k2r Ted=1(7)
m(Z;®(Z))>r m(I<I>(I)) k
< Y mD Y ten[-(B-0H,
TJe®(Iy, rNT, ) k>r

for some other universal constant C' (where we absorbed the contribution from the increments to the right-
hand side of Proposition 5.6, which was at most an extra r, into the (). By integrability of exponential
tails, and the fact that p,(®(I; 7 NT})) < pn(Iz7) < 20, (I 7) by Lemma 3.15, we have

fin (M(Z;(T)) > 7 | T p) < 26”7, (T, 7).
Dividing both sides by f,,(I;,7) concludes the proof. [ |

As we did in Proposition 4.7, since the map ®4 keeps the height of the pillar P, fixed, we can also prove
the estimates of Proposition 5.1.

Proposition 5.9. There exists K,c > 0 such that for every 8 > By, we have for every r > Klogh,
every T € [2,n],

pin(ht(vr,) > 7 | ht(Pr) > 7, L 7) < exp(—cfr),
pn(diam(p(By)) > r | ht(Py) > r, L, 7) < exp(—cfr).

Proof. The proof is again analogous to the proof of Proposition 4.7 and we therefore do not include all the
details. For any h and any T' < h, we can expand as above,

i (M(T; D(T)) > 7 | Wt(Py) > by Tor) < pin (m(I; O(Z)) > r,T° | ht(P,) > h,iﬂ)
+ pn (T B(D) = 7T, [ 1t(P) = L)

The same estimate on the first term on the right-hand side holds from the conditional estimate (4.3) of
Proposition 4.7, and the analogue of Corollary 4.2 under the measure that also conditions on {ht(P,) > h},
by taking a supremum over all truncated interfaces Z;y, and noting that the exponential tails on spine
increments are uniform in Z;z. The second term on the right-hand side, we also bound as in the proof of
Proposition 5.6, summing only over interfaces that also have the property that {ht(P,) > h}, and using that
(@) < pn(ht(Py) > b Xpp) < 24, (ht(Py) > h, L, 7) as long as T > 2 by (3.3) of Remark 3.16.
Following the rest of the proof with these modifications yields the desired estimates. |

6. LARGE DEVIATION RATE AND LAW OF LARGE NUMBERS FOR THE MAXIMUM

In this section, we use the results of Sections 3-5, to prove Theorem 1. We begin, in Section 6.1,
with a rough equivalence between pillars and groups of walls, and recall early decorrelation estimates of
Dobrushin [23] for groups of walls in the bulk of A,. In Section 6.2, we show the existence of the limiting
large deviation rate for the event {ht(P,) > h} and relate it to an infinite-volume large deviation rate under
the measure ,u:ZFs. The key estimate there will be the following:

Proposition 6.1. The limit ag given by (1.2) exists and moreover, there exists o such that for all B > Py,
for every sequence h = h,, such that 1 < h < n and every x = x, € Lo N Ay, such that d(x,, 0N,) > hy,

nl;ngo—h—logun(ht(P ) >hy) =ag. (6.1)
As a consequence, the quantity ag € [43 — C, 43 + e* B for a universal constant C.

In Section 6.3, we use the decorrelation estimates for pillars and the existence of this large deviation rate to
show that the maximum height of an interface satisfies a law of large numbers.
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6.1. Decorrelation estimates for groups of walls and pillars. In this section, we use the decomposition
of pillars into a base and a spine, and in particular, the exponential tail on the size of the base proved in
Section 5, to show that the structure of a pillar is, with high probability, captured by the groups of walls
indexed by faces within a o(7T") neighborhood of . We use this to translate decorrelation estimates for groups
of walls into decorrelation estimates for pillars.

The following is then an immediate corollary of Eq. (2.4).

Proposition 6.2. With ji,,-probability 1 — O(e=“P"), the nested sequence of walls 2V, is indexed by faces a
distance at most r from x, (and therefore so are all walls nested in a wall of W, ).

With these equivalences in mind, we recall some decorrelation estimates for groups of walls proved by
Dobrushin in [23,27]. The first of these says that the dependence of the law of a group of walls F, on the
containing box size n decays exponentially fast in the distance between z and 9dA,,. When combined with
Proposition 6.2, this will imply that the law of the pillar above a face in £ (approximately) does not depend
on the side-length n or on the position of x, as long as x is sufficiently far from 0A,,.

Proposition 6.3 ([27], [23, Lemma 5|, as well as [12, Prop. 2.3]). There is a C > 0 such that for every
B > Bo, every n < m, for a sequence of xt = x, € Lo N Ay,

10 ((F) ity —ai<r € ) = b ((Fy)ysty—al<r € )|l < Cexp (= (d(x,005) —7)/C).
In particular, sending m to oo, and using tightness of (Fy)y, this estimate holds if we replace i, by ,ujZFS.

Corollary 6.4. There is a C > 0 such that for every B > [y, every n,m and two sequences r = x,, and
Y = Ym such that d(z,0A,) A d(y,0Ay) >,

| t2m, (773, € ) — (Py € -)||TV < Cexp[-r/C].

Proof. For any interface, with a standard wall representation (F),)ycr,, we can set I which is the
interface having only groups of walls indexed by y : |y —z| < R and let P be the pillar of x in the interface
Z(R):= By Observation 2.17 and Proposition 6.2, with probability 1 — O(e=¢A1)  the pillars P, and Pa(tR) are
equal. Take an IV large which we will send to infinity, and expand the difference

[bn(Pz € <) — ttm(Py € )llrv < |1n(Px € ) — pun(Px € Ylav + [|un (Pa € 1) — un(Py € -

+ | (Py € ) = un(Py € )y -

The first term above is bounded as follows: there exists C' > 0 such that for all 8 > o,

10 (F)yity—al<r € ) = 1 (Fy)yity—oizr € gy + bn (P # PEY) + iy (Po # PLY)
< Ce—(d(ac,BAn)—r)/C + e—B'r‘/C"

TV

TV

as if P, is contained in the ball of radius r around x, then the pillar P, is a marginal of the collection of
groups of walls (%, )y:|y—z|<r- The third term is bounded analogously. In order to bound the second term,

N (Pe € ) = un(Py € )llav < lun (P € ) — un (PS € )|y + 2¢779/C

Taking N — oo, the first term on the right-hand side here vanishes as the infinite-volume measure i, is
invariant under translations in the zy-directions [23]. Sending N — oo first, then R — oo, and replacing r
by say 2r, we obtain the desired inequality. |

We also mention a result of Dobrushin showing that groups of walls decorrelate exponentially fast in their
distance. That they decorrelate exponentially fast conditionally on the other groups of walls of the interface
follows relatively straightforwardly from the cluster expansion and definition of groups of walls—however,
a powerful bound of Dobrushin from [23,26] allows one to translate conditional decorrelation estimates for
random fields to unconditional ones. This estimate, together with the equivalence of groups of walls and
pillars, greatly simplifies the second moment estimate in Section 6.3.

Proposition 6.5 ([23], see also [12, Proposition 2.1)). There is a C' > 0 such that for every 8 > By, every
n and two sequences T = x, and Yy = Y,

HN" ((gs)\s—fk?” € (yt)|t—y|<7‘ € ) - :un((ys)ls—zkr € ')Mn((gt)\t—ykr € )HIV < Ce~(le—yl=2n)/C



MAXIMUM AND SHAPE OF INTERFACES IN 3D ISING CRYSTALS 39

Corollary 6.6. There is a C' > 0 such that for every B > By, every n and every two sequences x = x,, and
Y = Yn such that d(x,y) > r, we have

|10 (Pe € Py € ) = pn(Px € ‘)Nn(Py € )|lrv < Cexp[—r/C].

Proof. Fix an r, recall the definition of P and PéT), and use the shorthand (%) and (%) for (F;)|s—a|<r
and (Ft)[t—y|<r- Then,

10 (P € -, Py € ) = pin(Pe € )i (Py € *)llrv < |0 (Pe € -, Py € 7) — Nn(Pg(cr) € .’Pér) € v
+ 1 ((Fs) € - (F1) € ) — pn((Fs) € Jpn((Fr) € v
+ n (P € Ypn(PS) € ) = pin(Pr € Ypin(Py € )y

where the second term is as it is because PL” is a marginal of (%) and Py is a marginal of (%;). The
second term above, then, is exactly the quantity bounded by Proposition 6.5. The first and third terms are
bounded by exp(—r/C) by Observation 2.17 and Proposition 6.2, yielding the desired. |

6.2. Limiting large deviation rate. In this section, we use an approximate sub-additivity argument to
demonstrate the existence of a limiting large deviation rate for the probability that ht(P,) exceeds h as
h — oo. We will first show how Proposition 6.1 follows from the existence of the limit in (1.2); we then
prove the existence of the limit in (1.2) leveraging the fact that connection events are increasing, to use the
monotonicity and FKG property of the Ising model.

Let us begin by proving Proposition 6.1 given the existence of the limit in (1.2). Without loss, we will
change from sequences indexed by n to sequences indexed by h, so that nj is any sequence having ny > h

and xj, is such that d(zp,dA,, ) > h. Recall that = <§> y denotes that there is a *-connected path of + sites

in C(A) between x and y. Let us denote by A, the event, measurable with respect to the configuration on
C(Z? x [0, h]), defined by
A=A ={0: R :
h h {O’ $+(0,0,2)m>£h_%}

We will show that the limit in (6.1) is equal to the following limit
. 1 ©
Jim —2-log i, (A7) (6.2)
which we will show exists and equals the infinite-volume limit ag defined in (1.2).

Proof of Proposition 6.1, given existence of (1.2). For every n large, every @ € LoNA,,, we claim that
we have the comparability of events: there exists 3 vanishing as 8 — oo such that

(1= ep)un(AR) < pn(ht(Py) = h) < (1+ p)pn(Af) .- (6.3)
(This indicates that the connectivity event A7 serves as a good proxy for the relevant event {ht(P,) > h}:

refer to Figure 5 for examples of configurations in {ht(P;) > h}°N A7 (left) and {ht(P,) > h} N (AF).)

Letting Aj, = A7, on the one hand, by Definitions 2.16-2.18, we have

Ap N {ht(P,) > 0} C {ht(P,) > h};

since §, = 0 implies ht(P,) > 0, by (2.4), pn(ht(P;) > 0) > 1 — €3, and the FKG inequality implies the
left-hand side of (6.3). On the other hand, given {ht(P,) > h}, the event (A})¢ implies that there is a
(nearest-neighbor) connected component of minuses separating x + (0,0, %) from the inner boundary of the
pillar, and in particular, from height h, in the slab C(Z? x [0,h]). If ht(P,) > h > 1, this is in the plus
phase of the Ising model with interface Z, and thus the probability of such a half-bubble of minuses is at
most the probability that o + (0,0, 1) is not *-connected by plus sites to co in C(Z? x [0,00]) under put;
this probability is in turn at most eg by a classical Peierls argument. Thus, we can express

pin (ht(Pg) > h) = pin (ht(Py) 2> h, Aj) + pn (ht(Pr) > b, (AF)°)
< 1n(AF) + prin(bt(P2) > ),

from which the right-hand side of (6.3) follows. It remains to show that the limit (6.2) is given by ag.
By Corollary 6.4 and the fact that the distance from x; to the boundary grows faster than h, if we
show (6.1) for one such sequence of xy, it implies it for every such sequence (the error e=°*@n-9An,) vanishes
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after taking a logarithm, dividing by h and sending h — c0). Now take a fixed z, say (%, %, 0) and any two
sequences nj, and my, such that 5 and "2 go to infinity. By (6.3), and Corollary 6.4, the following limits
are equal (if they exist),

.1 1
Jm = log pn, (Ap) = Hm —--log fim, (Ar),

and since this holds for every sequence my > h, both are equal to the limit in (1.2). Finally, since the
upper and lower bounds of Proposition 2.29 on u,, (ht(P,) > h) hold for all sufficiently large h and are both
independent of n, it is clear that for every 3 > By, we have ag € [48 — C, 48 + e~*7]. |

Both (1.2) and Proposition 6.1 would follow if we show for a fixed z, say (3, 3,0), and some sequence
ny, > h, that the limit (6.2) exists, and call it ag. To see the existence of (6.2), we rely on the fact that
Aj, is an increasing event; we would like to leverage the monotonicity and FKG property of the Ising model
to show sub/super multiplicativity of g, (An). The problem with this is that on the one hand, the event
of reaching a height h; gives positive information towards the event of going from height hq to hs, while on
the other hand, the Ising measure y,f, near height h; is much more negative than it is near height 0. We
overcome this by a careful revealing procedure, that exposes the plus connected component of = + (0,0, %)
and controls the amount of positive information obtained by this revealing via the estimates of Sections 4-5.

Proposition 6.7. For every B > [y, for every hy large, and hy € [[%hl, 2h1] if x is such that w — 00,

then
log Hnpy thy (Ahl-i‘hz) <log K, (Ahl) + log Hnp, (Ahz) + 0(10g2 [hl + h2]) :

Let us first conclude the proof of (1.2) and in turn, Proposition 6.1, by applying an approximate version
of Fekete’s sub-additivity lemma.

Proof of (1.2) in Theorem 1. By an approximate version of Fekete’s Lemma ([22, Theorem 23], also,
see [16, Theorem 1.9.2]), since [t~ 2(logt)?dt < oo, Proposition 6.7 implies that

1
JHm o pin, (An) = ag

for some ag € [—o0o0,0], and by the above proof of Proposition 6.1, this ag is also the same limit as
in (6.1). As argued above, this implies that ag € [45 — C, 48 + e~48] for some universal constant C' given in
Proposition 2.29, so ag/B — 4 as § — oc. [ ]

We now turn to proving the approximate sub-additivity of the sequence (log iy, (An))n.

Proof of Proposition 6.7. Recall that we may fix z = (3, 1,0) and set 4, = AF. We will also be interested
in the vertical shift of Ay, defined by

Ony Ay = O, A2 =30 a0+ (0,0,h + 1) e—F—— ¢ :

fFha = Ul e { + 1+2) Zxlha i tha]  Mitha—3

By translation, it is evident that uF (65, Ap,) = =" (Ay,), where (F, —m) boundary conditions are those
that are plus on AN L. _,, and minus on A N L~,,. For every n, by monotonicity in boundary conditions,

M7T7_h1 (Ahz) < Mn(Afm) .

Finally, denote by & the #-connected plus component of x + (0,0, %) in [~n4,4hys Py +h,]° X [0, 1], and
notice, crucially, that on the event that ht(P,) > 0, this plus component satisfies & C o(P,,).

Our goal is to say that conditionally on a connected plus component &2 reaching height hy, the probability
of reaching a further height hy + hy is at most p =" (Ay,) < pn(An,). This does not hold true, as the fact
that & reached height h; contains positive information. We define a set I';, 5, of plus components &7 which,
due to our structural results on tall pillars, has positive probability on the event A, 4+4,, such that for every
P € T'y p,, the positive information obtained from revealing & is not too large.

More precisely, let T'; p, be the event that &2 satisfies (for C, K to be chosen sufficiently large later)

(1) its intersection with £, _1 is at most a single cell,
(2) its bounding face-set has size at most Chy,
(3) its intersection with £, has diameter at most K loghs.

(Notice that I'; , is a decreasing event.) The proposition will follow from the following two claims.
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Claim 6.8. For every 8 > [y, there exist choices of C, K above, such that for every hy and ho € [[%hl, 2h4]
sufficiently large, as long as limj,_, 3> = 0o, we have

2
Hnpy gy (Ahl +ha Fﬁc,}h) < SCQ(K log i) Hnp, (Ahl )/J“nhQ (Ah2) .

Claim 6.9. For every 8 > Py, there exists a constant ¢ > 0 and choices of C, K above, such that for every
hy and hg € [[%hl, 2h1] sufficiently large, as long as limy, o 3 = 00, we have

Hnp, gn, (Ah1+h2v I‘thl) > Clnp, yh, (Ah1+h2) .

Clearly, combining Claims 6.8-6.9 and taking logarithms on both sides concludes the proof. For ease of
notation, set h = hy + hs.

Proof of Claim 6.8: Since h; and hy are comparable, and ny is such that it diverges faster than h, by
Corollary 6.4 and the equivalence (6.3), as argued before, incurring errors that are decaying faster than any
exponential in h, we can switch from fiy,, t0 i, and pp, ; thus it will suffice for us to show the inequality

2
Moy, (AhaFth) < GCB(KIOg h1) Hng, (Ahl)ﬂnh (AhZ) :

We begin by using the domain Markov property, the containment A, O A, and the measurability of
Ap, Nz p,, and in particular &2, with respect to o[_p, n,]2x[0,h,] TO express

Hny, (AthI,M) = Hn, (Ah171—‘ﬂ7~,h1)En@ [/u‘nh, (Ah | 4@) | Ahl n Fz,h1]
< Hony, (Ah1 )EW [/’th (9h1A§2 | f@) | Ahl N Fth] ) (64)

where Y € Ly is the projection of the singleton dictated by item (1) of I'y p, when Ap, NIy p, occurs. The
expectations are with respect to the law of &7 under p,,, .

We need to bound the latter term on the right-hand side of (6.4) by the quantity 8 log h1)2unh (On, Apy)
to obtain the claim. We investigate this latter term as follows: notice that since Ay, NT'; , are measurable
with respect to the plus *-connected component &2, we can condition on & € Ay, NIy p, by starting from
the site at x + (0,0, %) and only revealing its *-connected plus-component in Ay, n, n, N L>o.

This revealing process exposes &, along with minus vertices along its entire boundary (sites in C(Z3\ &)
that are x-adjacent to &2) inside Ay, n, 0y N Ls0. Let 0(F2) C Ay, nphy N L0 be the set of sites “interior
to” £, so that if the revealing procedure revealed a finite (nearest-neighbor) connected component of minus
spins, corresponding to a minus bubble in Ay, »,.n N Ls0, set them to plus and continue revealing their
interior; in this manner, o(Z?) are the sites which we know to be in the plus phase given Z.

Let &% boundary conditions on Ay, n,.co \ 0(Z?) be the F boundary conditions that additionally have
plus spins in all of ¢(&?), and minus spins along the boundary of o(&?) in Ay, n,.h N L>o. By domain
Markov, these boundary conditions are equivalent to those that have the same minus spins, but only set
o(Z)N E% and Y 4 (0,0, hy — %) to plus. Then by monotonicity and the FKG inequality, we have that

Eo[ptn, (0n, A%, | 2) | Apy N Tan] < B [nl (00, AY,) | An, NTop,] - (6.5)
But then, we are able to express for any such & in Ap, NIy p,,

CB(\U(.@)HE% [+1)

7 +
/’erf (9h1 Az;) < Mf; (0h1 Azz) <e Hnyp, (ehl A}z/g)

where 2% boundary conditions are F boundary conditions that additionally have plus spins in o(22) N L 1

and Y + (0,0,h; — %), here, the first inequality was by monotonicity, and the second inequality holds for
some universal constant C, by application of the finite energy property of the Ising model to set all spins at
height % in 0(4?) and the spin at Y + (0,0, hy — %) to be plus. As noted earlier, for every Y € Ly,

Mony, (9h1 AZQ) < Hny, (AX2) .

Since & € T'y,, the distance |Y — x| < Chy; then deterministically d(Y,0A,,) is proportional to
d(x,0A,, ) so that by the coupling of Corollary 6.4 and the comparison (6.3), up to an additive error of
exp[—cd(Y, OA,,, )], which goes to zero faster than any exponential decay in h, we can replace fi,, (A};) by
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piny, (A%,) = pin, (An,). Plugging this into (6.4), and using the inequality (6.5), we see that

CB(lo(P)NL 1 |+1)
Lo (An,Tany) < fing, (Any) -« finy, (An,) - Eg e > | Apy NTap,]

< Moy, (Ahl)/’l’nh (Ahz) Sup exp [Cﬁqa('@) N L%l + 1)] .
QEAhlmFm,hl

By definition of 'y j,,, any plus component & in I'; j,, has diam(Z N L%) < Klogh; for some sufficiently
large (but independent of other parameters) K, so that |o(#)NLy| < (K log h1)?2, concluding the proof.

Proof of Claim 6.9: We wish to lower bound the probability p,, (I'z,n, | Ar). We will use the equiva-
lence (6.3) to translate the conditioning on Ay to conditioning on {ht(P,) > h}. Let us express,

Py, (D g s D6(Po) > h) = piny, (L oy s Any h6(Pr) > ) + piny, (T oy A, ht(Pi) > )
< fny, (Fw,hlvAh) + Hny, (Fth,ht(’Pm) > h)pin, (A}, | Fw,hlaht(Pw) > h)

fin, (A5, ht(P,) > h)
< iy, (T 1>A o (Lz 17ht Pz) 2 h ’
S h( h h) Tu h( oh ( ) ),Ufnh, (ht(Px) > h, Fr,hl)

Assume for the moment that we also have that for every § > 0 there is h large enough such that for the
appropriate choice of sufficiently large C' and K,

piny Ty | 0E(P) > h) >1-34. (6.6)

Then, using also that gy, (A% | ht(P,) > h) < 1/2 for § large enough (as mentioned above, this is at most
e by the classical Peierls argument), we would obtain

Hny, (Fx,hlvAh) Z [1 - 2(11_5)]/lnh (Fw,}zlaht(Pw) Z h) Z (1 - 5)[1 - ﬁ]ﬂnh (ht(P.L) 2 h)
> 5(1 =6 = 5)in, (An)
by (6.3). Therefore, it suffices for us to show (6.6). For the choice of T' = %h, we can express,

pinn (05, [ 06(P2) > ) < iy, (X5 7 | 06(Pe) > h) + pan,, (I 7 | Loy, ht(Py) > 1)
+ Hnp (F;,hl | ii,tht(Pw) > h) .

The first term on the right-hand side is o(1) as h — oo as long as 3 is sufficiently large by Lemma 3.3. The
second term is bounded from above by O(e~¢*") for some universal ¢ > 0 by Remark 3.16. For the third
term, we can union bound by the conditional probabilities of violating each of the three events constituting
T, 5, ; moreover, it suffices to bound the corresponding probabilities for P, since o(P,) D Z.

The conditional probability of violating item (2) of the definition of I'y 5, is simply the probability of
the base having surface area at least (C' — 2Rg)hy, since we are conditioning on the spine being tame; by

N

Proposition 5.9 and the fact that hy and h are comparable, this is O(exp(fcﬂhim)) as long as C sufficiently
large. The conditional probability of item (3) of I'; 5, is bounded by the conditional probability of the base
having diameter at least K logh which is also o(1) in h as long as K is large enough, by Proposition 5.9.
Finally, the conditional probability of item (1) is bounded by the probability of the base having height at
least hq, which is again o(1) since h is comparable to hy, or the increment intersecting height h; in the spine
being non-trivial, which is at most 6/2 for 8 > Sy by Proposition 4.1.

Combining these estimates, one obtains the desired for 5 > 5y once h is large enough. |

6.3. Law of large numbers for the maximum. In this section we use Proposition 6.1 to obtain a law
of large numbers for the maximum of the 3D interface on A, ;, . The proof follows from a simple second
moment method; the fact that the correlations between large deviations of the pillar above = and y decays
exponentially in |z — y|, follows from the equivalence between groups of walls and pillars, and the decay of
correlations between groups of walls shown in Section 6.1.

Proof of (1.1) in Theorem 1. Fix ag to be that given by (6.1) of Theorem 6.1, equal to (1.2). We need
to show that for every ¢ > 0,

lim pp, (

n—oo

2
max ht(P,) < — +5> =1, and lim un(

2
max ht(P,) > — — 5) =1.
logn z€Lo (o] n—00

logn zeLo ag
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Upper bound: To see an upper bound on the maximum of the interface, we use a union bound as follows:
for any two sequences a,, and K, going to co as n — 0o, we can write

o (max ht(Py) > K,) < > pin(ht(Py) > K,) + > pin(ht(Py) > K,) .
reLo @ d(,000)<anKn o d(@,00) > an Kn

For all of the first summands, we use the estimate of Theorem 2.26, that for every x € Lo N A, (including
those close to the boundary dA,,), the first sum is bounded above by

> pin (ht(P,) > K,,) < 4a,nkK, exp(—(48 — C)K,,),
d(z,0Ap)<an K,

(

. . . d(z,An .
for some universal constant C. For the second summands, since x is such that fﬁKi) > a, which goes to
n

infinity as n — oo, the conditions of (6.1) of Proposition 6.1 are met, so as long as a, K, < n,

Z Nn(ht(Px) > Kn) < (n - anKn)2 exp(_aBKn + Tn) y
z:d(z,0An)>an Ky

for some sequence T, = o(K,,). Taking
2
Kn = 710gn+/€n7
agp

for some sequence £, = o(K,) to be chosen subsequently in terms of T,,, we see that
_20B-0)
un(max ht(P,) > K,L> < Capnlogne °# 0BT 4 p2e2logn—aprntTn

zE€Ly

2(

Since ap — 48 € [~C,e~*7], as long as f3 is sufficiently large, we have that 4'27;0) > 1, in which case the

48-C _ 1
first term is o(1) so long as, say, a, <n “# *. At the same time, if we take k,, proportional to T, such

that 7= > é uniformly in n, the latter term is also o(1). Since T,, = o(K,), also &, = o(K,), so that

K, < (az—ﬂ + ¢)logn for every € > 0 for large enough n.

Lower bound: In order to obtain the matching lower bound, we use an easy second moment argument.
Fix any small € > 0 and take

2
K, = (— —5) logn .
ag

Now, begin by defining the subset of faces in Lo N A,,,
Lo = {(21,22,0) € Lo 21 =2 +i|K]|, 20 = 5 + j| K] where (i,5) € [1 — ﬁ,ﬁ —1]*}.
Then, we can define the random variable,
Z=1Zk,=» lp,y, where E,={ht(P,)>K,}.
z€Lo

First of all, notice that for the above choice of K,,, we have that for n sufficiently large,

E[Z] > ( n )2efaﬁKn7Tn > ( n )267210gn+60¢ﬁ logn—T, > n5
- P )
K3 K3

for some ¢ > 0 (small depending on ¢), since T,, = o(K,,) = o(logn).
We now wish to do a second moment estimate for Z and use the fact that the events therein are weakly
correlated (exponentially decaying in their distance), to show that for K,, as above with any ¢ > 0,

(E[2))?
E[(Z)7]

Expanding out E[Z?] = E[Z] + > wpyeiy Pn(Ez, Ey), by Corollary 6.6, we have

P(Z > 0]) > —o(1). (6.7)

[t (Ex)pin(Ey) — pn(Ex, Ey)| < [|pn(Py € Jpin(Py € 1) — pn(Ps € Py € )[lav < e



44 REZA GHEISSARI AND EYAL LUBETZKY

which is smaller than any polynomially decaying function of n by the choice of K, and the fact that
|z — y| > $K3. Therefore, we can bound

Y. mlEnE) < Y [una(Eo)ua(By) + e < (E[Z])? + O(nPeFn)
z.y€Lo:x#y z,y€Lo,xY
Plugging this bound in, we see that as n — oo,

E[2])? (E[Z])?
E[Z?] ~ E[Z] + (E[Z])? + o(1)

-1,

as long as E[Z] is diverging, which as noted earlier, is indeed the case for our choice of K. |

7. FINER PROPERTIES OF THE INCREMENT SEQUENCE OF THE SPINE

In this section, we begin to analyze the shape of the pillars of the interface that attain the maximum of
Section 6.3. We show that for tall pillars consisting of 7" increments, their spine can be decomposed into an
asymptotically (as you get further from the base or tip) stationary sequence of weakly mixing increments.
In particular, the increment sequence, viewed from the (7'/2)-th increment converges weakly to a stationary
bi-infinite sequence of increments, with polynomially decaying bounds on its mixing rate.

Since this section (and most of the remainder of the paper) is concerned with the properties of pillars
under the event L,T, let us henceforth take any sequence n = np and x = xp satisfying ny > T and

d(xr,0A,,) > T and denote the Ising measure on A, conditional on L, 7 by

mr(:) = pn (- | Loyr) -
In §7.1, we prove a spatial mixing estimate for the increment sequence (27, .., Z1):
Proposition 7.1. For every~y, there exist By, K, and C such that for every 8 > By and KlogT < j <k < T,
chxjfkligg,Ekchfk ’WT((%KlogT7 o Z5) € B (X, ..., XT) € Ey)
— (XK 10e1> - - Z5) € Bj)wr (L, ..., 1) € Bg)| < Clk— |77

In §7.2, we prove that the increment sequence is asymptotically stationary away from the base and the tip.

Proposition 7.2. For every vy, there exist By, K, and C' such that for every 8 > By, every KlogT < j <T
and KlogT' < j' <T', and every s < (T — j) A (T' — j'),

S 1r((Z5 o Zi4s) € B) = m (Lo, Zivss) € B)

<Cl(j—KlogT)A(j' = KlogT)] "V[(T—j—s)A(T' -5 —s)] .
In §7.3 we combine Propositions 7.1-7.2; to define a limiting distribution on increment sequences.

Corollary 7.3. For every v large, let 8 > [y where By is the one given by Propositions 7.1-7.2 for that .
There ezists a stationary distribution v = vg on X% so that, if ar has (ar V (T — ar))/log T — 00 as T — oo,
then the law of (..., Zap—1, Zag, Zap+1,---) under wp converges weakly to v((..., Z_1, Zo, Z1,...) € -).
In particular, the distribution v satisfies

(1) There exists ¢ > 0 (independent of 8) such that v(m(Zy) > r) < exp[—cfr] for every r.
(2) There exists C = Cg such that ||[v(Zo € -, Zk € -) —v(Zo € Y)W (Zk € )|lrv < Ck™7 for every k.

The key step in the proofs of Propositions 7.1-7.2 is the use of what we call “two-to-two” maps, which
are bijections on the set of pairs of interfaces L,T X L,T, in contrast to all the maps we have applied up
to this point. The reason for this is that any “one-to-one” map ® that changes an increment Z; sustains a
multiplicative cost of e*¢™(#i) in the ratio i, (Z)/pn(®(Z)), which would overwhelm the upper bounds we
wish to attain. “Two-to-two” maps give us a mechanism of avoiding any such costs, and ensuring all faces
in the pair (Z,Z') are identified with faces in ®(Z,Z’) with which they have congruent local neighborhoods.
We explain this in more detail in Sections 7.1.1-7.2.1.



MAXIMUM AND SHAPE OF INTERFACES IN 3D ISING CRYSTALS 45

1 2 )
g ( 1 .
‘f/‘ o 1
¥ H 2 o @l &
[ L Dyix = (I)1 X ‘1)2 i ‘{
| - i | Ve
v Y = |
p > <
i ¥ )
) !
Xk
| / | }

FiGURE 11. The map & x = <I>% X <I>% acting on a pair of increment sequences in I'g ,

7.1. Proof of Proposition 7.1: mixing properties of the increment sequence. We wish to show
that the correlations between the j-th and k-th increments decay polynomially fast in their distance, with
the exponent of the polynomial increasing with 3.

Fix any v and let K be such that if ¢y is the constant from Proposition 5.1, cgSK > . Next, fix
KlogT <j<k<T,andlet L = [4% log |k — j|7; due to our freedom to take C' as desired, we may assume
without loss that |k — j| is sufficiently large. Fix any E; € X9~ K1sT p € xT=* and, in order to simplify
notation, let us denote the tuples 25 = (Zx10g7; - - -, £;) and 2% = (L%, ..., Zr), with fixed instantiations
Zj = (XKlogT; ce ,Xj) and Zk = (Xk, cen ,XT).

Let Ajx denote the set of all T-admissible truncated interfaces, increment sequences (X;);cj41,x—1], and
remainder increment Xsp. For any triplet (A, Z;, Zy) where A = Aj, € A, we write mp(Z;, Zi, A) to de-
note the probability that the random interface under 7r has 25 = Z;, 23, = Z;, and has Zrz, (%)ie[[j+17k_1]]
and 251 agreeing with A;.

We begin by expressing the left-hand side in the proposition as

3 [ N w2 2 A2 2 A S (25, 24 e (2, 20, AY)
ZjeEj7Zk€Ek A AT €A A,A'EAjk
ZiexI—KlosT 7. exT—*
Define a set of nice interfaces I'y, for which we have good decorrelation between Z; and 2. First, let
Iy = I'z.(j,k) be the set of pairs of increment sequences X7 x XT for which there is a stretch of 2L
consecutive indices between j and k on which both A and A’ have trivial increments. That is,

o ={((Xs)i<r, (X})i<r) : I € [ k], (Xrp—rso s Xepir) = (X0, oo, X0 1n) = (Xo, .., Xo) )

Abusing notation, under the event I'g 1, let 77, be the smallest index greater than j such that the stretch of
length 2L centered at 7 satisfies the condition of I'y ;. We can now define a map ®,,x on pairs of increment
sequences, that swaps the increment stretches above 77,: see Figure 11 for a visualization.

Definition 7.4. For each j, k, let @y = Pyux (4, k) : (X7 x Xpen)? — (X7 x Xgppw)? be given as follows.
For any pair of increment sequences (X, X(2)) = ((Xi(l))igT, X(>17)17 (Xi(Z))iST, X(f%) let @y (XD, X?)) =
(@XM, X@) L (XM, X?))) be the pair of increment sequences attained as follows: if (X1, X)) ¢
Lo, let @y (XD, X)) = (XM X@)); otherwise
(1) Find the first run of 2L consecutive indices between j and k on which both X and X(?) are trivial
increments, and call the middle index of this run 7z, € [, k].
(2) Let ®2(X(M, X)) have increment sequence given by

1 1 9
P2(xM, x@) = (x| ),...,X](- ) xW x®

9 TL TL+12 >

¥ @

2
X2, X8,
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(3) Let ®3(X™, X)) have increment sequence given by
2 2 1
(XM, x@) = (x! ),...,XJ( ) x@ x®

(1) (1)
S X X s X X )
Abusing notation, we define ®,;x on iLT X TLT that uses the same truncations of the pair (Z,Z’) and applies
the map @ to their respective pairs of increment sequences in their pillars P, and P,. If the two interfaces

are both tame and also satisfy 74 V 75" < K log T, the resulting pair of interfaces would be in I 7 x I, 7.

7.1.1. Strategy of the map ®\x. We briefly motivate the construction of the map ®,,x. We first describe
the complications that would arise if we used a map that sent one interface to another interface, instead of
acting on pairs of interfaces. In order to prove a mixing property on the increment sequence, one would want
to construct a map which maps an interface with an increment X; and an increment X}, to an interface
with some other increment X} and the same X, say having m(X;) = m(X}). If the weight distortion of
such a map is o(|k — j|~¢) for some ¢ > 0, we will have shown that that conditioning on the presence of the
increment X; vs. X]’» does not influence the conditional probability of Xj. Unlike the maps in Sections 4-5
there is no energy gain in such a map; however, the replacement of X; by X’ inevitably costs an eCUXsIVIXGD
in the weight ratio, coming from the uniform bound on g (2.2).

In order to obtain ratios of weights that are o(1) in |k — j|, we use a second interface, whose increment
sequence has X ]’ and X}, and we demonstrate that the sequence is mixing by showing that the probabilities
of a pair of interfaces having increment pairs {(Xj;, Xx), (X}, X})} is close to the probability of the pair
having {(Xj, X}), (X}, Xx)}. Then, in the control of the g term, we could identify faces from Xj;, Xj with
one another and X J’-,X ;. with one another across the pairs of interfaces. However, a naive application of
this kind of map would lead to a 1 + e weight distortion, rather than one that is 1 + o(1) in |k — j|. More
precisely, every increment would feel the change in the g term in terms of its distance to the increment where
we spliced the interface to perform the swap—in particular, the increments near the splicing location, if they
disagree between the pair of interfaces, will contribute a constant, but not o(1) to the weight distortion.

To improve this to something decaying polynomially in |k — j|, the map @ relies on the existence of
a sequence of consecutive increments of logarithmic length in |k — j|, that are trivial in both interfaces. In
that case, after the splicing, for every face in either of the interfaces, the radius of congruence is bounded
by half the length of the consecutive sequence of interfaces, and by (2.3), the weight distortion is at most
polynomially decaying in |k — j| for large enough 3, as desired. Refer to Figure 11 for a visualization.

7.1.2. Analysis of the map ®y;x. We now use the map Py x to define a good set of pairs of increment
sequences, refining the set I'g 1, on which we will have good control on the ratio of probabilities under
®yix. Let T be the set of (Z,Z') € I, v x L, 7 such that its pair of increment sequences are in I'y 7, and
additionally having

(1) Their source point indices 7gp, 75p’ are both less than K logT'; denote this event I's,.

(2) The pair of interfaces (Z,Z’) are such that ®yx(Z,Z’) are both tame; denote this event T.

(3) Their increment sequences (X;) and (X]) satisfy

|J:(X>T)|e—6(T+1—TL+L) + Z |'F(XTL+i)|e_E(L+i) < e—cL/2
i
and analogously for (X/); denote this event I';s ., .

We will separately consider the cases where (A, Z;, Zy) x (A', Z}, Z}) and (A, 75, Zk) (A", Z;,7Z;) are
in T';, and the cases when they aren’t: without loss of generality, let us consider the former pairs (the latter
estimate would hold after swapping Z J’ with Z;). The contribution from pairs of interfaces where one is not
in I';, are bounded above by the sum of

> mr0(Zj, Zi, A)nr (2}, 24, A') < 722(15)
Z;€E;, 24 €Ex, 2}, 7}, A, A"
(A,Zj,Zk),(AI,Z;,Z;C)EF(L
Lemma 7.5. For the choices of v, K, L above, for 8 > By, we have 71'?2(1"2) <|k-—jI7.

Proof of Lemma 7.5. By a union bound, we can express

mpe(Tg) < 2mp(05) + 7 (D¢ | T, ) + 722 (05 1 | Try) + 777 (Pisry, | Doz, Tr,)
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By Proposition 5.1 and the fact that 7o < ht(vy,) + 3, we have that mp(T'¢ ) < e c#fKleT < T=7 In
order for ®yx(Z,Z’) to not be tame, one of my(S,) or my(S,) must be at least ro/2; by Lemma 3.15 and
the fact that ro/2 > 8T, then, 7$*(T | I'r,,) is at most 2¢~°*T for some ¢ > 0. We now turn to the latter
two terms above. By Proposition 4.1, in particular the conditional version of it, given any Z; (in particular
any Tsp) the sequence (1{%; = Xz})i>», (which includes the increments between indices j and k by I'z,)
stochastically dominates a sequence of independent Ber(1l — eg) coin tosses, for some eg going to zero as
B — oo. As a consequence, W%2(F%’L) is at most the probability that a set of |k — j| i.i.d. Ber((1 —e5)?)
coin flips has no sequence of 2L consecutive ones. Thus, for large enough S, (depending on ~, ¢)

mZ2TG ;| Try) < (1= (1 - ) )FIVED < oxp [~(1 — ) [k - jl/(21)] < exp [~ [k - 1]

By Corollary 4.2, conditional on the entire increment sequence up to 7, + L (which contains the information
of 7ep, I'7,, 'z, the concentration estimate on the excess areas of subsequent increments holds (uniformly in
the choice of 71). Combining these, one sees the bound (where the conditioning on I'g 1, (71) is to say that
I'z, 1, happens for that specific 77,),

7758“)2(Fi>n | F@,L)FTSP)
<2 sup wT(|f<%>T)|e-E<T+1-TL+L> + D F (X yi)e ) > b/ |ITR7PZ,L(TL>) :

Iin€lrg,, 7L

which is at most 2exp(—cB¢L/2); therefore, 752(T'%) < exp[—|k — j|*>/4] + 2 exp[—cBcL/2].
Our choice of L was precisely such that as long as B¢ > 1, the latter quantity is at most |k — j|~27, which
dominates the first term. [ ]

On the other hand, when both pairs of triplets ((A, Z;, Zx), (A’, Z}, Z;,)) and ((A,Z;-,Zk), (/Nl’,Z,’c,Zj))
are in 'y, we are left to control

2 : ! ! 1 2 : Al / A
7TT(Zk:a Zj, A)ﬂ'T(Zk, Zj’ A ) - W(Zk, Zj’ A )ﬂ'(Zk, Zj, A) .
Z;eb;,ZyeEy Z;cE;,ZyeEy
Z5, %5, A A z5,2;,A, A
(A,Z;,21),(A', 25,2} )€l L (A,2;,Z})(A',Z},Z,)eTy,

Now that we have restricted to tame interfaces, with well-behaved increment sequences, we can naturally
view ®yx as a map on (I, p x I, 7) NT'p. This restriction yields the following correspondence.

Claim 7.6. The restriction of ®yix to (I, 7 x I, 7) N Ty is a bijection from (L1 x L. 1) NTL to itself.

Proof of Claim 7.6. Since ®,,x = ®%, it suffices to show that for every pair (Z,Z’) € (I, x L, 7) N Ty,
we have ®yx(Z,Z') € (I, x L. 7) NT'r. Indeed, as mentioned, the fact that (Z,Z') € I',,, ensures that
O\ix(Z,7') € I N1, 1; the fact that (Z,Z’) € T, by definition, guarantees that ®,u¢(Z,Z’) are both tame.
Finally, the fact that ®y,x(Z,Z’) remains in 'y, holds for the following reasons: (1) holds as the source points
are unchanged by the map; (2) holds as ®,;x = ®;%; (3) holds for ®y,x(Z,Z’) since the pair of increment
sequences above 77, in @y« (Z,Z’) are exactly the pair of increment sequences above 77, of (Z,7'). [ ]

With the claim in hand, notice that ®,,x preserves the 77, at which I'y 1, is attained and, we have
(bMIX<(Zja Zka A)a (Zj/7 Z],m Al)) = ((Z_]7 leq;a (I)%(Aa A/))7 (Z_;a Zka (I)%(Ay Al)))

in the sense that the Z, and Z; get swapped by application of the map in the manner desired, as does
everything else in the spine above index 7. Using this bijection, we rewrite the difference above as

Z 7TT(Zjv L, A)W(Z;7 Zl/cv A/) - 7TT(ZJ'v Zl/ca (I)%(A’ A/)),]TT(Z;W Z, (I)%(A7 A/)) :
ZjeEj7ZkEEk
Z5, 2, AA"
(A7Zj7Zk)x(A/xZ;xZI/c)€FL
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Now fix Z; € Ej, Zy € Ey, Z},Z; and (A, A’) such that the above triplets are in I'; for ease of notation,
let A= ®?(A, A’) and A’ = ®}(A, A’). Consider the quantity

|7TT(Z]<H Zj7A)7rT<Z]/c7 Z]/a A/) - 7TT(Z]H Z]/{ﬂ A)TrT(Z;’7 Zk?a A/)l

~ ~ nZ.’Z’A nZ’-,Z/,A/
:WT(ZjaZl/gaA)WT(ZJ/-,Zk,A/) K ( J ]f N)‘u ( JI k ~)
1n(Zj, Zyy, A)pin(Z5, Zie, A')

—1|; (7.1

bn(Z;,Zk,A)
_ Hn(Te,T)
tn (I, 1) cancel out. Let us now focus on the difference in the absolute value in (7.1), and in particular the

ratio of the probabilities of the two pairs of interfaces. This formulation allows us to apply the machinery of
Theorem 2.21 to the pair of interfaces: for ease of notation, let us denote the interface given by (Z;, Zy, A)

by Z7*, and denote Z9*" = (Zj,Z,’wfl), i’k = (Z;»,Zk,fl’) and Z0'* = (2}, Z;,, A") analogously. Express

since each of the triplets are in I, 7, expressing e.g., mr(Z;, Zy, A) = , the contributions from

Mn(ZJ7Zk7A)Mn(ZjlvzllmAl) eﬁ(‘zjk“HIjlle ezfezj’k’ g(ﬁl-j/k/)‘i'zj"gzjk g(f’Ijk)

1 Z, Zh, A2, Zy, A1) PUTF T (5 o 8T+ g 85T
exp[ e+ > e TF) - D s(hTF) - D g(f,zj”“>].
fezik fezi'x’ fezix’ fezi'k

We now turn to bounding the absolute value of the exponent. Recall that 77, denotes the first index of the
increment run of 2L trivial increments in both (A, A”) (and consequently also (A, A’) for the same 71.).

Lemma 7.7. There is a universal C' such that for any pair (Ijk,Ij/k/) € L.z x L.7)NT, we have
S eI+ Y e T Y (AT - Y (LT < Cexp [~ L2
fel'jk fel-j/k/ fez-jk/ fEIj/k

Let us first conclude the proof of Proposition 7.1 given Lemma 7.7. By our choice L, the right-hand side
above is at most C|k — j|=%7, from which we would deduce that

ﬂn(Zja Zk,A)Mn(Z§‘7 ZI/c? A/)
/J'n(Zja Z]lg)A)/J'n(Z§7 Zka A/)

— 1| <20k — 4727

Since this upper bound is independent of Z;, Zx, Z}, Z;, A, A’, when we sum (7.1), it factors out, and the
sum of the probabilities over some subset of interfaces in L 7 is of course at most one. Combining this with
the contribution from terms not in T'y, yields an additional |k — j|~7, implying the desired estimate.

Proof of Lemma 7.7. It will be important to use the structure of the map ®,,x to choose the right pairing
of summands in the different sums on the left-hand side above. To that end, let us define the following
subsets of faces of the interfaces we consider: let Z;;, and Z/, be the respective truncations of A and A’. Let

Pk {f € Tp U UZ.STL]-'(XZ-)} : and  FiF = {f € Usar, F(Xi) U ]—'(X>T)} .

be the sets of all faces “below” X, , and all faces “above” X, respectively. In this manner, 7% = Fik UF_{k7

and we can define Fik/, Fi,k, Fik/ analogously (where whether or not j is primed indicates whether Z,, or
!, is used in F_). By definition, we have the equalities

ik 1% i’k ik
A and FI% =F77%,

Let 64,4 be the shift map by the vector —v;, .1 +v7, ,; (where vy, 4 is that cut-point in (Z;, A) and v, 4
is that in (Z}, A")) and let 64/ 4 be the shift by —v 1 + vy, 1. Then observe that

Jk/ 4k/ ik «lk
GA’,AF_{_ :F_],'_ y and 9A7A/F_J~_ :F_{_ .
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Using this decomposition of the faces in the four interfaces, we can express

| X T+ (T - X s TN - Y e(fTY)|

fezi's feTik fezi'k fezi®’
< Y gl T — gOan TN+ S lgOaaf, T — g(f, T
fEFik fEFi/k,
+ ) Is(f ) —g(f T+ Y (LT —g(£, 7). (7.2)
ferik feri'*

We begin by bounding the contributions of faces above X, , i.e., the first line of (7.2); we write the
bound for one of the sums as the other will evidently be analogous:

Z |g(f, Ijk) _ g(aAyA/f, Ij/k;)’ < Z Ke—ér('f,zjk;9A7A/f,ijk) .
feri® feri®
By tameness of all of Z7%, Z7¥' T3k 'and Z9'% | the radius r is either attained by a face below vy, in which

case for a face f € F(X,, +1), the radius is at least 7, — 7gp + ¢ > L + 4 or, it is attained in the differences
between the spines (X-,,,..., X, ) and (X ,..., X/ )—but since all the increments between 71, — L and 7,

are trivial both in Z7% and Ij/k, this distance would be at least L + i. The above is at most K times

Z Z 676(L+i) + Z 676(T+177L+L) < Z |‘/—_-(XTL+i)|676(L+i) + |‘/’_'(X>T)|675(T+17TL+L) 7
21 feF(Xrp +4) feF(XsT) i>1

and the fact that the interfaces are both in I'r, C I';~,, implies this is at most Ke cL/2. The sum over
fe Fik in the first line of (7.2) is handled identically. Next, we consider the contributions from the
increments below 77, as well as in the truncated interface, say the faces in FI* (the sum over f € FIF s

again identical). Notice that for these faces, the radius r is attained by a face in Fik & Fik/ with increment
index at least 77, + L, so that

S g, T - g(f, 7)) < AR 1 Y Y Y geedto)

feFi* i<L Te<i<TL—L f€Xi ge pikypik

+ Y Y Rt

€z gk ik’
f TR g€F+ UF+

By tameness, the distance between any face in Z;; to a face g € Ffrk U Fik/ that is in the (7, + ¢’)-th
increment, is at least, 77, + 4 — 74 > ¢/ + L, so that

> (LT —g(f M) <4t S Y S Ketod
feri* i’>1 geXTLH/UX;LH, FeF(Z?)
ht(f)<ht(v-,)
<40 4+ 3 |F(Xpi)| VI (XL y3) O

i>1

which is at most 5Ce~¢L/2 by our assumption that the interfaces are in I'z,. Combining all of these in to (7.2)
and using our choice of L yields Lemma 7.7. This completes the proof of Proposition 7.1.

7.2. Proof of Proposition 7.2: spine increments are asymptotically stationary. In this section,
we prove Proposition 7.2, showing that spine increments are asymptotically stationary in the sense that
changing the conditioning from 7' to 7" and the location of an increment stretch from j = jr to 5/ = j;
does not change the law much as long as j and j' are in the bulks of their respective spines. Up to the choice
of the two-to-two map, which is tailored to proving stationarity estimates here, much of the proof will match
that of the mixing and we therefore omit some repeated details.

Fix any v, and let K be such that if ¢ is the constant from Proposition 5.1, cg8K > 2v. Next fix j, 5’
and s satisfying the required conditions, and let

L=[%2logD], where D= (j—KlogT)A (' —KlogT')A(T — (' +s)AN(T—(j+s)).
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| | j/ + ng. |
LV ; Byppr = PL21 x P212

‘ j"‘TIJ‘r%"j! j/—TL_»

U

FIGURE 12. The map ®gpar = 12! x 212 acting on a pair of increment sequences in 'y ..

Due to our freedom to take C' as desired, we may assume without loss that D is sufficiently large. Let
us denote the tuples 2 = (Z;,..., Zjys) and 25 = (Zy,..., Zj+s), with fixed instantiations Z; and
Zi in X°. Let Ar denote the set of all T-admissible truncated interfaces along with increment sequences
(Xi)ig[j.j+s) and remainder increment X.r. Begin by expressing the left-hand side in Proposition 7.2 as

Z Z W(Zj,AT) Z WT’(ZjHAT’) — Z 7TT/ Z Z 7TT ‘/,AT/)

ZjeE AreAr Z;€X%  Apr€Aq) ArcAr,Z;exs Zi€E ApieAp

We follow the same strategy of the proof of Proposition 7.1. Namely, define the events I'; and FJLr as the
following subsets of pairs of increment sequences (X7 X X)) X (X7 X Xgen),

Ty, = {((Xi)icr, (XD)icr) : 3 € [L.D—L] st X, =X, _  =Xgforalli=—L,... L},

Jj—Tp +i j'—Tp +i
FE,L = {((X'L)ZSTa (XZ/)ZST’) : E"TE S IIL + S,D - L]] s.t. X]+T++i = X]I"-‘:-T;-Q—i = Xg for all i = —L, N ,L} .

We can now define a map ® that takes a pair of interfaces and swaps the increment stretch between j — 7,
and j + 77 in Z with the stretch between j' — 7, and j' + 77 in Z': refer to Figure 12 for a visualization.
Definition 7.8. For any j,j’, let ®grr = Porar(F,57) : (X7 X Xrnr)2 — (X7 x Xpew)? be given as follows.
For any pair of increment sequences (X, X(2)) = ((X(1 )iy X S%, (Xi(z))i7X(>2%,, let
‘I)STAT(X(l)yX(Q)) _ (@121(X(1),X(2)), <I>212(X(1)7X(2)))
be attained as follows. If (X1, X®) ¢ ' N Fg 1y let @ (XD X)) = (XU X2)); otherwise
(1) Find the smallest indices 7, and 7; for which the events Iz and 1"‘g ;, are satisfied.

(2) Let ®21(X™ X)) is the pair of increment sequences given by
2 (xW x@) = (xM .. xP  x® XD x® L xW o x x D))

g e T g T A
(3) Let ®212(X™M, X)) is the pair of increment sequences given by

212/ v (1) w2\ _ (v(2 (2) 1) (1) (2) (2) (2
P212(xW x@y = (X, ,...,Xj_TL,,Xj_iH, D ¢ XJ+T+,XJ URSPPRS X, X))
Abusing notation, we can define ®gpyr on iw,T X iw’T that uses the same truncations of the pair (Z,Z')
but applies the map Pgyar to their increment sequences in the pillars (P, P.). If the two interfaces are both

tame and additionally satisfy 7o < K'logT and 7gp’ < KlogT”, the resulting pair would be in I, 7 X I, 7.
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7.2.1. Strategy of the map Pgrar. Similarly to the mixing map, if one were to take a naive approach of
constructing a map that sends a single interface to a single interface, a possible choice would be a map that
e.g., inserts an increment X at the bottom of the increment sequence, shifting the remainder of the increment
sequence and showing that the weights of interfaces with 2; = X are close to those with Z;; = X. (Notice
that any map we construct must increase the number of increments as we wish to show not only that the
law is close to stationary in shifts for fixed T, but that it remains stationary as ' — oo.) Similar to the
explanation in Section 7.1.1, however, the addition of an increment means that, the best one could hope for
is a ratio of weights that is 1 & eg, rather than 1 + op(1).

Instead, we use the two-to-two map which shifts an increment X; in a spine of 7" increments, to a position
j’ in a spine of T increments. As with ®,,y, we use that j,j’ are far from 1,7 AT’ to find paired stretches
of trivial increments equal distances above and below X; and X ]’ We then splice in the middle of these
trivial increment sequences, and use them to decorrelate X;, X ]’ from the rest of their respective interfaces,
showing that the relative weight of the pair of interfaces is almost unchanged by the map ®gp.r. Refer to
Figure 12 for a visualization of this map.

7.2.2. Analysis of the map ®grar. We now define, analogously to the proof of mixing, a good set of pairs of
increment sequences, denoted I';, on which we can control the ratio of probabilities under the map ®. Let

Tz be the set of (Z,7') € L’T X L,T such that its pair of increment sequences are in I I’;L, and have

(1) Their source point indices satisfy 7p < K'logT and 7o' < K logT"; denote this event I'r,.
(2) The pair of interfaces (Z,Z") are such that ®gpur(Z,Z') are both tame; denote this event I

(3) The increment sequence (X;) satisfies the events (denoted [y~ and Fi>TL+)
|F(Xsp)|e 8T Himitr 1) 4 Z(|]:(Xj_i+i)|)e_é(f‘+i) <e b2 as well as (7.3)
i>1
—é —j—r7 —&(L+i —é
| F(Xsp)|e oTHImi=mi+0) 4 Z(|J—'(Xj+TZ+i)|e (L+i) < g=el/2 (7.4)
i>1

and (Xj) satisfies the analogous events with respect to T"(denoted I _ and I")

T 1>7'Zr)'
As in the proof of Proposition 7.1, we can bound the contribution from pairs of interfaces not in I'y, by
71—%2(1—‘%) é 27TT(F$'W) + W$2(fc | FTSF) + W%Q((F;,L)c | FTSP) + W$2((PE,L)C | PTSP) +7TT(FZC>7—Z ‘ FQ$L7]‘—‘7—SP)
+mr(UL 4 [T, Try) + (T, )% [ To s Try) + (U +) [ Ton, T, ) -
The bounds on the first two terms above are identical to those in the proof of Lemma 7.5, so that their
contribution is at most 7~27. The bounds on the third and fourth terms are as in the proof of Lemma 7.5,
noticing that on I';,, the sequence of indicator functions (1 2, i=Xo) W2, = X4})i<pD stochastically dom-
i’ =i -

inate i.i.d. Ber((1 — £5)?) random variables; therefore, their contribution is at most exp[—D3/4] once 3 is
sufficiently large (independently of j, /). The sixth and eight terms above are also bounded as in Lemma 7.5
by 2D 2" using the conditional version of Corollary 4.2.

A crucial difference arises in the bounds on the fifth and seventh terms, since knowledge of 7, gives
information regarding the increment sequence above index 7, + L (namely that there is no possible smaller
choice of 77 ), so Corollary 4.2 does not immediately bound WT(FZ?>TL_ | 1, I'r,). Instead, we union bound

over the D possible choices of 7, and sustaining this union bound, see that
mr(T¢, | To.p,Tx,) < DL/ < p=27+1
T E
as long as B¢ > 1, and likewise for WT((F;>T, )| T% 1,T7,). Combining all these estimates yields the desired
L
bound of 77?2 < CD™7 for f sufficiently large (depending on 7 and ¢).

_ Now that we’ve restricted to nice pairs of increment sequences, we can naturally view ®¢pyr as a map on
(Ip 7 x I; ) NTp: as in Claim 7.6, we arrive at the following claim.

Claim 7.9. The restriction of ®grar to (ixj X L%T/) NTy is a bijection from (L, X ix,T/) NTp to itself.
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We are therefore left to bound
> > ‘WT(ZJ',AT)WT(ZJ",AT') — (@ ((Z;, Ar), (Zjr, Ap)))mr (712 ((Z;, Ar), (ZjuAT')))’ -
ZjeEZj/,AT,AT/

In order to bound the summands above, as before, let us focus on the ratio of the probabilities under

application of ®gp,r, and use the machinery of Theorem 2.21. -
We will use the short-hand Z?4 = (Z;, Ar) for the interface in I, 7 with 2 = Z; and A7 elsewhere, and
TZA = (Z;, Aqr) for the interface in L;p that has 25 = Z;; and Aps elsewhere. Moreover, let

IZA/ — @212(IZA IZ,A/) and IZ/A — @121(1‘214 IZ,A,) .
(In particular, A’ (resp., A) are interfaces of T” (resp., T) increments and the Z or Z’ in the superscript
indicates whether the increments in indices j' — 7, ,...,j' + Tz_ (vesp., j—Tp,...,j+ Ti")iare thpse coming
from j — 717 ,..,5+ 7 in (Z,A) or j' =717 ,...,5' +7;.) Then, for any such interfaces in (I, 7 x I, 7)NTy,
T (T2 (TZY) i (T5) pa (T4)

7 (@7 (T7A) (T2 Y (T73)
—exp( Y gL TN+ Y e(LTFN) - Y el TN+ Y sl THY)).

fezza fezz' A’ fezz'a fexza’

Proposition 7.2 then follows from the following lemma, just as in the proof of Proposition 7.1.

Lemma 7.10. There is a universal constant C' such that for any pair (Z,T') € T';, we have

N g(fZza)+ Y (£ TFY) - D s(£TFN - Y s(f.T7Y)| < Cexp (—cL/2).

fezrza fezz' Al jezz’a fezza

We wish to bound the absolute value of the quantity in the exponential by pairing various subsets of
the different interfaces together in a manner that they look locally alike. We denote by FZ4 the face set
of the increments in T4 between index j — 7; and j + 7;° and denote the two connected components of
T?A\ FZ4 by F#4 and FfA respectively. Likewise define the Fiyr, F_ and F for IZ/“‘/7IZ"‘/7IZ/A7 where

INT
if the superscript is A’, the interior will have indices j' — 7, and j' + 7] (instead of j — 7, and j + 7).

Notice that FZ4 = FZ'4 and FZ'A = FZA" We can then define the shift maps 01(417)14, which is the shift

by the vector —v is the cut-point

. . . ZA /
where Vo1 18 the cut-point in Z¢4 and Vi -

!
e S T ( L+l
in 724" and 01(42)14, which is the shift by the vector —v, -+ + v, . With these definitions, we see that
El L

J J' T
0\ FZA = FZY 0\ \FEA =FZ4, and
AA’TINT T HINT 0 A’ AT INT T TINT
(2) p1) A ‘A (2) p1) A Al
eA,A’HA/AFf :Ff ) GA’,AQA’AF—E :Ff .
With this decomposition, we see that
> el T+ Y s(LTYN) - Y s(ATEN - Y e(THY)
fezza fezz' A’ fezz'a fezz4a’
2 1 ’ ’ ’ 2 1 !
< 0 |eU TN gL 0L TN+ Y e T — w05 100 1 T
ferzA ferz' A
Y BT s £ T S e T — (04 u . TP
ferZA ferRz A’
+ > \g(f,IZA)—g(f,IZA)\+ > ]g(fi“)—g(f,I“). (7.5)
ferzA ferz'a’

The first two terms are bounded above by O(e~¢/2) analogously to the contribution of faces in F: ik in (7.2);

by construction for a face in the (j +7; +i)-th increment, the radius r(f, Z%4; 95‘27)%1,91(;,),14]”, Z7'4Y is at least
L + i; the first L such increments have exactly four faces, and their contribution is thus at most 4Ce¢",

while the contributions of increments above j + 7/ + L is bounded by Ke~¢/2 by (7.4).
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The last two terms in (7.5) are bounded in the same manner as the term F7¥ in (7.2); for these faces, the
radius of congruence is attained by some face in F;Z4 U 927{4/171%;4 UF? 4 9&12,&1/9541/), AFZ 4. Then the set of
faces can be split into those faces that are between increment j — 7, and j — 7, — L, whose contribution is
easily seen to be at most 4Ce~¢" and those that are below increment j — 7;, — L along with the truncation
Zrr. The contribution of these latter faces is bounded as in the bound of (7.2), by additionally summing
over the possible faces that attain the radius of convergence, and using integrability of exponential tails to
reduce this to a multiple of the quantities (7.3)—(7.4).

It remains to bound the contribution of the middle two terms, say that of faces in 24, These terms can
be bounded by decomposing into the event that the radius of congruence is attained by a face in FZAUFZ A
and the event that it is attained by a face in FfA u Hf,)’AHS’Q,FflA/. In the former case, these terms are
treated analogously to the first two terms, and therefore their contribution is at most Ce~¢%/2 by (7.3). In
the latter case, they are treated analogously to the last two terms, swapping the summation into one over
faces in FZ4 U Hf,{AGS’)A/FflAI, and the contribution is at most O(e=/2), by (7.4). ]

7.3. Proof of Corollary 7.3: existence of a limiting measure. We first claim that for each k, the
subsequence of measures

<7TT((=/GUV%7]C ceey %%7 . %%Jrk) S ))T
is a Cauchy sequence in the total-variation metric: indeed for every T > T, we have by Proposition 7.2 that

lrr (27 g Zgyo 2 ) €)= (X oo, Xy Xy ) € )l < c(L-k)"".

By completeness of the space of probability measures on X2* with respect to the total-variation distance, this
implies that for each k, there exists a limiting measure v, on X2* such that the marginals above converge

to vg. If the family (vy) is viewed as marginals on 2_g,..., 20,..., 2} of a limiting law v on XZ, the
Kolmogorov consistency criterion is trivially satisfied as these finite-dimensional distributions are arising as
limits of marginals of a single consistent distribution (the law of £7,..., Z7 under 7y viewed about 2" T ).

To see that any other sequence ar satisfying (ar VT — ar) > log T has the same limit, take any such ar
(without loss of generality ar < T'/2) as well as any k, and bound

||7TT((%ank; . ,%GT, Ceey %GT+k) S ) — I/((f%;k,. . %0,. . %k) S ')”TV
§||7TT((«%%_/€7~-7%%;”-7%%4_]@) S ) — V((%—k7--~>%7--~7%k) S ')HTV
T Fag oo Fags o Fag ) €)= T0(Zg e g X5 0) € Vv

The first term on the right-hand side above is o(1) as T'— oo by the convergence of 77 to v in total-variation.
The second term on the right-hand side above is at most C(ar — K logT) ™7 for K satisfying cg8K > 2+ for
some v > 2 by Proposition 7.2; this is also o(1) as T — oo. The two consequences of this follow immediately
from the definition of weak convergence and Proposition 4.1 and Proposition 7.1. ]

8. MEAN AND VARIANCE OF OBSERVABLES OF THE INCREMENT SEQUENCE

In this section, we prove estimates for the mean and variance of running sums of increment observables
f X — R (these appear in e.g., Theorem 2). In Section 8.1 we prove that any function f with rotational
or reflective symmetries, has mean zero under v. In Section 8.2, we prove that non-constant functions will
have a variance that diverges linearly in T variance in the central limit theorem. These will, in particular,
imply the choices of the mean and covariances in items (1)—(2) of Corollary 3.

8.1. Anti-symmetric observables have mean zero. In this section, we prove that for any observable f
that is anti-symmetric in reflections or rotations in the xy-plane, its mean under v is zero as long as 3 is
sufficiently large. In particular, its central limit theorem, holds without any recentering. The proof follows
by applying a reflection map above an atypically long stretch of trivial increments, and seeing that this map
essentially leaves the probability distribution over the increment sequence invariant.

We say a map ¢ : X — X is a reflection map if it is a reflection about one of the two planes with normal
vector e; or ey going through the point (%, %, %) We say it is a rotation map if it is a “f* rotation about the
e axis through (3, 1, 3). (Notice that the trivial increment Xg is fixed by any of these maps.) The same ¢
can naturally also be viewed as a map on remainder increments. (Note that ¢(Xg) = Xg.)
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Proposition 8.1. There exists Sy > 0 such that the following holds for every 8 > Bo. If f : X — R satisfies
lF(X)] <M and f(X) =—f(p(X)) for all X € X, for some M € R and reflection or rotation map @, then

(1) Ey[f(20)] =0 ;
(2) ifg: X =R has |9(X)] < M and g(o(X)) = g(X) for every X, then

B[ 3 f(20)9(23)| = 3 Cov(f(20), 9(27) = 0.
i€z ieZ
The proof of Proposition 8.1 relies crucially on bounding the effect of a map that reflects or rotates the

pillar above some stretch of O(logT) consecutive trivial increments. To that end, let ¢ be a reflection or
rotation map and define the map @, : Im T — Iw T as follows.

Definition 8.2. For a given L, we can denote 17, = 71,(Z) as the smallest index greater than 74 + L such
that all of X;, _p,...,X;, = Xg. Then, for an interface Z, let ®, agree with Z on its truncation and its
increments up to the (77, — %)—th increment, then apply the map ¢ to all increments with index ranging from
T — % to T, as well as the remainder increment. Notice that this is the same as applying the map ¢ to the
entire subset of the pillar above the (71, — %)—th increment, by correspondingly reflecting/rotating it about
the es axis going through Vrp Lyq (If 77, does not exist, then let &, be the identity.)

Claim 8.3. For every reflection or rotation map ¢ : X — X, every T € iLT, and every v > 1, there exists
some By > 0 such that, for all B > By,

‘ mr(Z)
71 (P, (7))
Proof. Fix any v and let L = [2% log T']. By Theorem 2.21 and Definition 8.2, for Z € I, 7,

s = e (T D - X s e,m).

mr(Pu(Z))  pan(Pp(2) fez F1ed,(T)

- 1’ <o(r—.

For every interface Z, let us split its faces up as Z~ denoting the union of Z;; and the increment sequence
up to X, _ L and ZT denoting the union of the increments above X, L along with the remainder X~ .

Moreover, for a face f € S,, let ¢(f) be the image of that face f under the reflection/rotation map ¢, viewed
as a face in ®,(Z). Then,

YeiD - Y e 2@ < Y I8(AD) ~ (£ 2 @)+ D [8(£.T) — 8¢ (F), 2 (D)

fez fe®,(T) fez— fez+

It is clear that if f € X; for ¢ > 71, — é, the radius r(f,Z; o(f), ®,(Z)) is attained by a face a distance
at least ¢ — (7, — L), because the spine is tamed. We used crucially that in Theorem 2.21, the radius of
congruence is congruence up to rotation and reflection in the zy-plane, and the increments between 77, — L
and 7, are fixed by such reflection and rotations. Consequently,

Z e—ar(f,z;ga(f)gbw(z)) < 4@6—6L/2 + ZK‘-F(XTL+’i)|e_E(L+i)
fex+ i>1
which is at most O(T~7T1) by the tameness of Z and the choice of L.

At the same time, for each f € Z~, the radius r(f,Z; f, ®,(Z)) is attained by a face in Z+ U @, (Z"), so
that proceeding as usual with these terms, their contribution is bounded by K times

Y e TUTERE) < 37 et 4 Y {Z I 3 fcdmg)}

fez- i<L/2 gETHUD L (T+)  fE€Tm T <i<tr—L fEF(X;)

< 4Ce /2 4 Z Z Z o~ (g, f)

V21 gEF (X, L UF(®p(X,, 11r)) FEF(ZR): d(f,9)> L+
<ACe M2 4 N "2 F(X,, 4ir)|Cem B
i>1

which is at most O(T~7*1) since 7 is tame. Putting these together implies that for every tame interface 7
(otherwise 77 (Z) = 0), the log of the ratio of probabilities is O(T~7"!) as desired. [ ]
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Proof of Proposition 8.1. By Corollary 7.3, and boundedness of f,
Err | > [(23)] = 000g T) + T(1 = o(1)E, [/(27)].

i<T

Consequently, if we prove that the left-hand side is o(T'), it will imply that E,[f(Z5)] = 0. We can split up

By [0 120)] = B [0 5(20) + S 723

i<T i=1 i=rr+1

for 7, as in Definition 8.2, and begin by bounding the first of these sums. Recall that by Corollary 4.2, the
sequence (1f2,—x,})i>r, stochastically dominates a sequence of i.i.d. Ber(1—es) for some €5 > 0 satisfying
eg — 0 as B — oo. Using this, we can estimate

Eee[ S0 [#(20)]] € MTrr(r > TV + B [ 30 1£(20)]

i<TL i<T1/4

In order for 77, > T4, either 75p > K logT = O(T~") (for K large enough), which by Proposition 5.1 has
probability e~ 8K 18T or there is no stretch of L consecutive Xg increments in the first 7V/* — K log T
spine increments; as argued in the proof of Lemma 7.5, for large enough 8 (depending on ~,¢) this latter
probability is at most exp[—73/16]. The second term above is at most MT"/* by the bound on f.

Let us now turn to [Er. [0, 1 o f(Z)] <sup,, Exn[>oi,, 1 7 [(Zi) | 71]. For each instantia-
tion of 77, we can expand,

B | > S(#)| 7] < MTE, |

i=7r+1,....,T

7TT<I)
mr(®p(Z))

—1‘|7’L:|

By Claim 8.3 the quantity in the expectation is O(T~7*!) for every tame interface, and therefore also in
expectation under E,..[- | 7] for every 77. All in all, we have

Erp | Y £(20)] = O + 0+ + 0T 7+2),
i <T
which is o(T') as long as v > 1 implying item (1).
Let us now turn to the proof of item (2). The proof is analogous and we therefore do not include all
details. Suppose by way of contradiction that E, [}, f(Z0)g(Zi)] # 0. We claim that it suffices, in order
to obtain a contradiction, to show that for sufficiently large K, the following is o(T):

Eer [ 303 £(209(25)] = Bey | > F2)la(25)]]

i<T j<T i,J€[1,TY/4)U[T-T1/4,T]

YE. | 3 H(2)9(25)]

i,jE[TY/4,T—T1/4]: d(i,j)> K log T

D SRR % B SR (EATEHIR (8.1)

i€[TY/4,T—T1/4] jid(i,j)<Klog T

To see that this is sufficient, notice that the first term of (8.1) is at most 16 M2 K? log? T. Arguing as in
item (1) above, by Claim 8.3, E,.[f(Z;)] = O(T~7) if i > T'/*. Using Proposition 7.1, for each i, j at least
TY* away from 1 and T, with d(i,j) > Klog T, if K is sufficiently large we have

Erg [F(20)9(20)] < Ery [F(Z0)|Enr 9(20)] + MP 72(2i € - 2 € ) — (2 € Jmr(2 € v

which is at most MT~Y + M2T~" for v > 2, so that the second term in (8.1) is o(1). Finally, by Proposi-
tion 7.2, specifically Corollary 7.3, together with Proposition 7.1, we deduce that

Err | D3 F(20)9(25)] = 00log? T) + O(T72) + T(1 = o()E, | 3 f(20)9(25)]

i<T j<T JEZ
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Thus, if we showed that the left-hand side of (8.1) is o(T'), we would deduce that E, [, f(%£0)g(%;)] = 0.
Proceeding as in item (1), it suffices to show that the following is o(T") as T — oc:

B[ 3 H#002)] = M Tore(r > T 4 swp B[ f(#00(2) 7).

§j>T1/4 T <TH/A TL+1<i,j<T

As before, the first term is O(exp[—T"/1%]) for large enough § (depending on 7,¢). The second term is
bounded by

7)
w1 sup B || || 5] <o),
el ) = )
for some v > 2 as long as 8 is large enough, which is in turn o(T) in T. [ ]

8.2. Linearity of variances. In this section, we prove that the running sum of 7" increment observables f,
for every f that is non-constant on the set of possible increments X, will have a variance of order T'. This
will in particular imply such a scaling for the variance of the total surface area of a pillar, the excess area of
a pillar, and its zyz-displacements, conditional on having 7" increments.

Proposition 8.4. There exists By such that for every B > By the following holds. If f : X — R is bounded,
lf(X)| < M for all X € X, and moreover, there exist distinct Xa, Xp € X such that f(Xa) # f(Xpg), then

Zcovy (f(20), f(25)) = 07 > 0.

Proof. Tt will suffice for us to prove that the following variance simply diverges as a function of ¢:

Var, (Zie[[—t,t]}f(‘%)> — 00 ast— 00.

Indeed, this will follow from the next well-known claim; we include its short proof for completeness.

Claim 8.5. Let (Zy)rez be stationary with ), ., | Cov(Zo, Zy)| < oo, and let V; = Var(zfczft Zy). Then

7
3 lim 2—; =02>0 and o’= %%COV(Z(), Zi) .

Furthermore, if 3, o, |k|| Cov(Zo, Zi)| < co then o = 0 iff sup, V; < oo.

Proof. Let S,, = S0, Z, s0 Var(S,) = S0, € for €, = Var(Z;)+2 Y4} Cov(Z, Z;). By the stationarity,
¢ = ZI k|<t—1 Cov(Zy, Zi), and since lim;_, o, €; exists (by the absolute convergence hypothesis for this sum),

Césaro’s lemma shows this limit is equal to lim,,_, .o %Var(Sn) = 02 > 0. For the last statement, if o = 0
then €; = —ZIkth Cov(Zy, Zi), whence | Var(S,,)| = |E?:1 ¢ < Z;’il €| <D hez Ikl Cov(Zo, Zx)|. N

In fact, it suffices for us to show that the following diverges as T' — oc:

Varo, (Y f(20) = Y Cove (FZDS(2)) + X0 Covap(F(2). F(23)

i<T 4,j:d(i,7)>K logT 4,7:d(1,7)<K log T

This is because by Proposition 7.1, the first sum on the right-hand side is O(T~7*!) for v > 1 as long as 3
is large enough, and by Corollary 7.3, the second sum is (1 + o(1)) Varu(zie[[_%%]] f(Z3)).

The strategy to show this will be to find long stretches of trivial increments, which serve to decorre-
late increments, and inject variance coming from either an X4 or Xp increment, into their centers. These
injections will behave essentially independently, and therefore, will add some amount of variance propor-
tional to the number of long stretches of trivial increments found. Fix L = [% logT. For any interface
WANS L7T, mark the first 73/4 indices Jx in increasing order, that satisfy jp > 75 and have jp > Tgp,
Zi—Lr s L1, Zjrt1s -+, Zjr = Xo along with Z; € {X4,Xp}. Let G = G(L) be the o-algebra
generated by the truncated interface Zrg, the sequence (ji)y<7s/4 and all increments (27);¢(;,}- By the law
of total variance, we can express

Vare, (Sieprif(23)) 2 By [Vare, (Siepmp (29 1 6)].
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However, conditionally on G, the only contributions to the variance come from the increments %, , so that
this quantity is the same as

E”T[VMWT( Z F(Z5) | (Zjero)eer-r.opnjoy = Xa, (£5,) € {Xa, X8}, (Z5)aG,u, o)) >0 Lr )}
k§T3/4

Now fix any set of indices (j)p<rs/« which identify the trivial increments surrounding them, as well as the
fact that 2, is either X4 or Xp, and also fix all the other increments (25)a.U, e y)>L- We will show that
for most such choices, the sum ), f(Zj,) has a variance that diverges in 7.

Let us define a good set I';, in G on which we can prove the variance above is at least T3/4, say, as follows:
an element of G, given by Zuw, {ji }x, (£])aci U, i)>L i in T’ if there are indeed T3/* many {j;} and for
every assignment of X4, Xp to {ji }r, the resulting interface is tame. We will prove that 7y (I'z) > 1 —o(1),
and then that for any element of I'z, the variance of ), ~7s/4 f(Z],) goes to infinity with 7.

Claim 8.6. For every i < T, every Ly, with 1sp < i, and every sequence of increments (X;)j<i, for any
fixed increment X, € X, we have

Un(% X | ITR;( )7<zaIa; T) > €xXp [ - (ﬁ + C)m(X*)] .

The same estimate holds if we condition, e.g., on the increments above X; as long as the first L are trivial:
in particular, for every k < T3/* and X, € {X4,XB},
inf 77(%j, =X, |G) >exp[— (B+O)m(X,)].
Gel',

Proof of Claim 8.6. In the interest of brevity we do not include a full proof. The first bound can be shown
via a similar (Snnphﬁed) version to the proof of Proposition 4.1, with the following modifications. Define a
map ¥, : I, 7 — I, 7 which replaces the i-th increment of a plllar by X,; one can readily see that for every
7 with T-admissible truncation Zx with 74 < ¢ and increment sequence (X;);<r, we have

log m( ) B )| £ ROFCO)] + 17X + 3 ORIFCE) e 070,
Jj>i

We can bound the latter term on the right-hand side above by Corollary 4.2, and we can bound the multi-
plicity of the map for interfaces with m(Z; ®,Z) = k by s* via Observation 2.27. Together these would imply
the desired estimate, as the bound of Corollary 4.2 holds uniformly over all increment sequences below the
i-th one, and the map ¥, leaves those increments fixed.

The second part (where we may condition also on the increments sequence above ¢ whilst in I'7,) is similar:
for an interface in I'z, as the first L increments above %, are trivial and the increment sequence is tame,

Z |F(X;)e"®U=) < 4C + CTe™F,

>

and this is O(1) by our choice of L. Therefore, applying the map ¥, for the ji-th increment, we see that
the probabilities of having X 4, X5 at marked indices {j;} are comparable. |

First, by Proposition 5.1, with high probability the truncated interface Zy is such that 7o < T4, so
let us work only with truncated interfaces that satisfy that bound. By Proposition 4.1 and Claim 8.6, for
any stretch of 2L + 1 increments, the probability of the first and last L being trivial increments, and the
middle element being in {X4,Xp} is at least e~ (FTOImXa) (1 — £4)2L for some 4 going to zero as  — o0.

T—T'/
There are W

calculation yields that for 3 sufficiently large, the probability of having 7%/ such increment stretches of L
trivial increments, an element of {X 4, X5} then another L trivial increments, is 1 — o(1). Now, let us lower
bound the following quantity by something diverging as T" — oo:

inf Vare, (Y0 A(2)1G) = dnf Y Covey (£(25,).£(25,) | G).

GeTl
k<T3/4 k,k/<T3/4

stretches for which this lower bound holds independently of the others; as before, a simple

By the second item in Claim 8.6, for every G € I'r, the contribution of the diagonals, satisfies

> Varg, (£(25,) | G) > cpgT%*,
k<T3/4
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for some cyg > 0, as f takes on different values on X4 and Xp, and both have strictly positive prob-
ability under 77 (- | G). On the other hand, we claim that the contribution from any off-diagonal term,
Covry (f(25,), F(25,) | G) is at most CTe~%L/2 for every pair k,k’. This can be shown via a straightfor-
ward modification of the map ®,,x of Proposition 7.1; namely, the map would use j + é as the index above
which it swaps the increment sequences. Following this through would imply that

||7TT('A0{J'IC (SN '%jkl S ) - WT(%A: € ')WT('%k/ € )| v < éTe_EL/27
thus Covr, (f(Z5,), F(Z;

)) < CM?*Te=°E/2 which is o(T~2) by our choice of L. Therefore, we see that

.
Vars, (D S(20)) 2 dnf Vare, (32 £(25)1G) +0(1) 2 e T 4 0(1),
i€[1,77] g k<T3/4

which diverges as T — oo, yielding the desired. |

9. CENTRAL LIMIT THEOREM FOR OBSERVABLES OF THE INCREMENT SEQUENCE

In the section we prove the following proposition, which, combined with Remark 9.3 yields the CLT from
Theorem 2 as well as the expressions for the mean and variance of the limiting distribution in terms of the
measure v on bi-infinite sequences of increments that was derived in §7, Corollary 7.3.

Proposition 9.1. There exist By, ko > 0 such that the following holds. For every 8 > By, every non-constant
function of the increments f : X — R such that

F(X) <exp(ko|F(X)|) forall X € X, (9.1)

every sequence 1 < T,, € n, and every x,, € [-n+A,, n—iAn]]Q x {0} for A, > T, the increment sequence
{Z:} of Py, under wp, the Ising measure conditioned on I, ., satisfies

1 &
Fn;(f(%)*)\)ﬁf\/(ovﬁi) asn — oo,

where
o0

A=E[f(Z)],  of= > Covu(f(Zo).[(23)) >0

for the measure v on bi-infinite sequences of increments (2;)>, given by Corollary 7.5.
Modulo this result, the CLT readily extends to f : X — R? for any d:

Corollary 9.2. In the setting of Proposition 9.1, if f : X — R for some fived d > 2, where f = (f1,..., f4)
is such that each f; is non-constant and satisfies (9.1), then under wp

1 &

fTZ(f(%) — (A1, M) = N(0,%),
n =1

where \; = B, [fi(20)] and Zij = X5 = 3202 Covy (fi( 20), [i(Zk)) for 1 <i,j <d.

— 00

Proof of Corollary 9.2. First note that the fact that the matrix ¥ is symmetric follows form the station-
arity of the sequence (.2;) under v. From the expression for 02 given by Proposition 9.1, we see that for
every linear combination f =3, a;f; for a € R? of functions centered w.r.t. E, and satisfying (9.1), one has

ZiT:1 f(2:)/VT = N(0,a"%a) as n — co. The proof is concluded via the Cramér-Wold device. [ |

Remark 9.3. Both Proposition 9.1 and Corollary 9.2 hold identically under the measure p, (- | I, 7) (as
opposed to 7 = (- | I, 7). To see this, let S, = \/% ZtT:l(f(%g) — A); for every Borel set B C R,

Hn (Sn € B, ix,T)
Nn(Ir,T)

which is at most 7 (S,, € B)+0(exp(—(8—C)roT)) by Lemma 3.15. Hence, limsup,,_, o, tn(Sp € B | I 1) is
at most limy, oo 77 (S, € B) = P(N(0, 0%) € B), so (by Portmanteau) S, = N(0, 0%) under i, (- | L 7).

tn(Sn € B | Iw,T) < + Un(i;,T | Ia:,T) =77 (Sn € B)Mn(ix,T | I%T) + Nn(i;,T | Ix,T) )
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9.1. Strategy of proof of the CLT. We prove Proposition 9.1 by adapting a useful Stein’s method type
argument by Bolthausen [4] for treating stationary, mixing sequences of random variables. Our setting has
several complications compared to [4]:

(1) Our sequence of random variables, rather than being infinite and stationary, is a triangular array,
where the individual laws 7 change due to the conditioning on {ht(P,) > T'}.

(2) Our a-mixing estimates are invalid for base increments, and instead hold (see Proposition 7.1) only
beyond a prefix of K logT increments.

(3) The increments are not stationary, and only become asymptotically stationary (see Proposition 7.2)
away from the base and from the tip.

The asymptotic stationarity obstacle was handled by slight modifications of Bolthausen’s argument in [31];
our proof follows a similar route, yet becomes somewhat simpler thanks to the nature of our a-mixing
estimates and control over higher moments of functions of the increment sequence.

9.2. Proof of Proposition 9.1. The first step in establishing the CLT is a standard truncation argument,
using our control on a-mixing and on moments of the increment sequence. Take b > 0 to be a large enough
constant, in particular larger than the constant K as given by Proposition 7.1 w.r.t. v = 20. Our first step is
to truncate the prefix and suffix of the increment sequence, as well as individual increment contributions. In
what follows, recall X = E,[f(Z0)], and let 0% = >°2 __ Cov, (f(20), f(Z5)) for any function f : X — R.

j=—o00

Claim 9.4. In the setting of Proposition 9.1, let

0= [T"?] and  fu(X) = f(X)1qpx0)1<my -
I 2 ST (ar(25) By [ (23)]) = N(0,3,,) for every M then = ST (£(2)-X) = N(0,03).
Proof. Let us first look at the effect of omitting the ¢y-prefix and fyp-suffix of the summation over

Yj = f(2;) = Exp f(Z5)
where
£y := [blog T
for some large b > 0, taken to be at least K from Proposition 7.1 for a choice of v = 20. Following this step,

we will be able to truncate the Yj’s, and thereafter omit the ¢-prefix and ¢-suffix of the sum.
Proposition 5.1 (specifically, the exponential tail in (5.3)) implies that, for a sufficiently small x, we have

Er, e Licry IF (LI < 71/3

For the spine increments, Proposition 4.1 (together with Lemma 3.15 on the tameness of the spine) shows
that, conditioned on {Z£7,+; : j < i}, the variable m(Z%, 4;) is dominated by an exponential variable

with parameter cof8 (for ¢g > 0 from that proposition). In particular, f‘):Tsp m(Z5) + D g, M(Z3) is
stochastically dominated by a gamma-distributed random variable with parameters (2¢y, o), which again
satisfies

E [en(zl A F IS sy '“%)')} =T
TT -

(e.g., take k = (1 — e~ 1/(80) )(COB) 1). Overall, the hypothesis (9.1) implies, for a small enough kg, that

1
f > (1F2) + 17 (Z15)1) 250 under ., (9.2)
j<to
=) \f > i<ty (Y5 +Yri1-5) — 0 in probability, and hence does not affect the limiting law of —= E Y;.
Again recalling Proposmon .1, each variable Y is a function of a spine increment except w1th probablhty
exp(—clogT) = O(T~?) for a large enough ch01ce of b. Consequently, as per the exponential tail on spine
increments established by Proposition 4.1 and the hypothesis | f(X)| < exp[ko|F(X)]|] for all X € X,

mr(|Y;| > a) < a=0P" 1 O(T75). (9.3)

Moreover, on the event that the index j is not a spine index, m(Z;) has an exponential tail beyond K log T
by (5.3). Combining these two implies that Y; has uniformly bounded moments of k-th order for small
enough ko(k). Namely, on the event j > 74, Proposition 4.1 implies that its k-th moment is finite as long as
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K < ko(k); the event j < 74, has probability O(T—?), and in that case, we can bound E[|Y;|*] < O(e® 18T,
so that an application of Cauchy—Schwarz implies that for each k, there exists xq(k) such that for k < ko,

max B, [|¥;[*] < C(x, 8,k) -
J

For random variables Z1, Z3, let 0(Z;) be the o-algebra generated by Z; and define the a-mixing coefficient

Oz(Zl, Zg) = max |]P)(Z1 S A1, Zy € AQ) — P(Zl S Al)P(ZQ S A2)| .
Aleo'(Zl),AQEO'(ZQ)

Write Y; = Y/ + Y] where Y/' = Y1y, >a); noting that Er,. (Y])? < (B, V) *P(|Y;| > M)Y* by
Hoélder’s inequality, and that every two random variables Z, Zo satisfy

Cov(Zy, Zs) < 2 (a2, Z)E[Z3)E[Z3])/° (9.4)
(see, e.g., [15, §1] for this inequality, originally by Davydov [21] with a larger constant pre-factor), one has

T*lo 2

1 C 2

Erp (== Y (V) =ExY]) ) < ZmaxBEr [(Y))%]5 > (2, 2i)'/?
T(ﬁjzeu( 7 r J)> 7 e Bee (V)] =, (%3, 25)

< C'max/P(|Y;| > M),
Jj=to

using a( %, Zx) < Clk — j|=7 for k > j > ¢y and v = 20 by the above application of Proposition 7.1. As
the expression on the right can be made arbitrarily small as a function of M, uniformly over n (it is at most
CM~—<0r0/2 4 o(1) by (9.3)), we see that showing % Z? ;;0 (Y] = ExY]) = N(0,0%,,) as n — oo for
every fixed M, as well as 07, — 0%, will imply that ﬁ Z (Y = Er Y5) = N(0,0%).

To verify that U?CM — G? as M — oo, recall from Corollary 7.3 that v(m(%2y) > r) < exp(—cofr), so for
some C,c > 0 we get

E, [£(20) — fu(20)]° < VE, [F(20)5 ([ f(20)] = M) < M~
using Corollary 7.3 and (9.1) to uniformly bound E,, [f(%”o)ﬁ] and the v-probability of | f(Zy) > M|. Writing

o3, =05+ Y Cov(fau(Zo) — F(20). f(Z) + Y Cov(far(Z0). far(Zi) — F(20))

k=—o00 k=—o00
we can infer from the fact a(Zy, Z;) < Ck~7 under v, and another application of (9.4), that
ST [Cov (fur(Z) — F(20), F(Zi)| < C'M~ > kT < 0" M
k=—o0 k

and the same holds for Y~ Cov(far(20), far(Zk) — f(2%)) in the same manner, implying 0%, — o%.
Thus far we established that it suffices to show ﬁ Z? ;;0 Y, = N(0, G?M) for every M > 0. Note
that

11@ Z Y! + Y/ 1 < (20)° E. YV =0(T3/°
7 [(2 0 k) | < 5 x| B 0= 0 (177)
J=%o

since |Y7' | < M for all j. Hence, we may indeed replace ¢y by ¢ when considering Y}' , as the contributions

to the limiting law by the ¢-prefix and f-suffix in ﬁ Z;‘F ;;0 Y] are negligible.

Finally, we w1sh to replace centering term E., f(Z;) by A = E, f(Zo) for each j = ,T. Recall
from (9.2) that \/T > i<ty (Brr | F(Z)| + Erp | (2041 - j)|) — 0. For each j > £, we have EﬂT\f( <,
as we had established above (following (9.3)). Therefore, we can neglect the ¢-prefix and f-suffix of the
sequence of expectations, as % > i< (Erp| F(Z5)| + Enpl f(Z141-5)]) = O(¢/VT) = o(1). For each of the
remaining indices £ < j < T — £, by Proposmon 7.2 (as used in the proof of Corollary 7.3), we have that
lmr (25 € ) —v(Z; € -)|lrv < C¢77. Hence, looking at the truncated function f,, we have |Er, fi(Z;) —
E, fo(%Z5)] = O('=7) = O(T~2) (so the sum of these over all j is o(1)), whereas E..|(f — f¢)(Z;)| and
E,|(f — fo)(Z;)] are each O(¢=P%0) = o(1/T) by Cauchy—Schwarz, the O(1) bounds on the means of f(%;)
under 77 and v, and the exponential tails of m(.%Z}) together with (9.1) and (5.3). [ ]
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(so that |Y;] < M)

Through the remainder of the proof, let M > 0 and Y; = fa (%) — Exp far(Z25)
?c ). We further assume
>

for each j = ¢,...,T — ¢, with the goal of showing that ﬁ ZJ.T;; Y, = N(0,0

w.l.o.g. that fjps is non-constant (as this holds for all M > My for some My = My(f) > 0), whence

o, = 3 Covu(fua(Z). fuu(23)) = Jim Vary<ZfM 0) =0,

j=—oc0

by Proposition 8.4, applied to the bounded non-constant function fj;. Defining

T—4 T—¢
&= En, {Yj > 1{kj|<e}Yk} :
J=t

k=¢
recall from Propositions 7.1-7.2 and Corollary 7.3 that 3 <, Cov, (fam(Z0), far(27)) = 0%, +o(1) and

T—4

|CoVary (far(25), frr(Zx)) Lgjr—jj>ey = O(TC7) = o(1),
s

|Covry (Far(Z5), frr(Zk)) — Covi (far (20), Far(Zi)| Ljr—ji<ey = O 77) = o(1)
k=/¢

for all 2¢ < j < T — 2¢ (whereas both terms are O(1) for £ < j <20 and T — 20 < j < T — (), we get
T—¢
Sr = (1+0(1)) Vary, (Z Y]> aswellas S =(1+ 0(1))0‘?MT.

The following simple argument of Bolthausen [4] gives a convenient approach for establishing CLTs for
mixing random fields, even in the situation where (unlike the original setting of [1]) the sequence of increments
is only asymptotically stationary. At the heart of the argument is the following observation:

Lemma 9.5 ([, Lemma 2]). If (Z,) is a sequence of real-valued random variables with sup,, EZ2 < oo and
lim E [(iA — Z,)e*?"] =0 for every X € R, (9.5)
n—oo

then Z,, converges weakly to the standard Gaussian N (0,1).

(Indeed, tightness is implied by the uniform bound on the EZ2, and verifying that every subsequential
limit point is standard Gaussian can be derived from (9.5), as a variable Z having the law of such a limit point
has E[f'(Z)—Z f(Z)] = 0 for every f € C*(R), hence must be standard Gaussian by Stein’s characterization.)
Define the random variables Zp and for r € [¢,T —{], Z, 1 by

= =
ZT = Y s and Z T = i—r|l<e Y, s
\/@jzzj r @g {li=ri<e}ti
We aim to verify (9.5) for the random variables (Zr) via the following useful decomposition of the term
(i\ — Z,)e%n given in [1]: for every \ € R,

(i\ — Zr)e??T =2, — 2, — =3,

for

(1]

—0
1= i)\ei)\ZT <1 - r r,T) 5 (96)

T—¢
1 |
=, = M 37 Y,,<1 _ T z'AZT’T) : (9.7)
T r=~{
T—¢
1 )
Eq = Z Y, eMZr—Zrr) (9.8)

Y GT r=>~¢

(where the equality used only that Zp = \/%7 Zf;f Y}, irrespective of the definitions of Z,. 7 and £). Thus,
it will suffice to show that E,,.[Z;] — 0 as n — oo for each ¢ = 1,2,3 in order to verify (9.5) for (Zr).
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For the first of these terms, recall that by the definition of &1 and Z, r one has that

= | T Tt
Err L/@ ; YTZT,T} =&, Tz:; Erp |:Yr Z 1{|jr<e}Yj] =1,

Jj=t

whence

1 T—2 )\2 T—¢
E,.|Z1]% = A\? Var, ( Y;.Z,.,T> = — Var, ( Y, Y-)
T T \/@ TZ:; 6% T Z Z J

r=t  je[t,T—(]
li—r|<e
)\2
<&z Z |Covay (VY5 Yy Yor)|
T rrele,T—€]  jj'elt,T—1]
l7—r| <L) —r"|<e
Splitting the sum over r, 7" according to |r — 7’|, we see that if |r’ — 7| > 3¢ then each of the O(T?¢?)
summands satisfies

| Covry (Y;Ye, YY)

for some ¢ > 0, by Proposition 7.1; on the other hand, there are O(T¢3) summands r, 7', j, j' with [r—7'| < 3¢,
each of which is uniformly bounded by M*. Altogether, recalling that &7 = (1 + 0(1))6?MT , we deduce

< Miet™ = O(T73)

E.. 21> = O(3/T) = O(T~%/°).

For the second term, observe that

T—¢ T—¢
1 — ) 1 2
ol S M——=> |1 —e T —idZop| S MN—— | Zeg|?
GT r=~0 GT r=>~0

where the last inequality was obtained by Taylor expanding 1 — cos(AZ, 1) and sin(AZ, 1) — AZ, r (the real
and imaginary parts of of each summand, respectively). Since |Z, r| < (2¢ + 1)M/+/Sr by its definition
(and the truncation bound on the Y}’s), it follows that

T2
|EQ| = 0(32) =0 T_l/lo .
) o)

Finally, when treating =3, we can use Proposition 7.1 to decompose E.,. [Yrei)‘(ZT*Z"vT)} as follows:

T—¢

rt 1/2
Err {Yr [Jere
=/ j=r+£

b, [ -

5w

—L T—¢
< ‘ETK‘T |:Y} H ei/\G;l/2Yj:|EﬂT |: H ei/\G;l/2yj:| + Mce—’y’

Jj=r+{

j=t
(using that the variables in the two expectations in the last line are at most M and 1 in absolute value,

respectively). Since [Er,[[]; e“‘G;l/QYJ}

expression is, in turn, at most

r—A{
o~ —1/2
]ETrT |:Yr H el)\bT Yv]:|
Jj=t

using the fact that E,,Y, = 0. This concludes the proof. |

| < 1, we can apply Proposition 7.1 again to obtain that the last

r—~¢
Eﬂ'T [YT]ETFT |: H eiA6T1/2Y7:|
=L

+ Mcﬁ”’) + Mcl™" =2Mcl™7,

+ Mcl™7 < (

9.3. Proof of Corollary 3. We wish to apply Theorem 2 with specific choices of observables, that contain
the information about the distribution of the tip and volume and surface area of the pillar. We begin with
item (1), regarding the distribution of the tip, (Y1, Y3, Ys). Define observables f; : X — R for i = 1,2, 3, by

fi(X) = (v (X) — v (X)) - i,
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where vy (X) is the midpoint of the highest cell of a rooted increment X € X, and v_(X) is the midpoint of

its lowest cell, i.e., (%, o1 2) Then, we can express, for (Y7,Y2,Y3) the tip of P,,

Y, — 1
i — (diam (%A, ) + ht(vr,) + = + | F(Z- .
N Zf | < = (diam(,) +(er,) + 5 + (250
By Proposition 5.1, both E.. [diam(%x) ] and E[ht (v, )?] are O(log? T), and by Lemma 3.12, E[| F(257)|?]
is O(1). Hence, the right-hand side goes to 0 in probability as T" — oo, and a CLT for ﬁ ZjT:l fi(Z5)
yields the same CLT for \/i”l Since | f;(X)] < m(X) for every X € X, by Corollary 9.2,

(Yla }/2; Y3) - (xlv T2, 0) - ()‘17 )\27 )‘S)T
VT
where )\z = El,[fz(%—o)] and Zi’j = ZkGZ COV(fl(%O)fj(%k))
The observables f1, fo are anti-symmetric with respect to reflections about the plane with outward normal
€1, 2, so by item (1) Proposition 8.1, they have E, [f;(Z0)] = A; = 0 (though f; are not bounded, this follows
by truncating f;, and using Corollary 7.3 to deduce that the truncated means converge to the true means).
The heights f3 are at least one, and thus A3 > 1. Since f; are invariant under reflection about the plane
with outward normal e; (for j # ¢, j € {1,2}), by item (2) of Proposition 8.1, the off-diagonals of ¥
are 0 (again truncating the observables and noticing that the truncated covariances converge to the true
covariances). By Proposition 8.2 and the observation that f; are non-constant on X, the diagonals of ¥ are
positive, say 0%, > 0. It remains to verify that 07, = 0%,. Note that for every 7o < j,k < T the observable
(%5, Zi) = [1(Z5) 1 (Zk) — fo(Z5) f2( ) is anti-symmetric in application of the map that rotates the
increments above some 77, by 7, as long as j > 7. Analogously to Proposition 8.1, we would then see that
E,[g(Z;, Zi)] = 0 for every Ti <j<k<T aslong as |k — j| < Ti. By linearity and the decay estimate
of item (2) of Corollary 7.3, we see that E, Y, f1(20)f1(Z;)] = Eu[3 ez f2(Z0) f2(Z5)].
Item (2) follows in a similar fashion. Let fy (X) = |C(X)| —1 and fa(X) = |F(X)| — 4. We can bound

‘|c )= v (2)] < (diam(2,))2(ht(vs,) + 1) + | F( o)), and

1<T
1FPol =Y a2

i<T
Thus, as before, by Proposition 5.1 and Lemma 3.12, a CLT for % > Jv(Z;) implies the same CLT for
ﬁ|€(73$)| and a CLT for ﬁzz fa(Z;) implies the same CLT for ﬁ|}"(79$)\ Since both fy(X) and

fa(X) are positive, are at most 4 + m(X)?, and are non-constant, they satisfy central limit theorems with
positive means and variances, implying the same for the volume and surface area of P,.

— N(0,%),

< 4(diam(%,))* (ht(vr,) + 3) + [F(257)] -
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