APPROXIMATE DOMAIN MARKOV PROPERTY FOR RIGID ISING INTERFACES

REZA GHEISSARI AND EYAL LUBETZKY

ABSTRACT. Consider the Ising model on a centered box of side length n in Z% with F-boundary conditions
that are minus in the upper half-space and plus in the lower half-space. Dobrushin famously showed that in
dimensions d > 3, at low-temperatures the Ising interface (dual-surface separating the plus/minus phases)
is rigid, i.e., it has O(1) height fluctuations. Recently, the authors decomposed these oscillations into pillars
and identified their typical shape, leading to a law of large numbers and tightness of their maximum.

Suppose we condition on a height-h level curve of the interface, bounding a set S C Z?%~!, along with
the entire interface outside the cylinder S x Z: what does the interface in S X Z look like? Many models of
random surfaces (e.g., SOS and DGFF) fundamentally satisfy the domain Markov property, whereby their
heights on S only depend on the heights on S¢ through the heights on 0S. The Ising interface importantly
does not satisfy this property; the law of the interface depends on the full spin configuration outside S x Z.

Here we establish an approximate domain Markov property inside the level curves of the Ising interface.
We first extend Dobrushin’s result to this setting, showing the interface in S x Z is rigid about height h, with
exponential tails on its height oscillations. Then we show that the typical tall pillars in S X Z are uniformly
absolutely continuous with respect to tall pillars of the unconditional Ising interface. Using this we identify
the law of large numbers, tightness, and Gumbel tail bounds on the maximum oscillations in S X Z about
height h, showing that these only depend on the conditioning through the cardinality of S.

1. INTRODUCTION

The Ising model p{ on a finite graph A C Z% at inverse-temperature 3 > 0 is the following distribution
on +1-spin configurations o on € (A), the d-dimensional cells of A, which we identify with their midpoints in
(Z+3%)?. Setting o(u) = —sign(uq) for u = (u1,...,uq) € €(Z*)\¢(A) (Dobrushin F-boundary conditions),

o) oce PO where  Ho)= Y. Lo(w) £ o(v)},

w,v: d(u,v)=1

the sum is on pairs in €(AUJA) = {u € €(Z%) : d(u, € (A)) < 1}, and d(-, -) denotes Euclidean distance. This
extends to infinite subgraphs of Z¢ via weak limits. We consider the low-temperature regime (/3 large) on

Ay = Loy X [—00,00], where Lon = [[—n,n]]d_1 and d>3.

The Ising interface T corresponding to a configuration o under ,ufn is the unique infinite *-connected
component of faces ((d — 1)-cells) separating plus and minus d-cells (two faces are *-adjacent, if they share
a common bounding vertex). Informally, Z separates the plus phase (below) from the minus phase (above).
Our focus in this work is on the domain Markov property (DMP), a fundamental feature of many well-
studied models of height functions (viewed as random surfaces), e.g., the Discrete Gaussian Free Field and
the family of |V¢|P models, which includes Solid-On-Solid and the Discrete Gaussian. The DMP states that,
for any subset S, conditioning on the values of the field on 95 gives the same model on S, with the induced
boundary conditions, and this is conditionally independent of its values on S°¢ (see, e.g., [14,20,26,27] for
accounts on these models and the progress made in the last two decades, where DMP played a crucial role).
Unlike these random height functions, the law of the Ising interface within S does depend on the interface
in S¢ beyond 0S5, e.g., through the finite bubbles in the spin configurations above and below the interface.
In dimension d = 2, Ornstein—Zernike (OZ) theory (cf. [5,24,25]) for high-temperature connections yields an
approximate DMP for the low-temperature interfaces by duality, which was useful for proving scaling limits,
entropic repulsion, and wetting and pinning phenomena (see, e.g., the recent survey [20]). This theory has no
low temperature analog in dimension d > 3, where the interfaces are random surfaces (rather than curves).
Here we show that for d > 3 and low temperatures, when 0S5 is a height-h level line, the law of the
oscillations of the interface in S about height h, conditional on the interface in S¢, resembles the law of the
interface oscillations about height 0 in the unconditional Ising distribution on .S with F-boundary conditions.
For simplicity of notation, we present our results for d = 3 (their adaptation to d > 3 is straightforward).
Let us first recall the properties of the interface under the unconditional law uf In a pioneering work
by Dobrushin [13] in 1972, it was shown that the interface is rigid, in that the height fluctuations in Z above
1
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any point in Lo, say the origin, are Op(1), and moreover obey an exponential tail: for g large enough,
pk (ZN({0,0} x [h,00)) # 0) < exp(—pBh/3) for every h > 1.

Dobrushin’s proof relied on a novel decomposition of the interfaces into walls and ceilings (whose definitions
we will recall in §1.1) and a delicate grouping of the walls that allowed a Peierls argument to flatten Z. It
follows from Dobrushin’s results that, if 5 is large enough, then with high probability, the interface would
have height 0 above at least 0.99 of the faces in Ly, denoted .#(Ly,,), and the maximum height of the
interface My, satisfies (by a union bound on the above tail estimate) My, < (Cy/8)logn for any Cy > 6.

In the recent work [15], the authors introduced the notion of the pillar P, above a face x € .F(Ly ) in
order to describe the local height oscillations of the interface near x. That work established the shape and
limiting large deviation rate for P, attaining height h, from which it follows that

Tim = Tog i, (11 ({0,0) x [h,00) # 0) = o, (1.1)

where « is also the exponential decay rate of the probability that a %-connected plus chain connects the
origin to height h in Z* x [0, h] under p,, and satisfies o € (43 — C, 43 + C) for some absolute constant C.

The framework of [15] then led to a law of large numbers (LLN) for the maximum: Mg,  /logn 2 9/a.
Via a substantially more refined analysis, the follow-up [17] established tightness of the centered maximum:
Mﬁo,n - E[Mﬁo,n] = OP(l) ) and ]E[Mﬁo,n] - mrﬁo,n| = O(l)

for an explicit deterministic sequence m¥. Furthermore, the centered maximum obeys Gumbel tail bounds:
e~ Cexp(=4Bk+CIkD < px (Mg, — Mgy . < k) < e~ ¢P(—ABR=CIkD  for any fixed k € Z.

Even though the interface is not a height function (rather it is the boundary of a 3D connected component),
Dobrushin’s rigidity result implies that, in a typical interface Z, at least 0.99 of the vertical columns of Lo ,, X Z
will intersect Z in exactly 1 horizontal face. The height of Z above those points is unique, giving rise to level
lines: for a face z in % (Lo ), let htz(z) be the height of the horizontal face of Z above z, whenever it is unique;
a height-h level line is the external boundary of a *-connected component of {z € F(Lo,,) : htz(x) = h},
i.e., the connected set of edges separating it from the infinite component of Z2. We denote by £, = £;,(7)
the set of height-h level lines of the interface Z; see Fig. 1. (We note in passing that, in terms of Dobrushin’s
definitions which we recall in §1.1, a level line is the external boundary of a ceiling.)

By analogy with random surface models which satisfy DMP, one would like to reason that the Ising
distribution over interfaces inside a height-h level line -, bounding a set S is essentially the same as that
under p¥, , but shifted by h, even conditionally on the value of Z N (5S¢ x Z). However, if we were to expose
the entire spin configuration (which does satisfy DMP) outside S x Z under this conditional measure, it
would have a constant (sub-critical) fraction of plus-sites along the boundary 9.5 above height h, and minus
sites below height h, and moreover, the law of these sub-critical bubbles is affected by the conditioning.

Estimates on the covariance of 3D Ising interface oscillations about the flat interface date back to follow-up
work of Dobrushin [10] as well as [1]; these showed that under u , the covariance between those oscillations
(formally, between walls, which are connected oscillations of the interface supporting its level lines) decays
exponentially. In particular, the total variation distance between the joint law of level-lines through = and v,
and a product measure on these, decays exponentially in d(z,y). Turning this bound—which is essentially
sharp— into one for the conditional distribution of the oscillations through z, given an h-level line ~,, passing
through y, is problematic: the conditioning has the effect of dividing the bound by the exponentially small
quantity uf (vn € £,) < exp(=(8 — C)|yal). Alternatively, using cluster expansion [22] and viewing the
conditional distribution over interfaces in S x Z as a tilt of ¥, ,, we would similarly find that the former is
a tilt by at least exp(C|yy|) of the latter (see e.g., [19] for a sketch of this bound)—which is sharp due to the
presence of sub-critical bubbles above and below the interface along 0S. Using either approach, one has no
control over conditional probabilities of events inside S whose probabilities are greater than exp(—C|vy|).

In this work we find that for any S C Lo, conditioning on 05 being a height-h level line generated by
any ZN(S¢ xZ), leads to a rigid interface in S about height h. Moreover, if S is “thick” in that its perimeter
is negligible in terms of its volume, then, the resulting distribution resembles the Ising interface under pg.
shifted by h. The following special case of our Theorem 1 below, demonstrates this for the maximum.
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FIGURE 1. Level sets {« : htz(x) = h} of the interface Z (right). The set S,, is the interior
of the largest height-3 level line, bounding the restriction Z N (S, x Z) (highlighted, left).

Theorem (approximate DMP for a maximum, special case). Fiz 8 > [y large. There exists an explicit
sequence m* < log s so the following holds for all fived k € Z: If y,, C &(Z?) is a simple closed curve whose
interior Sy, has |Sy| > |va|'t, and Mg, is the maximum of T above S,,, then for all h > 1 and large n,

e~ C exp(—4Bk+Clk]) < /ﬁxn (Msn —h— stn| <k | Yo € i, TN (SE x Z)) < emcexp(—4Bk=Clk])

The proof of this result requires several new ingredients, which will be outlined in §1.2 below, including
a modified version of Dobrushin’s walls-and-ceilings rigidity argument which (unlike the original one) does
apply within a level line (Theorem 3); a coupling of the shifted pillar at a point in the bulk of S,, under the
conditional law uX (- | yn € £,,Z N (S5, x Z)) with pillars under the unconditional law pf; (Theorem 2);
and sharp tail bounds on the maximum in the absence of FKG. These yield sharp bounds on the maximum
Mg, conditioned on the walls in S;—Theorem 1—of which the above theorem is a special case.

1.1. Main results. In this section, we state our full results precisely. Towards that, let us begin by recalling
the wall and ceiling decomposition introduced in [13] to prove rigidity of the interface under ,ufn. Viewing
Lon = [-n,n]?! x {0} as a subset of A,,, the ground state (lowest energy) interface is the flat one .F (Lo ,,);
the vertical oscillations of Z about Ly, are grouped into walls, defined next. For this it will help to define
a projection of a set A C A,, into Lo, via p(A) = {(x1,22,0) : (x1, 22, 23) € A for some z3}.

Definition (Ceilings and walls: see also Def. 2.3). A face f € 7 is a ceiling face if it is a horizontal face
(having normal vector eg) such that no other horizontal face f' € Z has p(f’) = p(f). A face f € T is a wall
face if it is not a ceiling face. A wall W is a *-connected set of wall faces of Z and a ceiling C is a *-connected
set of ceiling faces of Z. We assign the walls of Z to the index set of faces of Lg , setting Wy := W if
f € F(Lo,yn) is incident to and interior to p(W); if there is no such wall in Z, set Wy = @.

(Note that the boundary faces of a ceiling C are at the same height, denoted ht(C); thus, when projected
down to Lo, the boundary of the ceiling forms a level line at this height, relating it to £y¢(cy from above.)

For aset A,, C Loy, such that £ ,\ A4, is simply-connected, and an admissible set of walls W,, = (W) .ca,
(some possibly @), let Iy, be the set of interfaces such that for every z € A,,, the wall assigned to z is W.

The generalization of the level-line conditioning from above is to fix a simply-connected S,, C Ly, and
condition on all exterior walls, i.e., condition on Iw, for W, such that S, N Uy cw, p(W) = 0. In this
setting, all interfaces Z € Iy, have the same restriction Z N (S5 x Z). The collection of walls W,, dictate a
height ht(Cw,, ) as follows: letting Zyy, denote the unique interface whose only walls are W,,, then Zyy,, has
a single ceiling called Cwy, such that S,, C p(Cw, ). In the case where S,,, W,, are such that 95, = 9p(Cw),
the conditioning on Iy, corresponds exactly to conditioning on 95, € Ly(cy) and ZN (S5, x Z); see Fig. 2.

Given I, , the lowest-energy interface is the one that has all horizontal faces at ht(Cw, ) inside Sy; our
aim is therefore to show that the interface Z N (S,, x Z) resembles an interface under ,u?nx » shifted up by
ht(Cw, ). The approximate DMP for the interface Z N (S x Z) cannot hold for all events, as emphasized
by the fact that the tilt on the partition function is of order exp(C|dS,|). Nonetheless, we show that the
distribution p (ZN(S x Z) € - | Iw,,) behaves like a vertical shift of i |, by ht(Cw,, ) in two key aspects:
the behavior of its maximum height oscillation, and the shape of its typical pillars.
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FIGURE 2. Left: ZN (S¢S x Z) consists of W,, supporting Cw, (whose boundary faces are
highlighted) at height ht(Cw,) = 30. Right: Z N (S,, x Z) shifted down by ht(Cw,, ).

Approzimate domain Markov for the mazimum. In order to present our main result on the maximum height

oscillation within S, we recall certain quantities from [15,17] which will be used to explicitly determine the
location of the maximum. For any subset S C Lo ,,, let
Mg = Ms(I) = max{xg : (LE1,$2,$3) IS (ml,xQ,O) S S} . (12)

The LLN established for Mg, , in [15] states that there exists By such that for every 8 > [y we have
Mg, , = %logn +o(logn) in pf -probability, for a = a(3) given as follows. If v <Ai> w denotes existence of

a x-adjacent path of plus spins connecting v and w in A, then

Q= han;O % for an(f) = —log uts ((%, Y m (Z+3)Px{h-1 ) . (1.3)

(The existence of the limit above is non-trivial and was an important step in the proof of [15] of the LLN.)
The tightness of (Mg, , — E[M, ,]), obtained in [17], was accompanied by |E[M,, ] — mi“ﬁgyn|| <1 for

m; =inf{h > 1 : an(B) > log(sn) — 26}, (1.4)

as well as uniform lower and upper Gumbel tails for the centered maximum M, , — ano,n\-

We will be interested in the height fluctuations of Z within S conditioned on Iw, for W, satisfying
p(W,) NS = 0. We wish to study Mg relative to the height induced by Z N (5S¢ x Z), namely ht(Cw ).
Towards that, define the relative maximum

MS = Mg — ht(Cw) .
Definition (isoperimetric dimension of face sets). A simply-connected subset of faces S C #(Lo,,) is said

to have isoperimetric dimension at most d, denoted dim;,(S) < d, if |9S] < | S|4/,

Theorem 1. For every d > 2 there exists 5y > 0 so that the following holds for all B > py. For every

sequence of simply-connected sets Sy, C Lo, with dimiy(Sy,) < d and s, := |Sy| = 00 as n — o0, and every
set of walls W, = (W.).¢g, such that p(W,) NS, =0, we have for every fived k > 1 and large enough n,
(1—ep)yexp(—ak) <puf (Ms, —mi > k | Iw,) < (1+ep)vexp (—ag) , (1.5)

e~ (+ep)yexp(@k) < wk (Ms, —mi, < —k|Iw,) < e~ (1=ep)yexp(ak) (1.6)

with m3 —as in (1.4), constants eg, @ > 0 depending only on 3, satisfying eg L 0 and @ | o as B 1 0o, and
Y 1= sp exp(—um: ) € (e728=2s ¢28) (1.7)

Remark 1.1. The estimates (1.5)—(1.6) actually hold for every 1 < k = k,, < %log Sn. We further find
that (1.6) also holds for k = 0, and so ~ from the above theorem is such that

(1—ep)y < —logug (Ms, <m |Iw,) < (1+ep)7.
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FIGURE 3. Left: Z N (S, x Z) (highlighted) has a tall pillar above height ht(Cw,) = 3.
Right: the restricted pillar P, g (white) is extracted from Z N (S,, x Z).

Remark 1.2. The same proof, with W, = {@}.cs., gives the same Gumbel tail bounds (1.5)-(1.6) for Mg,
under the (unconditional) p. ;. to which, we recall, a true DMP would couple ZN (S x Z) — (0,0, ht(Cw,,))
under uf (- | Iw,). We recover the tightness and Gumbel tails of M, . [17] as the special case S,, = Lo .

Approximate domain Markov for pillars. We next give a version of the approximate DMP for the individual
oscillations of the interface within S,,. While we could pursue this at the level of individual walls, we choose to
work with a decomposition of the interface into pillars, which were introduced in [15] and are more tailored
to studying the height profile of the interface. Let us define restricted pillars of the restricted interface
ZN (S x Z), which generalizes the notion of pillars from [15]; see Fig. 3.

Definition (Restricted pillars). Fix a simply-connected S, C Lo, and a set of walls W,, = {W, : z € S5}
such that S, N p(W,,) = 0, and inducing ht(Cw, ). For every interface Z € Iw, , the restricted pillar of
x € Sy, denoted P, 5, = Py.s,(Z), is the following subset of faces of Z with a marked root face.

(i) Let o(Z) be the (unique) spin configuration on A,, such that f € Z if and only if it separates sites u, v
having differing spins under o(Z).

(ii) Let 2’ = 2+ (0,0,ht(Cw)) and let o(Py,s, ) be the *-connected plus-component of z’ + (0,0, 3) in o(Z)
restricted to Lopgcw) = {2 ¢ 23 > ht(Cw)}. The pillar P, s, , viewed both as a subset of Z and as a
face set rooted at &’ (modulo translations in Z?), is the set of bounding faces of 0(Py,s,) in Lsn(cw)-

The height ht(P, s, ) is defined as max{zs : (z1,%2,23) € Pys} — ht(Cw). For an interface Z, we let
Py = Pas.r,., denote the (unrestricted) pillar wherein we take S, = Lo, and thus ht(Cw,) = 0.

Observe that, in terms of this definition, Mg, in Theorem 1 is nothing but max{ht(P, s, ): z € S,}.

Theorem 2. There exist Bg > 0 and €5 L 0 as B 1 oo such that the following hold for every B > By. Let
Sn C Lo be simply-connected, with s, = |Sy| — co with n, and let W,, = (W.).¢g, be a wall set with
SnNp(Wy)=0. For everyx =z, € S, and 1 < h = h, < o(A,), where A, := d(x,0S5,,), we have

px, (06(Pos,) > h [ Tw,)
1-e5< =
fizs (06(Po) = h)
where o € Lo, is a fized origin face, say (%, %,O), Moreover,
|ux, (Pes, €| ht(Pes,) > h, Iw,) — pfs (Po € - | 0t(P,) > h)||  <ep. (1.9)
A routine comparison of {ht(P,) > h} to the event in (1.3) (see [17, Eq. (5.3)]) then gives the following.

<l+egs, (1.8)

Corollary 1.3 (LD rate of restricted pillars). In the setting of Theorem 2, if x = x,, € S, is such that
log s, = o(d(z,0Sy)) then for alln and all 1 < h = h, < O(log s,),

(1—egle ™ < pf (ht(Pus,) > h|Iw,) < (L+eg)e™ .

In addition, iterating Theorem 2 immediately gives the following k-point coupling to infinite-volume.
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Corollary 1.4 (k-point decorrelation). Fiz k > 2. In the setting of Theorem 2, if x1,...,z € S, and
A, = min; d(x;,08,) are such that d(x;,x;) > A, for all i # j, then for 1 <hy < ... < hp = 0(Ay),

) < RN (18(Pe,5.) 2 B [ Tw,)

1—ep<
ITis 3 (06(Py) = i)

<1l+eg, (1.10)
and

k
[T, (Pevs)is € - [N 0t (Pas,) 2 hid Tw, ) = T[4 (P € [ he(Po) 2 h)| <ep. (111)

i=1

TV

1.2. Method of proof. We now outline some of the key innovations in the proofs of Theorems 1-2.

Conditional rigidity. The first step of the proof is reproving the rigidity of Ising interfaces in S,,, conditionally
on Iy, . The general approach to proving rigidity considered a Peierls-type map whereby a wall W, is
deleted, and its interior ceilings and walls are correspondingly shifted vertically.

After an application of the map, the ,ufn -weight gained by the deletion of W, is compared to the entropy
from the choices of such a wall. However, if W, is close to some large wall W, the interior of W, may interact
with W, through the sub-critical bubbles in the full Ising configuration, and this interaction may even be
larger than the energy gain of |W,|. Dobrushin’s remedy to this [13] was to delete additional walls via a
subtle notion of a group-of-walls, balancing the need to control the interaction with other walls against the
multiplicity cost when deleting them. This grouping of walls, essentially verbatim, has been central to proofs
of rigidity in other low-temperature separating surfaces in dimension d > 3, such as the Widom—Rowlinson
model [3,4], Falicov—Kimball model [9], and percolation and random-cluster/Potts models [18].

In our conditional setting, the group-of-walls containing x may “bypass” 0S,, to contain walls of W,
whereby the deletion of the group-of-walls will take us outside Iwy, , breaking the argument. We introduce
an alternative one-sided grouping criterion: a wall W will only be grouped with W’ if W is interior to the
external boundary of W’. This directed notion leads to a new grouping of walls that, in particular, remains
confined to S,, (see Definition 3.7), and enables us to prove the following,.

Theorem 3. There exist By > 0 and C' > 0 such that the following holds for every > By. Let S,, C Lo
be simply-connected, and let W, = (W.).¢g, be such that S, N p(W,) = 0. For every x = (x1,x2,0) € Sy,

py  (max {#3: (21, 22,23) €I} > ht(Cw,) + h | Iw,) <exp (— (48— C)h) for every h > 1.

Conditional law of tall pillars. With Theorem 3 in hand, we are interested in comparing the rate of the
exponential in Theorem 3 with the unconditional rate (1.1). Indeed the behavior of the maximum oscillations
in S,, are governed by the large deviation rate for its height profile in its bulk, i.e., when d(z, S5) > h.

The decorrelation estimates of [4,10] adapted to pillars in [15, Corollary 6.6] imply the covariance bound

|6k (Pes, € - Iw,) =k (P € Jpi (Iw,)llrv < exp(—d(z, S5)/C);

however, the bound on the conditional law, obtained via dividing by u{ (Iw,), would leave the right-hand
side as e~ (@5 +BIWaD/C which is useless since d(z, S¢) < |0S,| < [W,| in any nontrivial situation.

Our approach to proving Theorem 2 is to construct a bijection on pairs of interfaces (Z,Z') that swaps
the pillar P, g, in the interface Z € Iy, with the pillar P, in the interface 7', to obtain two new interfaces.
One could deduce Theorem 2 if the product of probabilities of (Z,Z") were always within a factor of 1+eg of
the product of probabilities of the resulting pair after the swap. However, not only is this false, but the swap
operation may not even be well-defined. To ensure the validity of this swap, and then control the interactions
of the pillars with their new environments, we introduce a notion of an isolated pillar (see Definition 4.1).

Informally, an interface is said to have an isolated pillar at z if (a) for height K (some large constant), the
pillar is simply a straight column of width 1, then grows moderately while being confined to a cone, and (b)
the walls are empty in a disk of radius K about x, and then grow at most logarithmically in their distance to
x. It turns out that if 7N (S,, x Z) has an isolated restricted pillar P, g,, and Z’ has an isolated pillar P,
then (i) the pillar swap described above is well-defined, and (ii) the tilt induced by the change in interactions
between the pillars and their environments through sub-critical bubbles is 1+¢ (see Theorem 5.1). Of course,
one must also show that the isolated events have probability at least 1 — & under both the conditional and
unconditional measures: this is established by Theorem 4.2, which entails adapting the shape theorem of
tall pillars used for tightness [17, Theorem 4] to tall restricted pillars conditionally on Iy, .
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Law of the conditional mazimum height oscillation. In [17], the tightness and Gumbel tails of M, , were
proved using a modified second moment method, and a multiscale coupling of the maximum on Ly, to the
maximum on independent copies at smaller scales. This coupling importantly relied on the aforementioned
covariance bounds of [4,12]; in our conditional setting, we do not have access to general covariance estimates,
only the single-pillar decorrelation of Theorem 2. We instead follow a different approach similar to that
of [7,21] for the maximum heights in the (2+1)D SOS and DG models: there, the approach was to use FKG
to exponentiate the pillar LD rate for the upper bound on the maximum, and to plant typical tall pillars
wherever possible for the lower bound. Unfortunately, the conditional measure pi3 (- | Iw, ) does not satisfy
FKG, and we cannot plant pillars with the correct LD rate of «y, as this rate is obtained not by a fixed
pillar, but by the infinite-volume distribution over random-walk-like pillars in nice environments.

We overcome these obstacles by tiling S,, by smaller scale boxes and iteratively exposing the collection
of restricted pillars in each of these boxes: this revealing procedure is designed to enable application of
Corollary 1.3, by (1) only having revealed walls external to the next pillar we consider, and (2) ensuring the
revealed walls are at distance > h from the next pillar we consider. See §6.2 for more details.

We emphasize that unlike [17], we never appeal to the FKG inequality; this suggests that the tightness and
Gumbel tails of the (restricted) maximum can, in principle, be extended to other models e.g., wired-wired
random-cluster and ordered-ordered Potts separating surfaces in d > 3, to which the rigidity results of [13]
have been extended [18], but whose underlying measures do not satisfy the FKG inequality.

1.3. Future applications. Whereas having a macroscopic height-h level line for h # 0 is exponentially
unlikely under ufﬂ, it becomes the typical scenario in various settings of physical interest. E.g., in the
presence of a hard barrier (either conditioning on the interface to be in the upper half-space, or placing
plus boundary conditions in the lower half-space), the Ising model is expected to exhibit entropic repulsion,
a ubiquitous feature of random surfaces: the presence of a hard barrier drives the bulk of the interface
to a typical height h, > 1 as in Fig. 2 (see the arguments sketched in [I, 19]). Basic features, such as
the asymptotics of the new typical height h, and the shape of the h,-level line, remain unknown. As an
ingredient, one would need to understand the law of the oscillations inside a level line, our focus in this work.

The following picture is known for the (2 4+ 1)D Solid-On-Solid (SOS) model, a distribution on integer
valued height functions, viewed as random surfaces, approximating the low-temperature 3D Ising interface.
The classical work of Bricmont, El-Mellouki and Frohlich [2] showed that if H,, is the height at the origin in
the SOS model, and ﬁn is the analogous variable after conditioning that the surface is nonnegative (a hard
barrier), then at low enough temperature, while H,, = Oy (1) one has that (¢/8)logn < EH, < (C/8)logn.

As part of a detailed analysis of the model in [6-8], it was shown that if M,, is the maximum height, and M,
is its analog conditional on the surface being nonnegative, then for some deterministic sequence h,, < logn,
Hy/hy 251, My/hy 22, M,/h, 2 3. (1.12)

Theorem 1 is consistent with this picture in the context of the 3D Ising model, and moreover reduces the
task of establishing this 1:2:3 scaling for heights in the 3D Ising interface to the analysis of the ratio ﬁn /.
For instance, if one showed that its h,-level set is macroscopic (bounding a fixed proportion of the sites, as
is the case for the SOS model), then Theorem 1 would immediately imply the lower bound M\n > hy, + M),
where M has the same centering and Gumbel tails as the unconditional maximum M,,.

Indeed, in the follow-up work [16] we use the results of this paper as a key element towards understanding
the phase transition between rigidity at height 0 and entropic repulsion, related to the discussion above.
Let i" be the Ising measure conditionally on its interface lying above a hard floor at height —h, for h > 0.
The main result identifies the critical h below which the floor would induce entropic repulsion: letting

Ry =h:(B):=inf{h>1: a, >log(2n) — 26}, (1.13)

we establish there that for 8 > By, with probability 1 — o(1), the interface Z ~ i satisfies
TN ([-%,2]* x {0})] <epn? ifh<hy—1, (1.14)
TN ([-%,2]* x{0})| > (1 —ep)n®  ifh>h. (1.15)

Theorem 1 also has implications for boundary conditions that are slightly tilted. Consider, e.g., boundary
conditions forming a single step —the plus/minus split is about height 0 in the left half-space Z_ x Z? and
height 1 in the right half-space. Miracle-Sole [23] showed that this interface (and more generally, the interface
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for an angled 1-step boundary) typically comprises two macroscopic ceilings (at heights 0 and 1); the new
result shows that each of these ceilings would be rigid and feature the same oscillations as the unconditional
Ising model under a flat boundary condition. Theorem 1 shows that here the centered maximum M,, will
be the maximum of two i.i.d. tight random variables with Gumbel tails. More generally, if we have a k-step
boundary condition, M,, will be the maximum of k£ independent tight r.v.’s, one for each of the ceilings.

1.4. Organization of the paper. In §2, we recall the main notations, definitions, and properties we use
from preceding works, primarily [13] and [15,17]. In §3, we define the directed grouping of walls, and use it
to prove Theorem 3. In §4, we define isolated pillars and establish that tall pillars are typically isolated. In
85, we use a swap map on pairs of interfaces with isolated pillars to establish Theorem 2. In §6, we establish
Theorem 1. Finally, in §7, we compile proofs of technical lemmas whose proofs we deferred from §4.

2. PRELIMINARIES

In this section, we lay out notation we use throughout the paper, then recall the definitions of the Ising
interface, and its decomposition into walls and ceilings from [13], leading to its standard wall representation.
We then recall the definitions of pillars as introduced in [15], and their decomposition into a base and a spine
composed of increments. We conclude the section with the key input from cluster expansion which we rely
on, giving an approximate expression for the projection of the Ising distribution ,ufw onto interfaces.

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

Lattice notation. Because our primary interest in this paper is the interface separating plus and minus sites,
it will be convenient for us to consider the Ising model on the vertices of the dual graph (Z3)* = (Z + %)3
To be precise, let Z be the integer lattice graph with vertices at (21, 22, x3) € 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 normal to one of the coordinate directions. A
face is horizontal if its normal vector is des, and is vertical if its normal vector is one of e or £es. A cell
or site of Z3 is the 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 of Z3 all of whose bounding vertices
are in A; denote the resulting edge set &(A), face set .#(A), and cell set € (A).

We call two edges adjacent if they share a vertex, two faces adjacent if they share a bounding edge, and
two cells adjacent if they share a bounding face. We will denote adjacency by the notation ~. It will also be
useful to have a notion of connectivity in R?® (as opposed to Z?); we say that an edge/face/cell is *-adjacent,
denoted ~*, to another edge/face/cell if they share a bounding vertex. A set of faces (resp., edges, cells) is
connected (resp., x-connected) if for any pair of faces (edges, cells), there is a sequence of adjacent (resp.,
x-adjacent) faces (edges, cells) starting at one and ending at the other.

We use the notation d(A, B) = inf,e 4 yep d(z,y) to denote the Euclidean distance in R? between two sets
A, B. We then let B,.(z) = {y : d(y,z) < r}. When these balls are viewed as subsets of edges/faces/cells,
we include all those edges/faces/cells whose midpoint falls in B,.(x).

Subsets of Z3. The main subsets of Z? 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,

Mo = [-n,n] x [-m,m] x [~h,h] C Z3,

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 €' (A) is the set of cells in € (Z3) \ €(A) adjacent to a cell in €' (A).

Additionally, for any h € Z let £}, be the subgraph of Z3 having vertex set Z? x {h} and correspondingly
define edge and face sets &(L;) and .F(Ly,). For a half-integer h € Z + 1, let £, collect the faces and cells
in .7 (Z*) U € (Z?*) whose midpoints have half-integer e3 coordinate h. Finally we use L4 = 5, Lnv and
Lon =Up <p L for half-spaces.
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Projections onto Ly. For a face f € F(Z3), its projection p(f) is the edge or face given by {(z1,z2,0) :
(x1,29,8) € f for some s € R} C Ly. Specifically, the projection of a horizontal face is a face in % (L),
while the projection of a wvertical face is an edge in &(Ly). The projection of a collection of faces F' is
p(F) := Usep p(f), which may consist both of edges and faces of Lo.

With this notation in hand, define the cylinder of radius r about x € Lg as Cyl, . = {2 : p(2) € B.(z)}.

Ising model. An Ising configuration ¢ on A C Z? is an assignment of +1-valued spins to the cells of A,
ie., o € {+£1}¥@. For a finite connected subset A C Z3, the Ising model on A with boundary conditions
n € {£1}¢@) is the probability distribution over o € {£1}¢®) given by

pa (o) x exp [—BH(o)] , where H(o) = Z 1{o, £ ow}+ Z {0y, # nw}-
v’%grfU(A) ve%(A),wveﬁfugZS)\%(A)
Throughout this paper, we will be considering the boundary conditions 7,, = —1 if w is in the upper half-

space (w3 > 0) and 7, = +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 n = F; for ease of notation, let .t = = ut

n,m,h,.

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

Eugoane) [Ha(on € -l oaa)] = nalon € ).

On Z?, infinite-volume measures arise as weak limits of finite-volume measures, say n — oo limits of the
Ising model on boxes of side length n with prescribed boundary conditions. At low temperatures 8 > S.(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‘Z'Z,, and p. While in 72,
all infinite-volume measures are mixtures of u, and p., the rigidity result of [13] showed that when d > 3,
the weak limit u; = lim,, o “fun,n is a DLR measure distinct from any mixtures of u%‘z and pizn.

2.2. Interfaces under Dobrushin boundary conditions. We begin by formally defining the interface
induced by an Ising configuration with F boundary conditions. We then recall the key combinatorial de-
composition from [13] into walls and ceilings. We refer the reader to [13] for more details.

Definition 2.1 (Interfaces). For a domain A,, ,,, ;, with Dobrushin boundary conditions, and an Ising con-
figuration o on € (An, m,n), the interface T = Z(o) is defined as follows:

(1) Extend o to a configuration on ¢(Z3) by taking o, = +1 (resp., 0, = —1) if v € Lo\ C(Apm.1n)
(1esp., 0 € L0\ ClAnm1))-

(2) Let F(o) be the set of faces in .7 (Z3) separating cells with differing spins under o.

(3) Call the (maximal) *-connected component containing Lo\% (Ap, m ) in F'(0), the extended interface.
(This is also the unique infinite *-connected component in F'(o).)

(4) The interface T is the restriction of the extended interface to F(Ay m.n)-

Taking the h — oo limit g7, to obtain the infinite-volume measure I m.oos the interface defined
above stays finite almost surely. Thus, yf ,, . -almost surely, the above process also defines the interface for
configurations on all of G (A, m,c0)-

Remark 2.2. Every interface uniquely defines a configuration with exactly one *-connected plus component
and exactly one *-connected minus component. For every Z, we can obtain this configuration, which we call
o(Z), by iteratively assigning spins to C(A, m 1), starting from A 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
indicating the sites that are in the “plus phase” and “minus phase” given the interface Z.
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Walls and ceilings. Following [13], we can decompose the faces in Z into wall faces and ceiling faces.

Definition 2.3 (Walls and ceilings). A face f € Z is a ceiling face if it is horizontal and there is no
fr e I\ A{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) x-connected set of wall faces. A ceiling of 7 is a (maximal) x-connected set of ceiling faces.

Projections of walls can be viewed as (relaxed) contours in R?, defining an important notion of inte-
rior/exterior with respect to a wall.

Definition 2.4 (Nesting of walls). For a wall W, the complement of its projection (a subset of R?)
p(W)e = (&(Lo) UF (Lo)) \ p(W),

splits into one infinite component, and some finite ones. We say an edge or face u € &(Ly) U F(Ly) is
interior to (or nested in) a wall W, denoted by u @ W, if u is not in the infinite component of p(WW)¢ (and
strictly interior to or strictly nested in, if it is in one of the finite components of p(W)¢). A wall W is nested
in a wall W', denoted W € W', if every element of p(W) is interior to W’. Similarly, a ceiling C is nested
in a wall W’ if every element of p(C) is interior to W’.

We can then identify the connected components of p(WW)¢ with the ceilings incident to W.

Lemma 2.5 ([13]). 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.
The above correspondence can be made more transparent by introducing the following notion.

Definition 2.6. For a wall W, the ceilings incident to W can be decomposed into interior ceilings of W
(those ceilings identified with the finite connected components of p(1W)¢), and a single exterior ceiling, called
the floor of W, identified with the infinite connected component of p(TW)e.

Definition 2.7. The hull of a ceiling C, denoted C is the minimal simply-connected set of horizontal faces
containing C. The hull of a wall, W is the union of W with the hulls of its interior ceilings. Abusing notation,
for a collection of walls W, we let W be the union of the hulls of W € W.

Observation 2.8. For every interior ceiling C of W, the projection of its hull, p(C), is exactly the finite
component of p(W)€ it projects into. On the other hand, the projection of the hull of the floor of W is all of

Lon. Finally, the set p(W) is the union of p(W) with all the finite components of p(W)°.
Finally, we can assign the index points of £y the walls of an interface Z as follows.

Remark 2.9. Given an interface Z, for every face © € % (L), assign x the wall W of Z if t €@ W and =z
shares an edge with p(W). If there is no W for which this is the case, let W, = @. Importantly, this labeling
scheme is such that x is only assigned one wall, but the same wall may be assigned to many index faces.

The standard wall decomposition. While it is evident that the wall faces of an interface uniquely determine
the interface, a key property of the walls and ceilings decomposition of [13] is that the vertical positions of
the walls are not needed to recover the interface.

Definition 2.10 (Standard walls). A wall W is a standard wall if there exists an interface Zy, such that
Tw has exactly one wall, W; as such the floor of W in Z must be a subset of L£y. A collection of standard
walls is admissible if they have pairwise (vertex) disjoint projections.

Definition 2.11 (Standardization of walls). To each ceiling C of Z, we can identify a unique height ht(C) since
all faces in the ceiling have the same x5 coordinate. For every wall W of Z , we can define its standardization
Ogr W which is the translate of the wall by (0,0, —s) where s is the height of its floor. (The standardization
of a wall W may depend on Z, but we leave this dependence to be contextually understood.)

We then have the following important bijection between interfaces and their standard wall representation,
defined as the collection of standard walls given by standardizing all walls of Z: see Fig. 4 for a depiction.
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Lemma 2.12 ([13], as well as [15, Lemma 2.12]). The standard wall representation yields a bijection be-
tween the set of all interfaces and the set of all admissible collections of standard walls. In particular, the
standardization Og:W of a wall W is a standard wall.

We note the following important observation based on the bijection given by Lemma 2.12.

Observation 2.13. Consider interfaces T and J, such that the standard wall representation of T contains
that of J (and additionally has the standard walls OxW = (Og W1, ..., 04W,.)). 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 projecting into p(W).
Moreover, this bijection can be encoded into a map f — 0. f that only consists of vertical shifts, and such
that all faces projecting into the same connected component of p(W)¢ undergo the same vertical shift.

Nested sequences of walls. Finally, we introduce a notion of nested sequences of walls.

Definition 2.14. To any edge/face/cell z, we can assign a nested sequence of walls 2, = (Wr,..., W)
where (W7,..., W) are the set of all walls in Z nesting p(z) (by Definition 2.4, this forms a nested sequence
of walls, and can be ordered such that W; is nested in W; for all j > i).

Observation 2.15. For u € Ly, one can read off the height of the face(s) of T projecting onto u from
Os:2,,. 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 O ,(y) exceeds 4h.

We conclude this section with the following fact enumerating over walls and nested sequences of walls
rooted at a given face (see e.g., [13, Lemma 2] as well as [15, Observation 2.27]).

Fact 2.16. There exists a universal (lattice dependent) constant C such that the number of x-connected
face sets of cardinality at most M, nesting a fized x € .F(Z?), is at most CM. In particular, there exists
a universal constant C' such that the number of nested sequences of standard walls of total cardinality at
most M, nesting x, is at most CM.

2.3. Restricted interfaces. Recall that much of the paper will regard statements that are conditional on
the interface outside some level set. Towards that, as in the introduction, we will fix a set S,, C Ly, and
condition on the wall collection in S = Loy, \ Sn. Namely, let W,, = (WZ)Zes%—Where if z € 5¢ is not
assigned any wall, we say W, = @—such that that p(W,) C S5. If Zw is the interface whose standard wall
collection is ©g; W, there is a unique ceiling, called Cyw, of Zw such that p(Cw) D Sy,.

Our object of interest is the interface Z[g : this is the interface whose standard wall representation
consists of the standardizations of all walls in Z whose projection is in S,, (for Z € Iy, this is the interface
whose standard wall representation is that of Z minus the standardizations of W,,). Observe, then, that for
any such S,, Wy, every Z € I, can be decomposed as

IN(S°xZ)=Tls N(S°xZ), and IN(SxZ)=TIlg N(SxZ)+(0,0ht(Cw)).  (21)

In particular, the restriction Z N (S x Z) is given by the vertical shift by ht(Cw) of the interface Z[g .
We define restricted nested sequences of walls, 20, s as 20, \ W and note that 20, g is the vertical shift
by ht(Cw) of the nested sequence 2, of the restricted interface Z[g .

2.4. Interface pillars. The standard wall representation of interfaces was central to [13], but is too coarse
to characterize sharp asymptotics of the maximum height fluctuation. Instead, a pillar decomposition was
introduced by [15] to study the large height deviations of the interface.

Definition 2.17. For an interface Z and a face x € .Z (L), we define the pillar P, as follows: consider
the Ising configuration o(Z) and let o(P,) be the x-connected plus component of the cell with mid-point
x4+ (0,0, %) in the upper half-space L. Define the face set P, as the set of bounding faces of o(P,) in L.

Remark 2.18. If we recall the definition of the restricted pillar from the introduction, we see that this
corresponds to Py r, .. More generally, we have that the restricted pillar P, s, is precisely the vertical shift
by ht(Cw) of the (unrestricted) pillar P, of the interface Z[g , and by such a translation, the definitions
below are extended naturally to restricted pillars.

The following observation relates pillars and nested sequences of walls.
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FIGURE 4. Left: an admissible collection of three standard walls (with horizontal wall
faces depicted in purple). Right: the interface with that standard wall representation per
Lemma 2.12, obtained by appropriate vertical shifts of the standard walls on the right.

Observation 2.19. Let &, be the union of 2, together with all walls (Wz)zep(in ) nested in a wall of W,

The wall faces of P, are a subset of &,.. In particular, if the wall collections of T and J agree on &, then
PL =PJ. Thus, if f € Pa, there must exist W € &, such that both p(f) and p(z) are nested in W.

It will be useful to identify the height oscillations of the interface, with the pillar that attains those heights.

Definition 2.20. 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,) = max{zs : (z1,22,23) € f, f € Pz},
and for a restricted pillar that height is given by ht(Py s) = max{xs : (v1,x2,23) € f, f € Py} — ht(Cw).

Decomposition of the pillar. We next recall the structural decomposition from [17] of a pillar into a base %,
and a spine S, which is further decomposed into an increment sequence (%;)i>1-

Definition 2.21 (Cut-points). A half-integer h € {3, 3,...} is a cut-height of P, if o(P,) N L}, consists of
a single cell. In that case, that cell (identified with its midpoint v € (Z + 3)?) is a cut-point of P,. We
enumerate the cut-points of P, in order of increasing height as vy, vs, .. ..

Definition 2.22 (Spine and base). The spine of P, denoted S, is the set of cells in o(P;) (resp., faces in
Py) intersecting L ¢y, The base %, of P, is the set of cells in o(P,) \ S, (resp., faces in P, \ F(Sy)).

1.
2

Definition 2.23 (Increments). Consider a spine S, with cut-points vy, v, ...,vz41. Then, for every i < 7,
define the i-th increment of S, as

2= 8N (R? x [ht(v;) = 3, ht(vig1) + 3)),

so that the i-th increment is the subset of S, delimited from below by v; and from above by v;;; and there
are exactly 7 increments. (If there are fewer than two cut-points, we say that J = 0.)

Beyond the 7 increments, the spine additionally may have a remainder 2~ &, which we define as the set of
faces intersecting R? x [ht(vg 1) — %, o0). For readability, for a spine S, with increments 27,..., 29, 25 7,
we use the notation 2’71 := 25 7 to simultaneously index over increments and the remainder.

Abusing notation, we may view increments not as subsets of an interface, but as finite #-connected sets of
at least two cells, whose only cut-points are its bottom-most and top-most cells (modulo lattice translations,
achieved by, say, rooting them at the origin). The face-set of such an increment consists of all its bounding
faces except its bottom-most and top-most horizontal ones. A remainder increment is defined similarly, but
its only cut-point is its bottom-most cell. With this, we obtain the following decomposition of the spine.

Lemma 2.24. There is a 1-1 correspondence between triplets of v1, a sequence of increments X1,...,Xr €
XT and a remainder X<, and possible spines of T increments whose first cut-point is at vy.

The correspondence of Lemma 2.24 follows in the obvious manner, by identifying the bottom cut-point of
X, with v; and sequentially translating the increments in the increment sequence to identify their bottom
cut-point with the top cut-point of the previous increment. For more details, see [15, Section 3].



APPROXIMATE DOMAIN MARKOV PROPERTY FOR RIGID ISING INTERFACES 13

Finally, it will be useful to refer to the simplest increment, consisting of two vertically consecutive cells,
one on top of the other (resp., its eight bounding vertical faces) the trivial increment denoted Xg.

2.5. Excess area. For a pair of interfaces, we need to quantify the energy cost from having one interface
over the other. The competition of this energy cost as compared to the reference interface Lo ,, with the
entropy gain from additional fluctuations governs the typical behavior of the interface.
Definition 2.25 (Excess area). For two interfaces Z, 7, the excess area of T with respect to J, denoted
m(Z;J), is given by
m(Z; J) = |I] - |T].

Evidently, for any valid interface Z, we have that m(Z; Lo ) > 0.

We can extend the definition of excess area to walls and increments. For instance, for a wall W, if we
denote by Zg,,w the interface whose only wall is g W, then m(W) = m(Zg,, w; Lo.n). The excess area of a
collection of walls W is analogously defined, and one can easily see that m(W) = > "y, .y m(W).

Remark 2.26. Notice that for a wall W its excess area is exactly given by
m(W) = m(0s:(W)) = [W| = |Z(p(W))].

This form of the excess area makes a few key properties clear:

m(W) = %|W|» and  m(W) = [p(W)| = [€(p(W)| + [F (p(W))]. (2.2)
Moreover, any two faces x,y € Lo, nested in W satisfy d(z,y) < m(W).
Finally, we define excess areas of increments following the conventions of [15,17], with respect to trivial
increments. For an increment 2 (1 < i <.7), define m(.2;) as
m(2;) = [F(Zi)| — 4(ht(viy1) — ht(vi) 1) (2.3)

(recall that . (X) does not include the top most and bottom most faces bounding X). This can be viewed
as the difference in the number of faces from Z; versus a stack of trivial increments of the same height
as Z;. For the remainder increment 2’1 = 257, this can be defined consistently by arbitrarily setting
ht(vg12) :=ht(P,) — 5. With these definitions, we notice that if 2; # Xz then

m(Z;) > 2(ht(vi41) —ht(v;) — 1) V 2 and | F(Z;)] <3m(Z;)+4. (2.4)

2.6. The induced distribution over interfaces. Using the tool of cluster expansion, [22] proved refined
properties of the single-phase Ising measures p,; and u%'s at sufficiently low temperatures. Dobrushin [13]
subsequently used these techniques to express the Ising measure over interfaces as a perturbation of the
distribution exp(—f|Z|), where the perturbative term takes into account the bubbles of the low-temperature
Ising configurations in the minus and plus phases above and below the interface respectively. We recall this
expression for the Ising distribution over interfaces in what follows.

Here and throughout the paper, let u,} = puf = limp o0 1}, -

Theorem 2.27 ([13, Lemma 1]). There exists By > 0 and a function g such that for every 8 > By and any
two interfaces T and T',

0 e (—om@y+ (Sern - Y 8r.1))

o (T') fez frez
and g satisfies the following for some ¢, K > 0 independent of B: for all T,T' and f € T and f' € T',
g(f,I)| <K (2.5)
8(f, ) —g(f',T)| < Kem (ST (2.6)

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

r(f,Z; f,T') = sup{r : (Z— f)N B (0) = (T’ - f') N B,(0)},
where the congruence relation = is equality as subsets of R3.

We will say that the radius r(f,Z; f',Z") is attained by a face g € T (resp., ¢’ € T') of minimal distance
to f (resp., f') whose presence prevents r(f,Z; f’,Z') from being any larger.
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2.7. Notational comments. We end this section with some comments on the notation we use. The key
object of study in this paper is the restricted interface Z|g , whose height shift by ht(Cw, ), we recall gives
the interface Z inside the cylinder S,, x Z. We will frequently use a subscript of S to denote that the relevant
object is defined with respect to the interface Z[g as opposed to S, then shifted by ht(Cw). For example,
for a given Z, the nested sequence of walls 20, g , the pillar P, s, and its base %, g, and spine S, g, are
all the corresponding quantities in the interface Zg, , veritcally shifted by ht(Cw).

All statements in the paper will hold for 8 sufficiently large, which we indicate by 5 > By for a universal Sy.
These statements concern the asymptotic regime of n large, and are to be interpreted as holding uniformly
over all n large enough; when contextually understood we may therefore drop the n dependence from certain
notation—e.g., S = S,,, W = W,,, x = z,,. For ease of presentation, when we divide regions into sub-regions
of some fixed size and we do not differentiate between the remainder sub-regions if there are divisibility
problems. All such rounding issues and integer effects can be handled via the obvious modifications.

Finally, throughout the paper we let ¢, K be the constants of (2.5)—(2.6), while using C,C’ to denote the
existence of some universal constant (independent of 5, n), allowing these to change from line to line.

3. WALL CLUSTERS AND CONDITIONAL RIGIDITY

Our goal in this section is to prove Theorem 3. The rigidity proof of [13] relied crucially on a grouping
of nearby walls into groups of walls, and then proving an exponential tail on the group-of-walls through an
x € Ly,,. However, under Iy, the group-of-walls through z may include the walls in W, precluding proving
a bound on the wall through = conditionally on Iw using the groups of walls decomposition.

Recall the definition of hulls of ceilings and walls, denoted ¢ , W from Definition 2.7. We replace the groups
of walls formalism with a one-sided clustering of close walls, to obtain the following conditional exponential
tail on the walls of Z € Iy, analogous to [13, Theorem 1] in the unconditional setting.

Theorem 3.1. There exists C > 0 such that for every B > By the following holds. Fix any two admissible

.

collections of walls (W,..., W), and W = (W).ea such that p(W) N p(U,<, Wi) = 0. Then

WEWh, .. W | Tw) < exp(— (B—C)Zm(Wi)),

i<r
(where the event on the left-hand side indicates that Wy,..., W, are walls of T).

A consequence of Theorem 3.1 is that the height fluctuation of the interface at x about the height of = in
To,w has an exponential tail. In particular, when W generates a ceiling Cw nesting z, the height oscillations
of x about ht(Cw) are tight with exponential tails. The following corollary (adapting [15, Eq. (2.4)] to this
conditional setting) on exponential tails for nested sequences of walls implies Theorem 3, by Observation 2.19.

Corollary 3.2. There exists C' > 0 such that for every B > By the following holds. Fizx a set S, C Ly, such
that Lo\ S, is connected, and an admissible collection of walls W,, = (W.).¢s, such that p(W,) C S5,. For
every x € S, and every r > 1,

e (M(We,s,) > 7 | Iw,, ) < exp(—(8—C)r).

Finally, we can use the above to deduce upper and lower exponential tail bounds on the probability of a
pillar attaining a height h: this is the conditional analogue of [15, Theorem 2.26 and Proposition 2.29].

Corollary 3.3. There exists C > 0 such that for every 8 > By the following holds. Fizx a set Sy, C Loy such
that Lo\ Sy is connected, and an admissible collection of walls W,, = (W) .¢g, such that p(W,) C S;,. For
every x € S, and every h > 1,

exp(—4(8+ C)h) < pf (ht(Pa,s,) = h | Iw,, ) < exp(—4(3 — C)h).

3.1. Ceiling and wall clusters. In [13] a notion of closeness of walls was introduced whereby two walls
W1, W are close if there exist two edges/faces u; € p(W7) and us € p(Ws) such that the number of faces of
T projecting onto u;, denoted N, (u;), satisfy d(u1,u2) < v/N,(u1) + v/N,(u2). This grouped walls together
if they interact too strongly through the bubbles in the spin configuration (the function g in Theorem 2.27).
To control the wall through a point « € L ,, conditionally on some large nesting wall in W, we must decouple
the wall W, from W. This entails replacing the group-of-wall clustering by a new grouping scheme, which
we call wall clusters. The key change is that our notion of closeness will be one-sided, so that the wall cluster
of W, only consists of walls interior to W,, enabling the conditioning on arbitrary external walls.
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FIGURE 5. The ceiling cluster of the identified ceiling C (highlighted in light teal) is indicated
by purple and orange—blue marks those walls that are closely nested in C, and orange marks
those that are in turn closely nested in some blue wall (but not themselves closely nested in
C). In white is a large wall near, but outside, C, and therefore not in the ceiling cluster of C.

Definition 3.4. We say a wall W is closely nested in a ceiling C if W is nested in C (W € C) and
dp(C, W) := d(p(dC), p(W)) < m(W).

(where p(9C) = dp(C) is the edge boundary of p(C) in Lo). We say a wall Wy is closely nested in Wa, if W3
is closely nested in an interior ceiling of Ws.

Remark 3.5. While we choose to use the above definition, where the horizontal distance is compared to
the excess area, there are many one-sided choices here that would work. For instance, a definition that more
closely resembles the original definition of [13] is as follows: W is closely nested in Wy if W7 € W5 and there
exists u; € p(Wy) such that d,(Wa,u1) < \/N,(u1). We choose to stick with Definition 3.4.

Definition 3.6. For a ceiling C, define the ceiling cluster Clust(C) as follows (see Fig. 5 for a depiction):

(1) Initialize Clust(C) with all walls W that are closely nested in C.
(2) Iteratively, add to Clust(C) all walls W that are closely nested in some wall W’ € Clust(C).

Definition 3.7. For a set of walls V in Z with interior ceilings Cq,...,C,, define its wall cluster to be

Clust(V) := V U [ J Clust(C;) .
i=1
Remark 3.8. As discussed above, the most important benefit of wall clusters is that unlike groups of walls,

the wall cluster of W is completely interior to W, i.e., p(Clust(V)) C p(V). Wall clusters also have the nice
property that if W; € Wy € W3 and W is closely nested in W3, then W is closely nested in Ws.

3.2. Rigidity conditionally on nesting walls. The goal of this section is to prove Theorem 3.1. Through-
out this section, fix V.= (Wy,...,W,), and fix W having p(W) N p(U, <, Wi) = 0.
Definition 3.9. Let &y be the following map on interfaces Z € Iyw N Iv:

(1) Remove from the standard wall representation of Z all standard walls in O, Clust(V).
(2) From the remaining standard walls, generate the interface ®v(Z) via Lemma 2.12.
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Recall that by Definition 3.7, p(Clust(V)) C p(U;<, W,); as such, the standard wall representation of

®v(Z) has the same wall collection indexed by faces outside p(U,,. W) as T does, and, ®v(Z) € Iyw. This
property enables us to make the exponential tail probability of V conditional on Iyy.
We first analyze the weight gain under the map ®v .

Lemma 3.10. There exists C > 0 such that for every 8 > By, and for every Z € Iyw N1y,

‘ log D) ﬁm(cmst(V))] < Cm(Clust(V)).
pat (v (1))
Proof. For ease of notation, let J = ®y(Z). By definition, m(Z; J) = m(Clust(V)). By Theorem 2.27,
z /
g L2 (V)| < | S e(0.D) - Y a7

w(J) fez freg

Now we split up the set of faces in Z and J as follows. The interface Zg_ ciust(v) has (interior) ceilings which
we can enumerate by Cq,...,Cs. Now partition the faces of Z as follows.

e Feu={feZ:p(f) ¢ U<, p(W;)} is the set of all faces projecting outside the hulls of (Wi)i<r-

e Clust(V) is the set of wall faces removed by ®v .

o (B;)i<s: collects all other faces of Z, indexed by their innermost nesting ceiling among (C;);<s.

With the above splitting in hand, we now decompose J as follows.

e F. is as defined above.
e H is the set of faces in J whose projection is in Z# (p(Clust(V))).
e (0,B,);<s collects all other faces in J.

Observation 2.13 describes a 1-1 correspondence between B; and 0,B; given by the vertical shifts induced
by the ceilings of deleted walls of ©¢;Clust(V) from the standard wall representation of Z: we encode this
1-1 correspondence into f — 6, f. Evidently, for each ¢, all faces in B; undergo the same vertical shift.

We can then decompose

Y eh D= Y e < D DI+ Y e D+ D 18D~ &S, )

feT freg feCIust(V) f'eH fEFext
+Z > le(£,1) — g(0:f, 7). (3.1)

i=1 feB;

We control the above sum using two claims. The first controls the interactions of faces in Clust(V) U H.

Claim 3.11. There exists a universal C such that

Z Z e cl9) < Cm(Z; 7).

feClust(V)UH ge.ZF (Z3)

Proof. The claim follows immediately by integrating the exponential tails, to bound the left-hand side by
C|Clust(V) U H] for some C, which by (2.2) is at most 4Cm(Clust(V)) = 4Cm(Z; 7). [ |

The next claim controls interactions between walls nested in some C;, that were not deleted (i.e., faces in
B,), with those outside C; (as these may have undergone different vertical shifts).

Claim 3.12. There exists a universal C such that for every i <r,
3 3 e=79) < G|p(8C,)|.
FEBLBI ge 7 (23):p(9) 2(C:)

Proof. Clearly, by vertical translation invariance of the index set of the latter sum, it suffices to prove this
for a sum over f € B;, say. First, we write for some universal C,

Z Z e—éd(f,g)g Z Z Ce—cdp(f)u)

FEBi ge 7(23):p(9)2p(C.) FE€Bi uep(acy)

Y ey Y Y oWt

fen(C:) uep(dy) uep(dC;) WWEeB:
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where the first term accounts for the ceiling faces of B; and the latter sum runs over all walls of Z that
are a subset of B;. The first term above is clearly at most C|0C;| for some other C. Because W is
nested in a wall of Clust(V) while not being in Clust(V), W is not in the ceiling cluster of C; and therefore

d(p(W), p(dC;)) > m(W). Thus, using (2.2), the second term above is at most

—ge[d(p(W),u)+m(W)] < lo—5ed(p(W),u)
Z Z 2Cm(We Z Z Cle™

uep(dC;) WCBi uep(8C;) WCB:

Since disjoint walls have disjoint projections, summing out the inner sum, we see that this term is altogether
at most C|p(9C;)| for some other C. Combining the two bounds yields the desired. [ |

With the above claims in hand, we proceed with bounding each of the terms in (3.1). The first and second
terms in (3.1) are easily seen to each be bounded by C Km(Z;J) by (2.5) and Claim 3.11.

The third term of (3.1) is controlled as follows. For every face f € Fex, the radius r(f,Z; f, J) must be
attained by a wall face, either in Clust(V) or nested in some wall of Clust(V). As such, by (2.6), we can
bound the third term of (3.1) by

Y RetUTD < Y Re 0 4 3 Y Y Koo

fEFex fEF e geClust(V) fEFe: 1 g€B;

The first sum is clearly at most C Km(Z; J) by Claim 3.11, while the second is clearly at most CK ), 1p(8C,)|
by Claim 3.12. This is then easily seen to be at most 2C K |Clust(V)| < 4CKm(Z; J).

The fourth term of (3.1) is bounded as follows. Fix any i. For every f € B;, the radius r(f,Z;6.f,J)
is attained either by a face projecting into p(C )¢, a wall face of Clust(V) whose innermost nesting ceiling is
Ci, or a wall face of B, for some j satisfying p(C;) C p(C )¢ (i-e., C; nested in C;). Thus, we can write

ZS: S lg(£D) - g0 f, NN <D D > Ke @00 £33 3 feedifo)

i=1 feB; i feB; gEﬂ'(Z?’)'p(g)ip(C.-) 1 feB; geClust(V)

DDV

i fGB p(C; )Cp(C Ye geB;

In the first case, the sum is bounded, via Claim 3.12 by Y, CK|p(0C,)|; in the second case, the sum is
bounded, via Claim 3.11, by CKm(Z; J). The last sum can be rewritten as

NN > Y RetUo <3 M > Ke=®19) <" CK]|p(aC;)|,

7 9€Bi isp(ci)Cp(Cy)e B I 9Bi feF @)0(H)En(Co) 7

by Claim 3.12. Combining these three and again using the fact that >, 10p(C;)| < 2m(Z;.T), we conclude
that the right hand side of (3.1) is at most Cm(Z; J) for some universal C' as desired. |

It now remains to analyze the multiplicity of the map ®v on the set of interfaces Z € Iy N Iy
Lemma 3.13. There exists a universal constant C' such that for every M > 1, for every J € ®w,)(IwNly)
HZ € o (J) : m(T;T) = M}| < M.

Proof. Observe that given J, the wall collection Clust(V) serves as a witness to Z, so that it suffices, for
fixed V, to bound the number of possible Clust(V) compatible with V and the standard wall representation
of J. For ease of notation, let C1,...,C, be the ceilings of Z¢yst(vy and partition the walls of Clust(V) into
V and sets (F;);<s, partitioning the walls of Clust(V)\ V by their innermost nesting ceiling among (C;);<s-

We enumerate over all such choices by identifying each choice of Clust(V) with the following witness,
consisting of r *-connected subsets of .#(Z3) (one for each of Wy,...,W,), with each face decorated by a
color among {RED, BLUE}. We construct the witness as follows:

(1) Include all faces in 04;Clust(V) and color them BLUE,
(2) For each wall W € F;, add the shortest path of faces in Lg, between W and p(dC;) in RED.
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For every Clust(V) having m(Clust(V)) = M, by Definitions 3.6-3.7, the number of faces of the witness is

S S
Clust(V)[+ > Y d,(W, p(0C;)) < [Clust(V)[+ > > m(W) < [Clust(V)| + [Clust(V) \ V| < 4M .
j=1 WeF; j=1 WeF;
The number of possible pre-images of 7 under ®y having excess area M is at most the number of wit-
nesses arising from those pre-images; this is in turn at most the number of possible {RED, BLUE} decorated
face-sets of .#(Z3) having at most 4M faces in total, consisting of r *-connected face subsets containing
Og W1, ..., 05 W, respectively. By first partitioning C'M into the number of faces that get allocated to each
of the connected components of W1, ..., W, then enumerating over decorated face sets of that size for each
of these connected components, by Fact 2.16, we find that this is at most C™ for some universal C > 0. B

Proof of Theorem 3.1. It remains to combine Lemmas 3.10 and 3.13. Observe first of all that for every
7 € Iw N1y, we have m(Z; J) > >, ., m(W;) = m(V). We can express the probability 1.f (Iw,Iv) as

j pi (1)
ORI R DRI N DR D i

Zelwnly Jedv (Iwnlv) k>2m(V) Zea ' (7):m(Z;7)=k
S S I e
Jecbv(lwmlv) E>m(V)

< O (Iw) exp (= (B = C")m(V)),
where in the second line we used Lemma 3.10 and Lemma 3.13, and in the third line, we used the fact that
&y (Iw NIyv) C Iw. Dividing both sides above by p.F (Iw) then concludes the proof. |

3.3. Consequences of Theorem 3.1. In this section, we prove Corollaries 3.2-3.3, translating the expo-
nential tail of Theorem 3.1 to results on the height profile of the interface and its pillars. For ease of notation,
we drop the subscripts n from S,,, W,,.

Proof of Corollary 3.2. Begin by expressing

k(W s) > 7 [ Tw) <) > py (Wa,s | Tw)

k>r W, s:m (W, 5)=k
Observe that for any nested sequence of walls W, 5 = (W1,...,W,) compatible with W = ()¢, since
Lo\ S is connected, p(W) N p(U,;<, W) = 0. Thus we can apply Theorem 3.1 to find that this is at most

> > Cexp(—(8 — C)k).

k>r W, sm(Ws, s)=k

It suffices for us to understand how many choices there are for 20, ¢ compatible with W and having
m(2W, s) = k. Evidently, this is in turn bounded by the number of nested sequences of standard walls
20, (with no constraint on admissibility with W), which we recall from Fact 2.16, is at most s* for some
universal constant s > 0. Summing out the exponential tail above, we obtain the desired bound. ]

Proof of Corollary 3.3. Let us begin with the upper bound. The proof is analogous that of Theorem 2.26
of [15], replacing groups of walls with wall clusters. In order for P, ¢ to have ht(P, s) > h, it must be the
case that there exists y nested in a wall of 20, g, such that 20, ¢ U 20, s have excess area at least 4h.

In particular, we can union bound over the maximum height attained by 20, ¢ beyond ht(Cw) and note
that if that height is 0 < h; < h, then there must exist y nested in 20, g such that 20, ¢ attains a further
height h — h;. Namely, we can bound the probability p;F (ht(P,,s) > h | Iw) by

SN i (mWas) >r+4hy [Iw) > sup gl (m(Wy5\ Wes) > 4(h— ) | Wa s, Iw) .
>0 hi<h yelo Was
d(z,y)<r yGQHT s

(Here we used that the cumulative excess area of W, ¢ U 20, s must exceed 4h if ht(P, s) > h.) By
Corollary 3.2 applied to the first term, this is in turn at most

Z Z e~ B=O0+hL2 qup T (m(Wys \ Waes) > 4(h — hy) | Iy, s NIw).

>0 hi<h W, s
yEP(Wa,s)
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To apply Corollary 3.2 to the probability above, we set S’ to be the hull of the ceiling of 20, s nesting y
(so that Lo\ S’ is evidently connected) and condition further on all walls of (S”)¢ admissible with 20, s, W.
Since Corollary 3.2 applies uniformly over such conditioning (the walls we condition on will necessarily have
projections contained in p(2, s \ W, s)°), we find that the above is at most

Zef(ﬁfc)r Z r2e=4(B=C)ha g —4(B=C)(h=h1) < (¥ pe=4(B=C)h < (1 =4(8=C)h

>0 hi<h
as claimed.

We now turn to the lower bound. Let Wfil I be a standard wall consisting of the bounding vertical faces of a
column of h vertically consecutive sites above  (i.e., centered at z + (0,0, £);<5). The following claim which
we isolate, lower bounds the ratio of pF (ht(Py,s) > h,Iw) to pf(m(2W, ) = 0, Iw); this latter quantity is
at least (1 — eg)u,t (Iw) by Corollary 3.2. To avoid boundary-case issues, let Z = {f : f ~* 2z} U {x}, and
let Wz s = Ufe:f: Wi;s.

Claim 3.14. For every S C Lo, such that Lo\ S is connected, every x € S,, and every W = {W, : z ¢ S, },
we have for every h > 1,

oy ({OsrWa s = Wg?,u}vIW)
1 ({Wz,s = 2}, Iw)
Let us first complete the proof of Corollary 3.3, before proving Claim 3.14. By inclusion, and Claim 3.14,
toy (Wt(Po,s) > 1y Iw) > 17 ({06:Wa, 5 = W;L,H}vIW)
> e MO F( Wy 5 = 2} U {00 Wy s = WQZH},IW)

> exp(—4(B+ C)h).

which by Corollary 3.2 with » = 1, and a union bound over the faces in 7, is at least (1—e3)e™ 4B+ F (T )
for some €5 | 0 as 5 T co. Dividing out both sides by p.F (Iw) then implies the desired lower bound. |

Proof of Claim 3.14. Consider any interface Z in Iy, having 2z ¢ = &, and define U, 5, (Z) as the inter-
face whose standard wall representation additionally has the standard wall W;L” consisting of the bounding

vertical faces of the column of & sites (z+ (0,0, £))1<;<j. This results in an admissible collection of standard
walls by the assumption that Z has 20; ¢ = @, and the wall representation of ¥, ;, will have ©4;20, ¢ = Wa’;_H.
Denoting by A & B, the symmetric difference of the two sets, by Theorem 2.27,

1 M;(I))Jrgm(\ym(z);z)‘ < Y K+ ) (8D —8(f; V(D)
pn (T) FEIDT, 1 (T) FEINT, 1 (T)

<SKIZo U n(D)+ Y, > Keedta)
FEINY ;1 (T) 9T T, 1 (T)

Noticing that m(¥, ,(Z);Z) = 4h, and |Z @ ¥, ,(Z)| = 4h + 2, and using the fact that ¥, ; is an injection
from {Z e Iw : Wz s =2} to {Z € Iy : O W, s = WJ?H}’ we deduce that

p (O Wa s = W)} Tw) = > i ()
TE€lw:0a W7 =W
— L
> Y M) GO

JeV, n({Zelw:Wz,5=9})
> 674(6+C)hﬂrf({mf73 = @}, IW) )

concluding the proof. [ ]

4. TALL PILLARS ARE TYPICALLY ISOLATED

Our aim in this section is to show a shape theorem for tall pillars, uniformly over the conditioning
on W,,. While one could in principle prove the more refined shape theorems of [15, Theorem 4] (e.g.,
proving asymptotic stationarity and mixing properties of the increment sequence), we prove an analogue
of [17, Theorem 4], which suffices for showing the tight asymptotics of Mg. Namely, we focus on showing
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that typical tall pillars have exponential tails on their base; beyond that, we add a new property of the shape
showing that they are isolated from their nearby environments with 1 —eg probability. This notion of isolated
pillars, which we next define, will be enough to decorrelate the pillar from its surrounding environment,
enabling us to couple its law to infinite volume and obtain Theorem 2 in the next section.

Recall the definition of the pillar P, with its spine S, and base %, from §2.4. Label the cut-points of
S, as vq,...07,V741 = Us 7, and call its increments 27,..., Z741 := Z~ 7. Let T\ P, be the truncated
interface which, informally, is the result of deleting the pillar P, from Z: namely, it is the interface obtained
from the spin configuration ¢’ which is the result of starting from o(Z) and flipping all the spins in o(P,)
to minus. One can similarly define a truncated interface Z \ S,.

Definition 4.1. Let x € Ly ,,. We say an interface Z has (L, h)-isolated pillar P,, if it satisfies the following.
(1) The pillar P, has empty base %, = 0 (i.e., v1 = = + (0,0, %)), and increment sequence satisfying

0 ift<L?
t ife>IL3’

m(2;) < {

as well as spine whose face-set 7 (S;) = ;> 7 (23) satisfles
|7 (S2)| < 10h.

(2) The walls (Wy)yeﬁo,n of T\ P, satisfy

_ 0 if d(y,z) <L
m = {1og[d<y,x>] it L < dy, ) < L'

We write Z € Iso, 1, 5, to denote that Z has (L, h)-isolated pillar P,.

The goal of this section will be to show the following shape theorem for tall pillars (possibly inside ceilings).

Recall that we set 0:= (—%,—1,0) € Lo, to be a fixed origin face.

Theorem 4.2. There exist constants Lg and eg (with Lg 1 0o and eg | 0 as B — 00) such that the following
holds for all 8 > By. For every h = h, > 1 and x = x,, € Ly, and any set Sy, such that Lo\ Sy, is connected,
for every W, = (W.).¢g, such that p(W,,) C Sy,, and h = o(d(xy,, Sn)), we have for all 0 < h' < h,

1t (Zlg, €lsogppn | ht(Pas,) =W\ Iw,) >1—¢€5. (4.1)
By taking a limit as n 1 oo with h fized and S,, = Loy, we obtain
pds(Z €150 1 | ht(Py) > h') > 1 — 5. (4.2)

Remark 4.3. Theorem 4.2 can be modified to also show that the ¢’th increment of P, s has uniformly
exponential tails on its excess area. Thus in addition to showing that with probability 1 — eg, a pillar
is (L, h)-isolated, it serves to show exponential tails on the excess areas of its base and increments. See
e.g., [17, Algorithm 1 and Theorem 4.1] for this modification to additionally get an exponential tail on m(.27).

4.1. Decomposition of interfaces with isolated pillars. Interfaces with isolated pillars have the nice
property that their pillar P, and truncated interface Z\P, are subsets of two well-separated subsets of .7 (Z3);
this property motivates calling their pillar isolated from its surrounding environment, and is important to
coupling the laws of isolated pillars under two distinct environments, as we will do in Section 5. To formalize
this notion, let us define the following two sets for L, h implicit from the context (see Fig. 6):

Conem’w = {Z = (21, 22, 2:3) € y(£>ht(Cw)+L3)) : d(p(2)7.’17) < (23 — ht(CW))2 A 10h}, (43)
Cone, w = {2z = (21, 22,23) € Z(Z%) : d(p(2),z) > L, 23 < ht(Cw) + (log d(p(2), x))*}, (4.4)

where, we recall, Cyw is the ceiling over x in the interface Zyy. Let Pfi,v I be the vertical bounding faces of
L? vertically consecutive sites above x + (0,0, ht(Cw)), and recall that Cyl, , := {z € F(Z?) : d,(z,2) < r}.
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b

FIGURE 6. An interface having isolated pillar P, (light purple) and truncated interface
Z\ P, (green and dark purple). The sets Cone, and Cone, are the regions above the orange
cone, and below the light gray cone respectively. This decomposition of isolated pillars
ensures that the interactions between the pillar and nearby walls through g are bounded.

Claim 4.4. Fiz any L large and any h. Any interface T € Iy having I]g € Isog 1 satisfies

3 c
Z C (Coneyw N £<(ht(Cw)+10h)) U Piw’“ U (Eht(Cw) N Cylz,L) U Cone, w U Cylz,L3h . (4.5)
F F F F,
v F - Y ext

For Fg(W),F(W),F_(W),F\(W),Fe defined as above, the right-hand side is a disjoint union,
(FyUF))N(F_UFy UF) =0
and the pillar Py g is a subset of the first two sets above, while T\ Py s is a subset of the latter three sets.

Proof. Clearly, it suffices to show the latter claim on the containments of P, g and Z \ P, g, to obtain the
former about the containment of Z. The disjointness of the two sets is by construction.

To see that P, s is a subset of Fy UF, we first notice by item (1) of Definition 4.1, the bounding faces
of the first L? increments of P, g are exactly the set F (if h > L3, otherwise, they are a subset of F|), as
they all have m(2;) = 0 for t < L?. Moreover, the remaining increments ¢t > L? each satisfy m(2;) < t.
Now notice that the maximal horizontal displacement of the pillar at height z5 — ht(Cw ) is at most

> m(2) < > m(2;) < (23 — ht(Cw))?,
t<T.4 L3<t<z3—ht(Cw)
where 7., is the increment number intersecting height z3. The maximal horizontal displacement is also at
most 10 using item (1) of Definition 4.1. It remains to show that Py s C L (ht(cw)+10n), Which also follows
from item (1) of Definition 4.1.
To see that Z \ P,.s is a subset of (F_ UFy U Fe), we first of all notice that as p(W) C S¢ and
h = o(d(z,S¢)), all walls of T intersecting Cyl, ), are nested in Cw, and are vertical shifts by ht(Cw) of
the faces of Z|g projecting into p(éw). It thus suffices to show that
(1) for all y € Loy, having d(y,x) < L, the interface (Z]g\ Pr,5) = (Z\ Pa,s)lg has height zero above y,
(2) forally € Ly, having L < d(y,z) < L3h, the maximal height of (Z| ¢\ P..s) above y is (log d(y, z))?.
These are proved as follows.
(1) Notice by item (2) of Definition 4.1, the interface (Z|g \ P,,s) has no walls indexed by sites in Cyl,
as such, they must all be at ht(Cw) (using the fact that the base of Py g, i.e., By g, is empty).
(2) By Observation 2.15, the height of an interface above y is bounded by the sum of the excess areas of
all walls that nest it; each such wall must go through an index point with distance at most d(y, x)
to x (as no wall of Z|g \ P, g nests x), and therefore, by item (2), there are at most log d(y, ) many
walls of Z|g \ P, s nesting y, each having excess area at most logd(y, x), yielding the desired.



22 REZA GHEISSARI AND EYAL LUBETZKY

Combining the above we conclude the desired inclusions on P, g and Z \ Py s. [ |

The following lemma then controls the interactions between the pillar and the surrounding environment
when the pillar is isolated. Recall from Theorem 2.27 that when applying maps on the interfaces, the
interactions through the bubbles decays through an effective radius of congruence r; the next lemma shows
this contribution is uniformly bounded in A and decaying in L when the radius is attained by an interaction
between a pillar and non-pillar face of an interface in lIsog 1, j.

Lemma 4.5. There exists C' such that for every W, every L large, and every h > 1,

Z Z e~®Uf9) < Cemel and Z Z el < Cemel

fEFGUF || g€Fy UF e fEFy gEF _UFy UFex

Proof. We consider three sums that together imply the two inequalities above for some C. By summing out
g € F_UFy we can bound the summands with f € Fy and such g by

Z Ke el FvUF-) < Z Z Ke el FyUF_) ~ Z Jhe CTor? < oL (4.6)
fEF, k>1 fEFy: fres=k L3<k<10h

for all L sufficiently large, using definitions (4.3)—(4.4). Sums over f € Fy UF | and g € Fe, are at most

S Ke tlUFe) < KRG UFlem@FoFeo) < | (L2 4 10h) - (hY) - e ¢E /2, (4.7)
fEFvUFH

Finally, the sum over f € F| and g € F is at most L3¢~k < Ce°F. Together these imply the desired for
L a large enough constant. n

4.2. Construction and properties of ®,. We begin by constructing the map @i, = Piso(x, L, h). For
the remainder of this section, fix a simply-connected set S = S, fix a sequence x = x,, € S, and let h = h,,
be such that h,, = o(d(z, S;;)). Further, fix any family of walls W = W,, = (W.).¢g, having p(W,) C S,
and let Cw denote the ceiling of Zw whose projection contains S,,. For ease of notation, for a wall W of an
interface Z, let [TW] be the set of interior ceilings of W in Z.

Definition 4.6. Fix x,S, W as above. For every L and every h = o(d(z, 5)), let ®iso = Piso(x, L, h) be the
map on Iy constructed in Algorithm 1 below.

Remark 4.7. We remark on some of the differences between the map @i, and the matching Algorithm 1
of [17] used for showing tight exponential tail bounds on the base and increments of the pillar.

(1) We add the deletion criterion of step 6 in ®;5, to ensure that after application of the map, the resulting
interface is well defined, and has isolated pillar at = (see Lemma 4.8). This step additionally allows
us to remove a more complicated step (A2) of the algorithm in [17], which played a similar role of
ensuring well-definedness of the interface therein, and removed atypically large walls near the pillar
from the standard wall representation.

(2) More generally, when processing the spine, the algorithm of [17] evaluated various criteria of prox-
imity of the increment 2Z; to walls in its surrounding environment, in an iterative manner. Those
criteria changed as the algorithm worked its way up the increment sequence, with the distance to a
nearby wall evaluated not just on the initial interface, but also on the prospective output pillar of
the algorithm were it to trivialize all increments (Z5)s<;. This was to ensure that the interactions
between the pillar and non-deleted walls of the exterior were well-controlled in both Z and the re-
sulting ®(Z). For us, the interactions in ®is,(Z) between its pillar and surrounding environment are
easily shown to be uniformly bounded by Lemma 4.5 because ®is,(Z) has isolated pillar.

Beyond these two simplifications allowed by the notion of isolated pillars, the remainder of the map is
qualitatively the same as in [17], up to the changes of considering the restricted interface Z|g rather than
the full interface, and deleting wall-clusters rather than groups-of-walls of marked sites from the standard
wall representation.

In what follows, for all k', let E'¢ be the event {ht(P,s) > h'}.

Lemma 4.8 (Well-definedness of ®i,). For every L large and every h' < h, for every T € Iw N EQ’/S, the
resulting J = Pi50(Z) is a well-defined interface in E;L/S NIw and Jlg € 1504 1. 1-
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Algorithm 1: The map ®iso = Piso(z, L, h)
1 Let {Wy 1y € Lon} be the walls of 7\ S; 5. Let (27)i>1 be the increments of S .

// Base modification
2 Mark Z:= {f € Lo : f~* 2} U{z} and p(vy) for deletion.
3 if the interface with standard wall representation @STQNBUI,S has a cut-height then
Let At be the height of the highest such cut-height.
| Let y' be the index of a wall that intersects (P s \ Qﬁvl,s) N L+ and mark y' for deletion.

// Spine modification
aforj=1to 7 +1do
0 ifj<L?

if X)) > th Al
it m(2;) > i1 i I en // (A1)
| Let s < j.

if  d([W,],2;) < (j—1)/2 for some y € S, then // (A2)

| Let s < j and let y* be the minimal index y € S, for which (A2) holds.

Let j* <— s and mark y* for deletion.

5 if | #(S;,s)| > 5h then // (A3)
| let s < .7 +1and j* < s.

// Environment modification
6 for y € Lo N Cylysy,(z) do
0 ifd(y,z) <L
log[d(y,x)] else
| Mark y for deletion

if  m(W,) > then

// Reconstructing the interface
7 foreach y € L ,, marked for deletion do remove @STCIUSt(‘fﬂy,S) from (GSTWy)yE&M.
8 Add the standard wall @S"'W;‘jl\ consisting of the bounding vertical faces of (z + (0,0, %)), where
h := (ht(vy) — 3) — ht(Cw).
9 Let K be the interface with the resulting standard wall representation.
10 Let

( Xo,.... Xo , Zjo41,..., Z7, Z>z) if (A3) is not violated,
ht(v;*y1)—ht(vy)
(Xo,...,X5) if (A3) is violated.
| —
h—h
11 Obtain ®;,,(Z) by appending the spine with increments S to K at x + (0,0, ht(Cw) + h).

S «—

Proof. First of all, we claim that the standard wall representation of I (defined in step 9) is admissible; this
follows from the facts that its standard wall representation is a subset of that of 7\ S, s, together with the
fact that prior to the addition of W;‘H, there were no walls incident to the face x (as Z is marked for deletion,

and therefore 20 g := Uses W s is deleted).

For validity of the interface and thus well-definedness, it remains to show that the pillar we add in step 11
does not intersect any part of the interface K. This follows from Claim 4.4, showing that the spine we
generated after step 10 of @i, and therefore satisfying criterion (1) of the definition of Iso, 1 is confined
to Fj UFy NCyl, 19, At the same time, all faces of K not that are not at height ht(Cw) are confined to
Fy U Cylg 73, As such, the two sets are not incident one another except at z + (0,0, ht(Cw)) as desired,
and the interface generated by appending S to K at = + (0,0, ht(Cw) + h) forms a valid interface.
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In order to see that this interface is in Iy, notice first that IC is in I as it only consisted of the deletion
of standard walls, and the addition of the single standard wall W;‘H whose projection is interior to S. Noting

further that the projection p(S + z + (0,0, ht(Cw) + h)) is a subset of p(Cyl, 105) C S, we deduce that the
walls of W are not projected onto, and remain unchanged in the wall representation of J as desired.

To see that J[g is in Iso, 1, notice from the above, that the pillar 77‘75 (the pillar of J[g at x) has
empty base, and steps 4 and 5 of ¥, ensure that its increment sequence satisfies item (1) in Definition 4.1.
Step 6 ensures that the walls of J | S\ + g satisfy item (2) in Definition 4.1. Finally, steps 8 and 10 together

imply that J € EQS as claimed. |

We next consider the change in energy under the map ®;s, showing a series of important bounds on the
quantity. For ease of notation, let Y be the set of y € L ,, marked for deletion, and let D be a representative
set of y € Ly, of all deleted standard walls. First of all, note that the change in energy between Z and
J 1= Piso(Z) is given by

(L T) = {ZZGD m(W.) + Z 25) —|W. Hl (A3) is not violated

> .eD m(W,) + Z?tl m( 5) +4ht(vg 1) —h) — W, H| , (A3) is violated. (4.8)

The following inequalities regarding m(Z; J) will be used repeatedly. In particular, these will imply that
it T|g ¢ Isog, 1, 5, then m(Z; @iso(Z)) > 1 giving us the energy gain we rely on to prove Theorem 4.2.

Claim 4.9. For every L large, and every T € Iy, denoting by J = Piso(Z), we have
2 ~ 1 ~
Wk,| < m(ml,sumyﬂs), and thus — w(T;.7) > gm m(J W) m(Z;). (4.9)
yeD

In particular

Wh | <2m(Z;7),  and m( U ) <3m(Z; J), (4.10)

and

{j* —1< 2V ILAm(Z;T) if (A3) is not violated . (4.11)

h—h<m(Z;7) if (A3) is violated

Proof. The proof goes as the proof of Claim 4.7 of [17]. Let V.= J, .p W, be the set of deleted walls. We
first observe from definitions of walls and ceilings—a detailed proof is given in Corollary 11 of [17]—that
there are no cut-points in the interface with standard wall representation 20,, s U2+ g, and therefore,

W2yl = 4(ht(v1) — 5 — ht(Cw)) < 3(m(W,,5 UWys 5)) -

Thus, |W. H| < 2m(V) and the two inequalities of (4.10) follow from the fact that m(Z;.7) > m(V) —|W, H|

If (A3) is Vlolated then the replacement of S; ¢ with S induces an excess area of 5h — 4(h — h) Wthh is
obviously at least h — h. Otherwise, it remains to bound j* — 1 by 6L*m(Z;J) via a case analysis of the
violation attaining j*; without loss, we assume j* > 1 so that this is nontrivial—in that case, j* was set for
the last time due to one of the three possible violations:

(A1) If criterion (A1) is violated, then either j. < L3 or j* <m(Z;) + 1.
(A2) In this case, d([Wy], Z;+) < (j —1)/2 for y = y*. By the simple geometric observation (see Fact 2.8
from [17]) that for every j,y, we have

j—1<d([W,], 2Z;) +m(Wy.s). (4.12)
applied to j* and y*, we have
J =1 <d([Wy1, Zj=) + m@ye ) < (5* —1)/2+m(Wy-5), so " —1<2m(Wye5).
(A3) In this case, j* = 7 + 1 and m(Z;J) > >, m(2;) +4(ht(vri1) —h) > hVA(T +1-h).
In all of the above situations, we have j* — 1 < (2V L*m(Z; 7). [ ]
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4.3. Analysis of ®;;,. The two main steps to the proof of Theorem 4.2 given ®;;, and Lemma 4.8, are the
analysis of the weight gain and multiplicity of the map. These are captured by the following two propositions.

Proposition 4.10. There exists C > 0 and such that for all B > By, all L large, and every I € Iy,
iy (Z) 3
og M (T Bio(1))| < CLOM(T; Biso(T))
Mi((pisoa-))
Proposition 4.11. There exists Cp such that for every L large and every M > 1 and 0 < h' < h,

, iso

max {Zed () : m(I;J)zM}‘ﬁC’éBM.
JE‘I’iso(IwnﬂEﬁ,s)

We defer the proofs of these two lemmas to Section 7 as the proofs are quite involved, and the key ideas
in them (the manner in which the interaction term and multiplicity are controlled) are quite similar to those
of the more involved map in [17]. The additional ingredients required to replace groups of walls by wall
clusters, so that no walls of W are deleted, already appeared in the conditional rigidity result of Section 3.

Proof of Theorem 4.2. Observe first of all that if Z|g ¢ Iso, 1, 5, then m(Z; @iso(Z)) > 1 necessarily. This
is because if Z|g ¢ Iso, 1, either it has D # (), in which case this follows from (4.10), or it has m(.23) > 0
for some t < j* in which case this follows directly from (4.8).

It thus suffices to prove that for every r > 1,

11 (M(Z; @iso(T)) > 7 | I, EXg) < Cexp [~ (8- CL?)r)].

and take L = Lg = /4, say. For every r > 1,

> Yo o wm@msy Y e O (0k(T))

Mzr retwnE! g Mzr zetwnE! g
m(I§q>iso(I))=M m(I;(I)iso(I))zM
_ —(B—CL*M
oD DD DR R DR
M2r Jedi,(IwNEr §) Ted ()

m(Z;Piso(Z))=M

3 ’
< E Cgle_(ﬁ_CL )Mﬂrf((l)iso(:[w mEg}cL,S)) .
M>r

In the first inequality, we used Proposition 4.10 and in the second inequality, we used Proposition 4.11.
Now, noting by Lemma 4.8 that @i (Iw N E;L/S) c (Iwn Eg:s), we deduce that
1 ((Z; @io(T)) = 7, Tw N ELlg) < Cem PO 08 ol E Iy 0 B

Dividing through by uF (Iw N E;LIS) then yields the desired conditional bound. |

5. INDEPENDENCE OF PILLARS FROM THE SURROUNDING ENVIRONMENT

In this section, we prove the main decorrelation result, showing that the typical pillars in S;, conditionally
on W, are close in law, to those in infinite volume, even given that the pillars attain some high height h.
More precisely, we show that on the event that the pillars are isolated, the Radon—Nikodym derivative
between pillars in Z3 and pillars conditionally on some external environment W,, is bounded by 1 &+ 5.

Theorem 5.1. For every B > g there exist Lg T 0o and eg | 0 such that the following hold. Let S,, C Lo,y be

such that Lo\ Sy, is connected, let W,, = (W) .es, be an admissible collection of walls such that p(W,,) C Sg,

and let Ty, hy, be such that hy, = o(d(xn,SS)). Then

wE (Pes, € A, Il €lsoz 1 | Iw,)
M:ZF3 (Po € A, Te ISOo,L,h)

for every subset A of pillars P compatible with T being (L, h)-isolated at P.

1—ep < <1+eg, (5.1)

Before proving this result, we combine it with Theorem 4.2 to deduce Theorem 2.
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Proof of Theorem 2. For ease of notation, define the following distributions on pillars:
Cb() = /J'qu: (Pw,s'n S | IWn) ) 1/}() = Mgs (7)0 € ) )
&) = pif (Pas, €, Ilg, €ls0urn | Tw,) , Y() = pifs (Po €+, T € 150011 -

Define the set E" as the set of pillars (modulo horizontal translations) that attain height h, that is, Pzs € Eh
if Z|¢ € EP. Let By, be the subset of all pillars in E" that are compatible with Iso,. 1, , i.e., appear as P, in
at least one interface Z € lso, 1, . With these notations, we have by (4.1) and (4.2) (with A’ = h) that

S(PBn) > (1 —eg)d(E"), D(PBn) > (1—ep)d(En),
whereas the inequalities in (5.1) (with A =B},) imply

(1 —ep)(E") < G(E") < (14 24)db(E") .
Showing (1.8) amounts to proving that
(1—ep)(B") < (E") < (1+e)e(B"),
which immediately follows from the preceding inequalities and the facts ¢ < ¢, ¥ < 1) and B), C E", as
O(E") 2 9(Br) > (1 ea)b(Pn) = (1 - 2)*0(Pn) . and
HE") < T2 0 < T2 < TE0(E.
It remains to show (1.9). Let A C E"  and write A = AN%YB),. We have
(A) = P(A) + uiy (P, € A, T ¢ Isop,) < O(A) + pfs (P, € E", T ¢ Isoy)

and in particular,

¥(A) P(A)

(EM) (EM)
Similarly, by the same argument applied to ¢, and using the above inequalities relating 5 and ’(Z, as well as
#(E™) and (E"), we find that

(1—e)d(4) _ (4) _

< Yp(A| EM) <

+ e

H(A) (L+2)9(A)

== < =" < P(A[P,) < +ep < =t
(1 +e5)0(F) ¢(‘Bh) ¢(P)) (1 =)y (¥n)
Combining the last two displays yields
- - %5 1(A) 2¢ep
A|EM) —¢(A| BM| < b <
"(/J( | ) d)( | )’_55+17€51/}(Eh)_gﬂ+17557
which gives the desired for some other sequence €g. |

The majority of this section (Sections 5.1-5.4) is now devoted to the proof of Theorem 5.1. In Section 5
we end with a cruder decorrelation estimate used on interactions between pillars at o(h) distances.

5.1. Constructing a swapping map. We will use a 2-to-2 map, similar to those used in Section 7 of [17]
(for proving stationarity of the increment sequence of a tall pillar) to swap P, s, in an interface in A,, having
Z € Iw,,, with P,/ in an interface in some A,,. The fact that the pair of pillars P, and P, s, are isolated
per Definition 4.1, ensures that their weights, in their different environments, are close to one another.

Definition 5.2. Recall Definition 4.1 and for L, n,m, h = h,, and = = x,, € Lo, and =’ =z, € Lo, let
Isog% ={Z:T1l5, €lsor L}, and Isogbm) ={T':T' €lsoy p}.

Interfaces in Iso, 1, ; are such that the pillar P, is sufficiently isolated from its surrounding walls that its
interactions (as far as the sub-critical bubbles, measured through the term g in Theorem 2.27 are concerned)
with any two different “environments” Z \ P, are close. This lets us perform a swapping operation that
interchanges an isolated pillar under 47 (- | Iw, ) with one drawn from g, and show that this swapping

operation preserves weights on the events Z € Isogbnk)g and 7' € Isogbm). We formalize this as follows.

For the next few subsections (through Section 5.4), we fix ourselves in the setting of Theorem 5.1 by taking
sequences h = h,, such that 1 <h <n <m, S =S5, C Lo, such that Lo\ S, is connected, z = z,, € S, such
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Dgua p

e

FIGURE 7. The map ®y,p takes two interfaces (Z,Z’) having isolated pillars P, g and P,
respectively (left), and swaps their pillars to obtain two interfaces (7, J’) (right).

that h,, = o(d(z,,0S,)) and 2’ = 2, such that h, = o(d(z;,,0Lom). Further, ix W = W, = (W) ¢s,
having p(W,,) C S¢ and let Cw be the ceiling in the interface Zw whose projection includes z.

Definition 5.3. Take L = Lg to be chosen later, and consider two interfaces

Te Isoﬁ%n . and T’ elsol™.

The map Ponap = Pswap(z, S, W) acts on such pairs of interfaces, and from (Z,Z’) constructs the pair
(@iwap(l', ), (I>§WQP(I, 7")) as follows:
(1) Construct ®,..(Z,Z') by taking the interface Z and replacing P, s with Py, (in o(Z), flipping all
sites in 0(P,,s) to minus, then flipping sites in the shift o(P.,) — 2’ + z + (0,0,ht(Cw)) to plus).
(2) Construct ®2,, (Z,Z') by taking the interface Z’ and similarly replacing P, with P, s.

swap

See Figure 7 for a depiction of ®gyap.

5.2. Properties of ®gy,,. We show first that the fact that Z[g € Isogln) and 7’ € Isoglm) ensures that the map
of Definition 5.3 is a well-defined bijection on the right sets of interfaces. Towards this, recall the definitions

of Cone, w and Cone, w from (4.3)—(4.4), and the sets Fy,F||,F_, Fv, Feq depending on z, L, h, W, which

were shown to cover every interface Z € Isoglhk)g NIw in (4.5).

Lemma 5.4. The map Pswap 5 a bijection from

(Iso"s NTw N{T : Pys € A}) x (Iso)™ N {T': Pl € A'}), (5.2)
to
(Iso"% NTw N{Z : Pys € A'}) x (Iso)™ N {T': Pl € A}). (5.3)

In particular, the map Pewap s a bijection from

(Isog’% NIw) x Iso!™ —s (Isog% NIw) x Iso!™ .

Proof. The second claim in the lemma is a special case of the first, so it suffices to prove the former. Consider
two interfaces, T € Isogg NIw N{Pys € A} and T’ € Isofzm) N{Py € A’}. We begin with the following
observation from Claim 4.4.

(1) Every face f in T\ P, s having d(f,z) < L is a ceiling face at height ht(Cw).

(2) Every face f in 7'\ P, having d(f,z) < L is a ceiling face at height zero.

It follows from this that if no plus site in o(Z \ Ps,5) N Lshe(cw) 18 *-adjacent to a site of
OP' :=P., — 2’ +x+ (0,0,ht(Cw)),

(Z,7') is a valid interface with P, g(J) = 6P.,, and with

T\ Pes(T) =TI\ Pas(Z), andthus Tlg\Pes(T)=2Lls\ Pas(I) (5-4)

then J = &1

swap
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This non-adjacency follows from Claim 4.4, along with the observations that d(Fy,Fy UF|) > L > 0, and
d(Fe,Fy UF)) > L3h/2 > 0. By analogous reasoning, J' = ®2,,,(Z,7") is also a well-defined interface,
and in turn has 0P, (J') = Py.s(Z), and J' \ P..(J) =T'\ PL.(I).

Let us now see that J is in Isogi,)g NIw N{P;s € A’}. To see that J € Iw, it suffices for us to show
that p(P.,) N p(W) = 0, from which we would deduce that J € Iw via (5.4). This follows immediately
from the pillar containment of Claim 4.4 and the fact that h = o(d(z, S¢)). It follows that J is in Isogﬁ)q
as its restricted pillar P, s(J) = 0P’ which satisfies item (1) in Definition 4.1, and the remainder of its
interface J[g \ Px,s(J) agrees with Z[g \ Py g(Z), which satisfied item (2) in Definition 4.1. Finally, the
pillar P, s(7) is in A’ as it is a horizontal shift of P/, € A’. The fact that ®2,,,(Z,Z') € Iso}™ N {P,, € A}
follows from analogous reasoning.

To conclude that the map is a bijection, observe that ®euap is its own inverse and sends the set of (5.2)

back to (5.3) by swapping the roles of A and A’. |

We next construct a bijection from the pair of face-sets (Z,Z’) that encodes the action of ®guap. Let
Fo,F|,F_Fy Fe and Fy, F| F'_ F| F, be the sets defined by (4.5) with respect to (z, W,Cw) and

|| 9 ext

(@',0, Lo.m) respectively.

Definition 5.5. For every Z € Iw N Isogﬁ)9 and 7' € Isoflm)7 we construct the following map Ogwap from the
pair of face-sets (Z,Z'), viewed as subsets of #(A,,) x F(A,,), to pairs of face subsets of F(A,,) X F(A,).
(1) Map TN (Fy UFUCyl, 1 5) to their shift by —z + 2’ — (0,0, ht(Cw)), in the second face subset.
(2) Map Z' N (Fy UF| UGyl 1 /5) to their shift by —a’ + 2+ (0,0,ht(Cw)), in the first face subset.
(3) Identify the remaining faces of Z with themselves (in the first face subset).
(4) Identify the remaining faces of Z' with themselves (in the second face subset).

Lemma 5.6. For every (Z,7') € ({Z|g € Isoﬁl")} N{P,s € A} Nlw) x Isoglm), the map Oswap is a bijection
from the sets of faces (I,T') to the sets of faces (Phyap(Z,T"), 82,2p(Z,T")). In particular,

swap
IZ| +1Z') = |Pauap(T, T')| + @200 (T, T (5.5)

Moreover, Ogyap is such that

r(f,Z; Osnapf, J) > d(f,Fy UF)) forall fe T\ (FyUF| UCylLL/z)7 (5.6)
r(f', T Oswap f', T') = d(f',Fy UF)) for all f € T'\ (FG UF| UCyl, 1)o). (5.7)
r(f,Z; Oswap fs T') = d(f, Fy UFex) forall f €N (Fy UF UCYl, 1 0), (5.8)
r(f, Oswapf') = d(f\ F\  UF¢y)  forall f' € Z'n(Fy UF UCYl, 1)) (5.9)

Proof. Evidently the existence of such a bijection implies (5.5), so it suffices to show that Ogwap is a bijection.

Recall from Clam 4.4 that the pillars P, s and P, are contained in the respectively defined Fy UF and
F5,F|. The definition of the map ®swap and the fact that the intersection of 7'\ Py,s with Cyl, 1/, is just
a shift of the intersection of Z' \ P;, with Cyl,/ /5 by # — 2’ + (0,0, ht(Cw)) implies that this map sends
the faces in Z and the faces in Z’ to the faces in J and the faces in J’. The fact that Oswap is a bijection is
evident as it is its own inverse.

To deduce the bounds (5.6)-(5.9) on the radii of congruence, first consider f € Z\ (Fy UF UCyl, 1 ).
Observe that for such f, Osyapf = f. By construction of the bijection and the inclusion of Claim 4.4, the
radius r(f,Z; Oswap f, J) is at least d(f,Fy UF UCyl, 1 /o). However, by definition and Claim 4.4, the only
faces of Z'in Cyl,, 1 o\ (FyUF))) are exactly those of J in Cyl, 1 o\ (FyUF)); thus the radius r(f, Z; Oswap f, J )
must be attained by a face in Fy UF, implying (5.6). The bound (5.7) is deduced analogously.

Next, consider f € ZN(FyUF| UCyl, ;o). It must be the case that the radius r(f,Z; Oswapf, J') is either
attained by a face of 7'\ (Fy UF | UCyl, 1 5), or by a face of '\ (Fg UF| UCyl, 1 /5). By Claim 4.4, these
sets are contained in Fy UF e U (Cyl, 1\ Cyl, 1/5), or FY UF¢ U (Cyl, ; \ Cyl,/ 1 /o) respectively. Notice
that the faces of 7\ (Fy UF) in Cyl, ;, are exactly those of Cyl, ;N Lyg(cy). and the faces of J"\ (Fg UF|)
in Cyl,, ; are exactly the shift of that set by —z + 2’ — (0,0, ht(Cw)), which equals the shift of f to Ogapf-
Thus, we deduce that the radius is either attained from f by a face in Fy U Fey, or from Ogyap f by a face
in F, UFL,. This implies (5.8), and (5.9) follows analogously. [ ]

ext*
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5.3. Analysis of ®g.p. The key to proving Theorem 5.1 will be the following bound on the weight distortion
of pairs of interfaces under the application of the map ®guap. By (5.5), the excess area of the map is zero,
and our goal is to show that the ratio of weights of the pair (Z,Z") to (J,J’) is almost one.

Proposition 5.7. Fiz L in the definition of Isor, 5, sufficiently large. For allZ € Iy N Iso(n) andT' € Isogm),

() () -
PETCONE 2V (e R R

Proof. As before, let J = @}, (Z,7') and J' = 2

swap swap

using Theorem 2.27. By (5.5),

(Z,7'). We express the ratio on the left-hand side

m(Z; J) +m(Z;J’) =0,
so that the ratio can be written as
exp {Z g(i)+ Y s(f5D) =Y elfsT)— > &(f; J’)] : (5.10)
fez frer’ feg freJ’

We rearrange the summands according to the bijection Ogwap of Definition 5.5, sending the faces in (Z,Z')
to those in (J,J’). Let

P:=ZINFyUF UGy, 1)), and similarly, ~ P':=Z'N(F; UF| UCyl, 1)0).

We can then rearrange (5.10) to obtain

M Z |g f I swapf;j/)| + Z ‘g(flvzl) _g(gswapfzj)’ (5.11)
lu (J fepP fep’
+ Z ‘g(f;I) _g(@swapf§n7)| + Z ’g(f’;I’) _g(@swapf/aj/)’ .
feT\P frez\P’

We consider the summands above individually. By (2.6) and (5.8), the first term is bounded as
S8 T) — g(Ouapf: T)| < Y Kem U TOmnlnT) < N~ e @UIF DO, 130).
fepP fepP fepP

Let us now consider this latter sum. We can bound it by

Z Ke —ed(f, Cy';_L + Z Ke ¢ d(f,Fv) + Z Ke™ cd(f,Fext). (512)
FEF UG, 12 fEFy fEFy
The first sum in (5.12) can be bounded as
Z Ke—ad(f,Cyli,L) S K|FH U CylzyL/2|€7Ed(FHUCYI”*L/Z’Cy|;=L) S K(4L3 + L2)e—EL/2 ) (513)

FEF UG, L2
The second and third terms in (5.12) are together at most Ce~°l as long as L is large, by Claim 4.4.
Combining the three terms above, we easily find that as long as L is large, (5.12) is at most Ke L/C,

Now consider the third term from (5.11), for which by (2.6) we have
Y. 8D —s()| < Y KemUELT,
feI\P feI\P
By (5.6), this is at most

e—Cd(f,9) < e—cd(f9) e—Cd(f.9) e—Cd(f9)
2 2 DI PP PP

fEI\P geFyUF Fedyls 1,5 9€F) fEFyUFeq g€Fy JEINLnt(cyy) 9€F

The first term here, is at most 4K L3e¢~°L/2 by summing out in f. The second term is, after summing out
in f, bounded by Ke~%/¢ by (4.6)-(4.7). The third term can be bounded as follows:

Z Z e—Ed(f,g) < Z Z e—ék < Z k4e—ék’

FEINLyy(cyy) 9EF k>1gEFy:g-es=k L3<k<10h

which is at most some e~?L°/2 for L large. The second and fourth terms in (5.11) are evidently bounded
symmetrically. Altogether, we obtain the desired for some other C, using |e* — 1] < 2z for z < 1. |
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5.4. Proof of Theorem 5.1. For ease of notation, let v} = pF (- | Iw). Recall from Lemma 5.4, that for

(m) 1

every Z € Iw N Isog’%,and every ' € Iso;,’, we have &g, (Z,Z') € Iw. Therefore, dividing and multiplying

the ratio in Proposition 5.7 by ut(Iw), we obtain the following: for every Z € Iw N Iso%, and every

T e Isogm), for L large,
vt (D)ph(Z)

NG ) PETC e R
It will suffice for us to show that for every set of pillars A, we have
v (150", Pu,s € A) < (1 + eg)u, (10, Pur € A), (5.14)
and
ph(Isof™ Py € A) < (1+ep)v,] (150", Pus € A), (5.15)

and then let 2/, = o identically and take a limit as m — oo for h = h,, fixed w.r.t. m. We will prove the first
of these inequalities, as the proof of the second is mutatis mutandis. Multiplying and dividing the left-hand

side of (5.14) by uf (Z € Isogbm))7 we get by Proposition 5.7,

: ) Z Z v (D) (T')

q:
um(Z € |SOh ) ZeIwﬁIsogb’f)s,Pz,seA Trelso™
14 Ke ¢k
< BN Z Z Vi(q)slwap(z’ Il))“rfb(q)gwap(z> I/)) :
pum(T € lso! ))
m h'/ Telwniso("s , P. s€A T'Elsol™
Now recall from Lemma 5.6 that the map ®qya.p is a bijection from
{Te Isogg NIw : Pss, € A} x{T' € Isoém)}, to {Ze€ Isogi)g NIw} x{Z' € Isogm) : P, e A}.
We can therefore rewrite the right-hand side of the above inequality as
14 Ke ¢k
W Z Z v (T (T
Hm h JEIwﬂIsogfgn J’elso;m>:73[’)eA

(14 Ke=L)uF(Iso(™)
(m))
h

< pE (T €lsol™ Pl e A).

prn (Iso

Recall from Theorem 4.2, that there exists a sequence Lg T oo and €5 | 0 such that yﬁ(lsozm)) >1—eg.
With that choice of Lg, we see that Ke ¢l < 5;3, for some other sequence E/ﬁ 1 0. As such, for a new eg | 0,
the right-hand side above is at most (1 +eg)ut (J' € Iso,(zm),Pé € A) as desired in (5.14).

Taking m to infinity in the inequalities (5.14)—(5.15) implies the desired. [ ]

5.5. Cruder bound on nearby pillar correlations. A consequence of Theorem 2 is that the probability
of P, g reaching height h decays like e~** even conditionally on W. For that, however, it is important that
the walls W, are at distance much greater than h from x. We conclude this section with a crude but simple
bound that allows us to control correlations of pillars to nearby walls (distances that are O(h), even O(1)),
and as such are not covered by Corollary 1.4.

Of course two pillars are not independent if they are the same, by sharing a base, and therefore we restrict
attention to pillars with an empty base (which Section 4 showed to happen with probability 1 — e3), even
conditionally on Iyy. For ease of notation, for h > 1, henceforth let

B g = {ht(Pys) > h} N{B,s # 0}
Proposition 5.8. For every S C Lo, every W = (W.).¢g such that p(W) C S¢, and every distinct
x,y € Sy, for every h,

—h —=h _ _ —h
i (BrsNEys | Tw) < e OO (B o | Tw).
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Before proceeding to the proof, we comment briefly on the relation of Proposition 5.8 to the analogous
Claim 6.3 of [17], where we proved a similar decorrelation estimate between nearby (but distinct, due to the
empty base criterion) pillars. That argument relied crucially on the FKG inequality; conditionally on Iw
(a non-monotone and potentially exponentially unlikely set), we cannot apply the FKG inequality and must
prove this by hand, resulting in the loss in the rate ay, — (48 — C)h. Because we only require this coarser
bound, the proof goes via a straightforward map that deletes the entire pillar P, s.

Definition 5.9. Let ¥, s be the following map on interfaces 7 € Iwy N EZS N FZ,& From the interface Z,
delete all bounding faces of the pillar P, g, and extract from that the resulting interface ¥, s(Z) =7\ Py s
(possibly by adding back the horizontal face at y + (0,0, ht(Cw))).

h

Lemma 5.10. The map ¥, s is well defined and if I € Iw and L € EZ,S QE%S,

J =W, §(T) is in Tw N B 5, and
(I J) > | F(Pys)| —1>[TaJ|—2>4h—1.

it satisfies the following:

Proof. That ¥, g is well-defined follows from the observation that the vertical faces of Z determine the
entirety of Z, and the map removes all vertical bounding faces of a *-connected component of +-spins
above ht(Cw). Indeed this forms a (maximal) connected component of the vertical wall faces of W,,; since
p(Wy) N p(W) = 0, this leaves W unchanged in the standard wall representation of 7, and since %, g = 0,
Py.s N Pys =0, so that the latter pillar is unchanged in J, and EZ’S is still satisfied.

In particular, the set Z @& J consists of the bounding faces of P, g, possibly together with a single
horizontal face at y + (0,0, ht(Cw)) to “fill in” the interface from the vertical faces. This is at most a single
horizontal face because %, s = 0. With that, we find that |Z & J| < |.#(P,,s)| + 1. Since ht(Py, s) > h,
it must be the case that |# (P, g)| > 4h. Finally, since at most one face of 7 & J belongs to J, clearly
L J) = 2] - T = [Te T -2 u

We next turn to analyzing the map ¥, ¢ of Definition 5.9; this goes via the usual analysis of the change
of weights under ¥, g and the multiplicity of the map, presented in the following two lemmas.

Lemma 5.11. There exists C > 0 such that for all B > By, for every T € Iw ﬂE’;S OEZS, we have

@
tos i (U 5(Z2))

Lemma 5.12. There exists C > 0 such that for every J in the range ¥, s({Z € Iw OEZ,S OEZ,S}), for
every k >0,

+ /m(Z; ¥, s(1))| < Cm(Z; ¥, s(2)).

HT e By snEys: U, 5(T) =T, m(T;7) =k} < C*.

Proof of Lemma 5.11. Since the excess area of the map is comparable to the number of faces in Z &
U, s(Z), the analysis of the map is quite straightforward and does not require the wall/ceiling machinery
of [11]. Fix an T € B ¢ N E,  having T € Ty, and let J = ¥, (T).

Denote by P the faces of Z @ J, which we recall are exactly the bounding faces of P, g that were deleted
by W, s together with the at most one horizontal face that was added at y+ (0,0, ht(Cw)). By Theorem 2.27,
we can expand the left-hand side of the lemma as

D T, @) < Y BEDI Y () + Y 80T - 8.

‘ log
q:
i (Wy, 5(Z)) fepnz fePNT I\P

By (2.5), the first two terms above are at most K|Z ® J| < 3Km(Z; J) by Lemma 5.10. Turning to the last
term, by (2.6),

Z |g(f7I) —g(f,j)| < Z[_(e_ér(fl?fﬂ) < Z ZRG_Ed(f’g) < 3I_(Qm(I,J)

I\P T\P fET\P gcP

Combining the above bounds yields the desired. |
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Proof of Lemma 5.12. Fix any J in the range of ¥, ¢ applied to the set of interfaces in Iw HEZ’S OEZS.
As noted in Lemma 5.10, any such J has P, g(J) = 0 and from that interface, together with the set of
faces Z @ J, we can reconstruct the interface Z. The face-set Z @ J is rooted at y + (0,0,ht(Cw)) (the
height ht(Cw) can be read off from J), and therefore, it suffices to enumerate over the number of connected
face-sets of size |Z & J| < 3m(Z;J) = 3k rooted at a fixed face: by Fact 2.16, the total number of such
rooted connected is at most s** for some universal s > 0, concluding the proof. |

We are now in position to combine Lemmas 5.11-5.12, to deduce Proposition 5.8.

Proof of Proposition 5.8. We can express the probability pu;F (EZS N EZ’S NIw) as follows:

> pr(I) = > o> W@

I€E: snEy sNTw TeV, s(Er snEL snIw) k24h=1Zew (7)
m(Z;T)=k
k —(8—C)k
= > > Cre PR,

TV, s(Ey sNEr oNIw) FZ4h—1

where the inequality used Lemmas 5.11-5.12. By Lemma 5.10, we have ‘I’y,s(EZ,s OEZ’S NIw) C E‘Z’S NIw,
and therefore the right-hand above is at most
_a(p— _4(f— —h
S CetOhE(T) < CetE-OMEEL SN Tw).
jeﬁ?sﬁlw

Dividing out both sides by p.F (Iw) then yields the desired bound of the proposition. |

6. MAXIMAL HEIGHT FLUCTUATIONS WITHIN A CEILING

Our goal in this section is to bound, conditionally on the walls W outside a given set S giving rise to a
ceiling Cw of Zyw with S C p(C.W), the tails of the shifted maximum height Mg of the interface Z above S.
Recall that Mg = Mg —ht(Cw) is given by the maximum height of Z|g. When analyzing the event Mg > h,
the cost of a localized pillar P, g in the interface reaching height h will be dominated, for the bulk of the
index points z € S, by the large deviation rate ay,. To control the effect of sites near 05, as well as situations
where distant pillars interact, we introduce the following events for any A C S:

gnir) = () (m@,s) <1} . G30) = () {diam(,.6) <1} .
T€EA T€EA
First, an application of the conditional rigidity estimates of §3 will yield the next result for fluctuations of
the recentered maximum within arbitrarily shaped ht(Cw )-level curves of the interface.

Proposition 6.1. There exist 5y,C > 0 so the following holds for all B > py. Let S, C Lo be a sequence
of simply-connected sets such that |S,| — co with n, and let W, = {W, : 2 ¢ S,,} be such that p(W) C S¢.
Then for every h = h,, > 1,
WE (Ms, < h| Tw,) > o (G5, (4h) | Tw,) = exp (— [Sife”@P=O), (6.1)
and
p¥ (Ms, < h|Tw,) < exp (f|sn|e*<45+c>h) . (6.2)
For sets S,, with a uniformly bounded isoperimetric dimension and h that is at least poly-logarithmic
(concretely, say, h > +/log|S,|), we can apply the results of Theorem 2 and obtain much finer estimates.

Proposition 6.2. There exist 8y, ko > 0 such that the following holds for every fized 8 > By. Let S, C Lon
be a sequence of simply-connected sets such that dimiy(S,,) < /B and lim,_ o |Sy| = 00. Let W, = (W2):¢s.,

be such that p(Wp,) C S. For every \/log|S,| < h < ﬁ log |Sx|,

s (Msn <h,G%\s (4h),GE (5h)| Iwn) > exp (—(1 + 5)|Snle™") (6.3)
and

s (Msn <h, G& (™) Iwn) < exp (—(1 = 25)|Snle") | (6.4)
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where Sp, == {x € Sy, : d(z,05,) > e?rohy - In particular, for some absolute constant C' > 0,
exp(—(1 +eg)|Snle™") < pf (Ms, < h|Iw,) < exp(—(1 —e5)|[Snle™ ") + exp(—(8 — C)e™™).  (6.5)

6.1. Maximum within general ceilings. We begin with the proof of Proposition 6.1 which only requires
the conditional rigidity estimates of Section 3, as the exponential rates in the exponents of (6.1)—(6.2) differ
by a constant C. While not used for Theorem 1, we include this as may be of use in settings where one has
no control on the geometry of the set .S, and its proof serves as a warm-up for that of Proposition 6.2.

Proof strategy. For the lower bound on the probability in (6.1), we would like to show that the probability
of Mg, < h is at least the product of probabilities of ht(P, s,) < h over z € S,,. For height functions (e.g.,
SOS and DG model [7,21]), this comparison follows from the FKG inequality, but our conditioning on Iy,
unfortunately destroys the FKG property of the Ising model. Instead, we prove this kind of bound via a
careful revealing procedure of nested collections of walls, one at a time, and iteratively applying Corollary 3.2.

For the upper bound on the probability in (6.2), we would like to compare 1{ Mg, < h} to the maximum
of S,, many independent Ber(e~(*#+©)") random variables. By Claim 3.14 the exponential rate (43 + C) we
are aiming for is attained by a vertical column of height A uniformly over its environment (cf. the sharper
bound of Proposition 6.2). Thus, we obtain (6.2) by considering the possible insertion of pillars consisting
of straight columns of height h at some mesh of |S,|/4 faces in S,,.

Proof of Proposition 6.1. Throughout the proof, we will write S = S,, with s,, = |S,|, and W = W,
and h = h,,, for brevity.

Proof of (6.1) (lower bound on the probability of interfaces with Mg, < h). Define, for x € S and A C S,
the events

Gga={m(W, a) <4h}, Hys={ht(Pya)<h}. (6.6)
Denote by &, 4 the walls nesting  within A, as well as every wall nested in them; i.e.,
Bpa =W, aU{W : W €W for some W € W, 4}, (6.7)
and let
Got = {Gua : ue p(&,0)}. (6.8)

We will mostly consider A = S, in which case we omit this subscrlpt and simply use G, ,H,, &, and G

Noting G§ (4h) = ﬂxeSG and {Mg < h} = (,c5 Ha, we claim G, C H,, so that G®(4h) C {Mg < h}.
Indeed, under Hg, there must exist some y such that W, € W for some W € 20, s and such that the nested
sequence of Walls Qﬂy,g reaches height at least h above ht(C) (any y € S such that P, g exceeds height h
above y has this property), and thus has an excess area of at least 4h, implying the event @;

We will bound the probability of these events via the exponential tails of m(20, g) established in §3.
Applying those bounds to the entire set of x € S,, must be done carefully though, as one “tall” nested
sequence of walls 20, 5 may elevate other walls nested within it.

Take any = € S and any set Z C S such that (Lo \ S) U Z is connected, and let W = WU {W, : z € Z}

for any collection of walls such that p({J,., W.) C Z. For every r > 1, we deduce from Corollary 3.2 that

Nq:f (diam(ﬁx,S\z) >r | IW) < :LLZ: (m(wx,s\z) > | IW) < 6,(5,C)T’

(using that diam(®, ¢\z) = diam(20, s\z)). On the event that diam(®, s\z) < r, a union bound over
{u: d(z,u) < r} gives by Corollary 3.2,

53 (éfc,S\Za diam(&, 5\z) <7 | Iw) < ui( U Gzl Iw> < r2em4B=C)h
u€EB, ()

Combining the last two inequalities with a choice of 7 = 4h we see that, for every h > 1,
iE (Go oz | Toy) < €100 (a2 13O < (45O, (6.9)

for some larger absolute constant C’.
Next, label the faces © € S as x1,22,... in a way such that xy, for every k > 1, is a closest face to 0S5
among all faces of S not already indexed. As Ly\ S is connected, this guarantees that the face set (Lo\S)UZg
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remains connected for every k > 1, where Z; := Ule p(@ms) U {x;}. Proceed to reveal {&,, s : 1 < |S|}

~

iteratively while (,_, G, holds, as follows. In the k’th step:

i<k
(a) either zy € Zi_1, in which case CAv'zk occurs by our conditioning;

(b) or xx ¢ Zi_1, in which case &, 5 = &, g\7,_, by construction of Z;_; and we may apply (6.9).
It follows that, if Fj is the filtration associated with this process, then in both cases

i (é | Fiers () G IW> 21— e, (6.10)
i<k

and we can conclude that, for the event G (4h) = ,cg Gz =\,cs G, we have

it (Gs(4h) | Tw) = uif( Né | Iw) > (11 > exp ( sne4<ﬂc~>h> ,
z€eS
using 1 — x > e > 3% for all 7 < % (as h > 1, we may set By such that 4(8 — C')h > 1). This
establishes the right inequality in (6.1), and the left inequality in that display follows from the aforementioned
observation that G (4h) implies that Mg < h.

Proof of (6.2) (upper bound on the probability of interfaces with Mg, < h). The sought bound will follow
from a straightforward forcing argument, iteratively applying Claim 3.14.

Consider a (maximal) mesh S of the faces of S, such that for every z,y € S, their distance is at least two
and notice that |S| > &s,. Let & = {f € Lo : f ~* #} U {x} as before, and define

Sti={reS Wrs=0}U{zrelS: W, s={W]'}}.

We first establish that |S*| is comparable to s, with very high probability. Indeed, if |S*| < %sn — r then
|S+| < |S| — r and thus there must exist a subset {z;} C S with disjoint nested sequences of walls (20z, s5);
such that ) m(Ws, s) > 7. The number of choices for the standard wall collection Oy J,.g{W € Wz s}

with an excess of r is at most (Ig‘t’ul)sr for an absolute constant s > 0 (here it is useful to identify to each
wall a representative in some predetermined ordering of the vertices of S; then, one needs to partition the
total excess of r into the faces of S, asr =>_ zc|5| Tz according to their representative, and enumerate over

at most s™ options (by Fact 2.16) for each ©4;2z s). By Theorem 3.1,

o 31a ‘§|+T r_ —(B—C)r C+1.,-B\" — L (B—C")sp
PACRES CIFMEEDS < e =0 < 3 (50 s ) < O,
r>|S]/4 r>|5]/4

using (Z) < (ea/b)” in the second inequality. Having established that, we can upper bound

Wi, <h|Tw) < swp () {Wes = 2} | 57 Tw ) 4o B2, (6.11)

§+C5:5+(>3|5) ped+

Consider the supremum, by fixing any subset ST C S having |S*| > 3|S5|/4, and revealing all the walls
(W.).es,\g+ under the distribution. Call Fy the filtration generated by the family of walls (W.),cg g+,
enumerate the first 2|S| many faces of ST as @1, 2, ... ; T3)5)/4, and let F; be the filtration generated by Fo
and Wz, s € {9, ng |} for j <i. Recall from Claim 3.14 (with the choices of S, = {#;} and W = (W>)..¢z,
there, where the criteria are satisfied due to the conditioning on z; € ST) that for every i,

- 1
p (We, s = {W) 3| ST, Iw, Fira) > 5 XP(=4(8 + C)h).

Tteratively applying the complementary bound, we obtain
3|5]/4
i () Wes =2} 550w, 7o) <[] 48 (a5 = 2| 5% Tw, Fi)
i=1

zeS+

IN

IN

(1- e—4(ﬁ+C)h)3|5|/4 _

Using the fact that |S| > £s, and (1 —z) < e~?, this is at most exp(—5s,e *T") Plugging this in
to (6.11) we obtain the desired up to changing the constant C'. |
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6.2. Maximum within thick ceilings. For ceilings S,, whose isoperimetric dimension is uniformly bounded
(|0Sn| < [S,|@=1/4 for some fixed d) we are able to use the shape of typical pillars and their coupling to the
tall pillars of ,u%FB as established in Sections 4-5, to close the gap between the 45 4+ C rates in the exponents
of (6.1)—(6.2). Closing this gap and identifying the rate as the infinite-volume large deviation (LD) rate ay,
is critical to sharp asymptotics of the recentered maximum height oscillations Mg, as desired by Theorem 1.

Proof strategy. In order to refine the lower bound on the probability in (6.1), and replace (48 — C)h with
ap, the bulk of the steps in the revealing scheme must use pillars whose probability of attaining height h is
exactly exp(—ay,). To achieve this, we coarse-grain S,, into smaller-scale tiles, separated by an w(h) distance.
The pillars in each of these tiles are then iteratively revealed: conditionally on the pillars in some set of
tiles, the LD rate of any pillar in the next tile to be exposed is aj, by Corollary 1.3 (within each tile a union
bound is satisfactory). The boundary regions between the tiles are then of a smaller order (here using our
assumption on dim;,(Sy,)), and are processed as a final step using the cruder (48 — C)h rate.

When refining the upper bound on the probability in (6.2), there is no mechanism for inserting random
pillars attaining LD rate «y; we therefore use a tiling scheme similar to that of the upper bound here. As
this is an upper bound on the event under consideration, it suffices to consider the interiors of the tiles
(and disregard the boundary regions between tiles), and furthermore focus on the class of nice pillars with
empty base which are already sufficiently typical and costly. The proof proceeds by iteratively revealing
the pillar profiles in the tiles, but this time it uses the correlation control of Proposition 5.8 to perform a
second-moment method within each tile.

Proof of Proposition 6.2. For ease of notation, throughout this proof we let S = S,, with s, = |S,], as
well as W =W,, and h = h,,. The quantity «; from (1.3) satisfies, for every h > 1,

(4B —-C)h<ap<(AB+e *P)h+C,

with C' > 0 an absolute constant (cf. [15, Prop. 2.29 and Eq. (6.3)] and also [17, Cor. 5.2]). Let Cy > 0
be a large absolute constant w.r.t. which both this and the statements of Theorem 3.1 and Eq. (6.10) hold.
Set ko = 2Cy, recalling that the subset S° = Sy, = {z € S : d(x,85) > e*“"}. We will soon use that,

n
comparing exp(—ay) to its crude estimate exp(— (48 — Co)h), for large S we have

e—ah+(4[3—C0)h Z e—(CO—‘rl)h . (6.12)

Tile £y using boxes of side length
L= L%e‘lc"hj ,

(e.g., [iL, (i + 1)L] x [§L, (j + 1)L] x {0} for all i, j € Z), observing that e*“o" < saC0/VB < %8 Let
S'={x € S :d(z,09) > 2"} |

and let {Q;} be the subset of every such box intersecting S’. By definition, d(Q;,dS) > e*“o" for every i,
and thus Q; C S°. Letting d = dim;,(.5), we get

15\ S| < 05](2e*C0M)? < 45(d=1)/d+8C0/VE (6.13)
which is o(s,,) provided d < v/3/(8Cy). Further let Q) C @Q; be the concentric sub-rectangle of side length
L' =L — [e20oh]
within @;, and write @ = |J; @; and Q' = |J; @}, recalling from the above definitions (and h > 1) that

Ql=(1-0(1))|Q] and s, >[Q|=[5]=(1—0(1))sn.

Proof of (6.3) (lower bound on the probability of interfaces with Mg, < h). For every x € S, define the
events G, the quantity &, and the event G, as in (6.6)—(6.8). Further define, for A C S,

Hyoa = {ht(Py.a) < h} N {m(W, 1) < 5h}. (6.14)

(As before, referring to the events Gy, CA{D and ﬁw without a subscript A indicates the default choice A = S.)
We will show that for every h > /log sy,

H;F( N Z.n () G. |1W> > exp (—(1+0(1))|S\Q’|67(4ﬁ7C0)h—(1+€5—|—0(1))5n67“h) . (6.15)
z€Q’ z€S\Q'
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which will imply (6.3). Indeed, (,cg\ g G, C G5\ 50 (4h) (as G, C Gy and S\Q' D 5\5°) and G, C H, since,
on one hand, it clearly implies m(20, s) < 5h, and on the other (as explained in the proof of Proposition 6.1),
having ht(P, s) > h would imply that some W, nested in 20, g has m(20, g) > 4h, violating @I Therefore,
the event on the left-hand side of (6.15) is contained in the event {Mg < h} N G35\ 50 (4h) N G (5h). Since
S’ C Q implies that [S\ Q| < [S\ S|+ |Q\ Q'|, whereas by (6.12) and (6.13), if d = dim;p(S) then

|S \ S/|e—(4ﬁ—00)h é 4851d_1)/d+(900+1)/\/36_ah — O(Sne—ah)
provided that d < +/8/(9Co + 1), and by (6.12) and the definition of L and L/,
1Q\ Q'le”W=Coh < O((L — L")/ L)spe~4F=Co)h — O(e=(CoDhg e=an) = o(5,e "),

It thus follows that (6.15) implies the sought inequality (6.3).
To show (6.15), we first treat the walls in S\ Q. By iteratively revealing &, for all u € S\ Q, in the exact
same manner as was done in (6.10), we find that

MZF( N G.l IW) > (1 _ 6*(4ﬂfCo)h)

ze€S\Q

We next treat Q, the bulk of the sites. Assume w.l.o.g. that the ordering of the @;’s is such that Q;
minimizes d(Qy, S U Uj<i Q;) among all boxes Qj, for k > i. Via this ordering, if

Zi=\ o) uia} s ze(s\QuJas}

J<i

[S\Q|
> exp ( —18\ Q|e’(45*00)h) . (6.16)

then the face set (Lo \ S) U Z; remains connected for every . Let (F;) denote the filtration generated by &,
for all u € Z;. Condition on F;_; and the event

D= ({: s 2 U, @i })n (N{G: : ze S\ QUU. @\ @ }) -
(Note that D;_; is measurable w.r.t. F;_1.) We next argue that for every z € @,
P (t(Pos) > | Fiy, Di1) < (1+e5)e (6.17)
Indeed, the conditioning revealed &,, for every u € i<i Q;, yet importantly, the event D;_; stipulates that
(a) every wall W € S that was revealed as part of &, for u € [, ,(Q; \ Q}) has m(W) < 4h (as per the
event Gy,), so in particular d(W, Q}) > L — L' — 4h = (1 — 0(1))e2h; and
(b) every wall W € S that was revealed as part of &, for u € J;_; Q) must also have d(W,Q;) > L — L', or
else it must necessarily be part of &, for some v € @; \ Q) while having m(W) > (1 — 0(1))e2%oh  which
(recalling that v/log s, < h = O(log s,,)) is in violation of G,.
Altogether, every wall revealed as part of F;_;, on D; 1, is at distance at least (1 — o(1))e?“°" from Q.
Applying Corollary 1.3 with W = WU{®, s : u € Z;}, here h = 0o(A,,) (as h > 1 and A,, > (1—o0(1))e2%"),

so (1.8) in the conclusion of that theorem implies the required bound (6.17).
In addition, as the walls revealed as part of F;_1, on D;_1, do not intersect @, Corollary 3.2 implies that

pt (m(W,,s) > 5h | Fim1,Dizq) < e~ (B=Oh — p(eman)

using that ay, > (48 — Cp)h from (6.12).
Combining these two estimates (while absorbing the latter in the term eg from (6.17)), we deduce that

(U B | Fio Do ) < 30 0 (| Fioa Dica ) < (14 25)1 Qe
T€Q] zeqQ)
For any = € Q;\ @}, if x/\e Z;_1 then necessarily 20, ¢ C &,, for some u € Uj<i(Q]’\Q9) (as Q;\ Q) separates
@} from @Q;), and thus Gf automatically holds by D;_;. Otherwise, by (6.9) with the choices Z = Z;_; and
W =WU{W, :z€ Z,_4}, we have for every = € Q; \ Q/,

/J,T (é; | .7:1;1 ,Difl 7Iw> < ,U,ib: (é;,s\zi—l | ./_‘.1;1 7Di,1 7IW) < e—(45—Co)h’
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where we used the fact that C:'m’s = éz,S\Zi_l when z ¢ Z; ;. Thus,

u?f( U @2|filvaleW>< S uF@ | Fioy Dict Tw) < 1Qi \ Q)lem(48-Colt
z€Q\Q); r€Q;\ Q)

Recalling that |Q;| = L? < 8" along with the fact that a; > (48 — Cp)h from (6.12), we see that
Qule™™ < Qife™ 40P — (1.4 o(1))el®n -4 — o(1)
for all 8 > 9Cy; thus, applying 1 — z > e~ %/(1=%) for 0 < x < 1, we obtain that
s (( N ﬁ]x) N ( N @I) | Fiv,Dia ,Iw> > ¢~ (1+0(1)IQi\Q}le™ W= " — (14e5-+0(1))|Qle ™"
T€Q] z€Q:\Q;]
Iterating this over all i results in a lower bound of
oxp (~(1+0(1)IQ\ Qe =W — (14 5 +o(1)|Q/]e ")

which, when multiplied by the right-hand of (6.16), establishes (6.15), and hence also (6.3).
Proof of (6.4) (upper bound on the probability of interfaces with Mg, < h). For this part, define the following
variants of the events G, and H, from above:

Gl = {diam(W, s) < 29"} HI = {ht(Ps.5) < h} U{%B.5 # 0},
where %, s is the base of P, g. We will show that
uf( m HinN ﬂ Gl | Iw) <exp (—(1 —eg)sne” "), (6.18)
z€Q’ z€Q\Q’

which will immediately imply the inequality (6.4), since {M¢ < h} C Necor H} and G&, (e20h) C Necgr GI.
To prove (6.18), recall the definition of the filtration (F;) given above, and let

Dgzm( Nain N G;).
i<i N eeQ) 2€Q;\Q}
By the Bonferroni inequalities (inclusion—exclusion),

Mf( U (HD)| Fie1, D4 7IW> 2 Z wk (HDC | Fici, Di_y, Tw)

z€Q) T€Q)]
1 (& &
—5 >0 > (ED @) | Fia, Dy Iw) - (6.19)
T€EQ) yeQ),

For every = € @)}, as argued above, the walls revealed as part of F;_; on the event D}_, are all at distance
at least A, > (1 — o(1))e2%" > h from x as per the event G. Hence, Corollary 1.3 yields

g (ht(Pes) > h| Fioy,Di_y , Tw) > (1 —ep)e” " .
Furthermore, via Theorem 4.2 (and the fact that {Z[g € Isoy 11} C {Bs,s = 0}),
15 (Biys =0 | Wt(Prs) > h, Fir, Di_y,Iw) > 1 —¢5.

(Alternatively, one could have deduced this by combining the coupling bound (1.9) in Theorem 2 with the
result of [17, Theorem 4.1(a)] stating that puf; (%, = 0 | ht(P,) > h) > 1 —eg.) Combined, it follows that

pk (D | Fior, Diy Tw) > (1= eg)e™
for some other e going to 0 as 8 — co. At the same time, Proposition 5.8 shows that, for every z,y € Q},
wF ((HD) N (H)® | Fio1, Dy Iw) < e” W=y ® (HD)® | Fioy, Di_y)
and plugging the last two displays in (6.19), while recalling |Q}|e=48=" = o(1) as h > \/logn, shows that
(U 01 | Pt DLy ) 2 (12— o) jQfle ™

TEQ)
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Rearranging this and using 1 — x < e~® we find that

Mﬁ( m Hlﬂ m Gl‘fil,Dél,Iw) SMTL( ﬂ Hl‘filaDgpIW)

z€eQ; TEQ\Q;] zEQ;
< exp (—(1 =25 —o(1))|Qile™™") ,
which yields (6.18) once we iterate this bound over all 1.

Finally, we deduce (6.5) from (6.3) and (6.4) via a simple union bound over {G2 (e2°") : x € S,,}, as we
have that 17 (G2 (290" | Iwy) < exp(—(B8 — C)e?“") by Corollary 3.2. ]

With the tail bounds on Mg, established in Propositions 6.1-6.2, we are able to easily deduce tightness,
as well as Gumbel tail behavior of the maximum oscillation within S;, conditionally on Iwy,,.

6.3. Proof of Theorem 1. We will establish the required estimates for every 0 < k < 5—12 log s,,. Recall
that m} as defined in (1.4) satisfies m} < logs,. We further have that

v = Spexp(—au,: ) satisfies exp(—28 — e ) <y < exp(28),
with the upper bound v < e2# following by definition of my , and the lower bound due to the super-additivity
ap, +op, —eg < apygh, < op, +ahy for every hi,ho > 1,

with @ = 48 + e~%#, as established in [17, Corollary 5.2]. Applying the two inequalities in the last display
with the pair (hi, ho) taking values either (m} ,k) or (m} — k, k), we respectively deduce

Sn?

vexp (—ak) < spexp(—ap) < (1+eg)yexp (—ay) for h =m} +k, (6.20)
(1 —ep)yexp (o) < s, exp(—ay) < yexp (ak) for h=m}; —k. (6.21)
For the lower tail, we invoke Proposition 6.2 for h = m} — k, absorbing the term exp(—s /e ) in (6.5) into

the ep in the first term appearing in that bound since (takmg Bo large enough)
snexp(—ay) < yexp(ak) = o(s$/?)  for all k < % log s,
provided that § is large enough, and deduce from (6.21) that
exp (—(1+ Eg)veak) <pt (Mg, <m} —k|Iw,) <exp(—(1—eg)ve™) .
For the upper tail, Proposition 6.2 (this time, using (6.20)) analogously gives
—a F () * —ak
exp (—(1+eg)ye ) < pf (Mg, <m} +k|Iw,) <exp(—(1—eg)ye ).

For every k > 1, we use 1 —x < e™® < 1 — (1 — x/2), whereby the fact ye™®* < ye~ < 206k < o4
allows us to replace the term corresponding to (1 —x/2) by 1 — eg, to deduce

(1—ep)ye ™ < pf(Ms, >mi +k|Iw,) < (1+eg)ve .

This completes the proof. |

7. DEFERRED PROOFS FROM SECTION 4

In this section we complete the proofs deferred from Section 4. We emphasize that the map ®;s, and its
analysis are in fact somewhat simplified from [17] and the proofs herein resulting from those simplifications
can be of interest for pedagogical reasons when compared to the corresponding proofs in [17].
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7.1. Decomposition of the interfaces. Fix any interface Z € Iw, and for ease of notation, let J =
Diso(Z). We begin by partitioning the faces of Z and J into their constituent parts as dictated by the map
®iso. This partioning will govern the pairings of g(f,Z) with g(f’,J) when applying (2.6).

Recall that P, g C Z has spine S; g and denote its increments by Z;. Let Y C Ly be the set of indices
of walls in 7\ S, s that were marked for deletion. Let D C Ly be the indices of walls that were deleted (i.e.,

walls in (J, ey Clust(2y,s)). Split up the faces of Z as follows:

X% Ui<j<ir F(Z£5) Increments between vy and v« yq
X% Ujegicjcri Z(Z5) Increments above vj» 41

A\ U.cp We All walls that were deleted

B I\ (X5 uXfuv) The remaining set of faces in 7

where B splits further into

C; Uyey (W, Interior ceilings of walls marked for deletion

= = = Interior ceilings of walls that were not marked, along
C: Usep\y [We1UU.gp W= UTW: | with all non-deleted walls and their interior ceilings
F1 B\ (C;UCy) All remaining faces of B (ceiling faces in S¢ x {0}).

We next partition the faces of J. Let us first introduce a few pieces of notation. Denote by 73;7, g the pillar

of zin Jlg = ®isn(Z)[g,; observe that by construction, its base %’;7 < is empty, and its spine S;Z g is all of

P;ZS. For a given Z, x,t define the shift map g as the horizontal shift on the increments Ziegtso o, L
induced by ®is,. Namely, for f € X%, let
0f = f+plx —vp=11) if feXF. (7.1)

We can also define the map 6; on faces in B, that vertically shifts faces of B to obtain corresponding faces
of J as dictated by the bijection Lemma 2.12 and the removal of the walls in V. With these, let:

Wy F({z} x [bt(Cw), ht(Cw) + h) New faces added in step 8 of ®je,

X7 F ({2} x[ht(Cw)+h, ht(vj-11)+3)) Increments of J between ht(vi) and ht(vj-41) or h,
A F({a} x[ht(Cw)+h,ht(Cw)+h)), depending on whether (A3) is violated or not.

X4 5XIB Increments of J above ht(v;-41)

;B 0,C,U0,CyUFI Vertical translations of B due to the deletion of walls V

H UHfeTd\ 77557’5 :p(f) € Z(p(V))} Faces added to “fill in” the rest of the interface

7.2. Preliminary bounds on interface interactions. We first prove a series of preliminary estimates to
which we will reduce Proposition 4.10 by pairing faces together according to the decomposition of Z and J
from §7.1. Several of these are direct analogues of similar claims/lemmas in [17]. For these we may omit
some details of the proofs when they are straightforward, and repeated from [17]. The first first two claims
of these are immediate by summability of exponential tails in Z¢ together with Claim 4.9.

Claim 7.1 (Analogue of [17, Claim 4.13]). There exists C such that

Yo ) eI < Cm(V).

feF(23) geVUH

Claim 7.2 (Analogue of [17, Claim 4.14]). There exists C such that
Yoo > eI <im(T; ),

FEF(23) geXZuxX ]

The next lemma similarly controls interactions between the pillars and faces in W.
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Lemma 7.3 (Analogue of [17, Lemma 4.16]). There exists C such that

S 0 <0, and Yooy o<,

FEXL g€Lns(cwy) fexX%t g:p(9)¢Sn

Proof. Let us begin with the first inequality; decomposing the faces of X% according to the increment number
they belong to, and noting that j > j* implies m(.Z;) < j — 1 (as (A1) was not violated), we have

YooY e N <NTKIF(2))eT <> K(A+3j)e” < Cem

FeEXZL g€Ln(cw) Jj>g* J>j*
Turning to the proof of the second inequality, observe that |X%| < |#(S,.s)| < 5h and d(p(X%),S5) > h
by summability of exponential tails, the double sum is at most Che="* < C. |

The next lemma is used to control the interactions between the vertical shifts in B incurred by the
deletions of walls in 7'\ S, g; this is essentially identical to Claim 3.12, and replaces the group-of-wall based
analogue Lemma 4.17 of [17]. Following the notation of Claim 3.12, let Cy,...,Cs be the collection of ceilings
in the interface whose standard wall representation consists of V. We can then decompose the faces of B
into (B?);=1,. s which are indexed by the innermost nesting ceiling among Ci, ... ,Cs.

Lemma 7.4. There exists C such that

i > > ‘““fg)<cZ|ap )| < Cm(V).

=LFEBIUOBY ge 7 (23):0(9) ¢ (Co) =t

Proof. Consider the i’th summand: clearly, by vertical translation invariance of the index set of the latter
sum, it suffices to consider just the sum over f € B’ say. As in the proof of Claim 3.12, we write

3 3 e < 3 ST ey 3T ST e etV
TEB ge 7 (2%):p(9)2p(C) fren(Ce) uep(ads) wep(dC;) WWCB

where the first term on the right-hand side accounts for the ceiling faces of B? and the second term accounts
for the wall faces, with the sum running over all walls of Z that are a subset of B?. The first term above is
clearly at most C|dp(C;)| for some other C. Using (2.2) and the fact that W is nested in C; while not being
in the ceiling cluster of C;, so that d(p(W), p(C;)) > m(W), the second term above is at most

Z Z 2Cm(w)e—%E[d(p(W)ﬂL)-i-m(W)]g Z Z O’ e~ 28d(p(W),u
uep(al;) WCB? uep(dC;) WECBi

Using the fact that disjoint walls have disjoint projections, and summing out the inner sum over W : W C B?,
we see that this term is altogether at most C|0p(C;)| for some other C. Combining the two bounds and
summing over ¢ = 1,..., s yields the desired inequality. |

The next two lemmas are more involved and are the core of the analysis of the weight gain; it is here that
the specific choices made in the construction of the map, namely criteria (A1)—(A2) appear most explicitly.

Lemma 7.5 (Analogue of [17, Lemma 4.19]). There exists C' such that

Z Z 419 < Cm(Z; 7).

feC1 gexXt
Proof. We follow the proof of Lemma 4.19 of [17]. First of all, there exists C' > 0 such that
Z Z e~elf9) < ¢ Z Z | F ()| e 2 TWu1.23)
fEC) geXZ, i>j* yeY

Further, since Z; was not deleted, by (A1) and (A2),
mZ)< (-1 and  d(W,],2) > (i—1)/2,
so that for every i > j* and every y € Y, m(2;) < 2d(W,,, ;). Using |Z(2;)| < 3m(Z;) + 4, we have that
the above sum is at most
503 S dr Je—ed(IW,1.22)

i>7* yeY
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Now, let

7=min<j : ht(v > max max ht },
7= min {j bt(vy41) > max max i)

and denote by 7 the index of the wall attaining this height. Then, using the fact that the projections p([W,])
and p([W,/]) are disjoint,
SN AWy, 2 De eI, 23) < 07 < Cm(W,.5) .
J*<i<jyeyY
For the remaining increments, for every y € Y, let
dp(yv Z) = d(p([VNVy—I), p('%)) )
and let /1 =7+ 1 < ¥y < ... < ¥, be the renewal times of the function d,(y, -), i.e.,

do(y,€;) < dy(y,i) forall7<i<{y, and dy(y,4r) = min{d,(y,7) : J<1i <t}.
Let £,1 := oo and observe that for every j =1,...,7 and every ¢; <1 < {;41,
do(y,05) +1i—4;
AW, 1, 23) > \Jdp(y,£)2 + (ht(v;) — ht(v74.1))2 > g

using the definition of 7 and that it satisfies 7 < ¢;. In particular there exists C, C’ > 0 such that
Z ((W] e —ed([Wy1,23) < Z Ce~ va o Wbi)Fi=ty) — o = 75de(:ts)
£;<i<ljiq £;<i<ljiq

Summing over 1 < j <, and noticing that r < d,(y, ¢1),

Ze \fd (y.£5) _ Ze \f(d (y,€1)— j)<c

j=1

Summing over y € Y, this is at most >_ C < Czer m(W,). [ |

Lemma 7.6 (Analogue of [17, Lemma 4.20]). There ezists C
2, 2 <0
f€C2 geXL

Proof. For f: p(f) ¢ Sy, this sum was already controlled by a constant by Lemma 7.3. For f projecting into
S, if f is a ceiling face, nested in any wall of Z\ S, s then it must be at height ht(Cw ), and its contribution
to the above sum is at most a constant by Lemma 7.3. It remains to consider f € W, U [W,] for some
y€ Sy \Y, and g € Z; for ¢ > j*; by (A2),

(i =1)/2 <d([W,], 23) < d(f.9).

Since i > j*, by criterion (A1), m(2;) < ¢ — 1. Combining these, we get

Z Ze‘Cdf’g)<CZSm ) +4]e —e(i- 1)/2<4CZle“1/2<C/

feCy geXI i>j* i>g*
for some other C'. [ |
It remains to control the interactions in J between the pillar and the truncated interface. In [17] this was

handled with the analogues of the above, but demanded a more complicated algorithmic map that iteratively
considered the possible distances of J with the non-marked walls in order to determine which increments to
delete. The introduction of isolated pillars allowed us to remove these steps from the definition of ®;s, and
simplifies this analysis. Namely, situations in which the radius of congruence r is attained by interactions
between 73 s and the truncated interface J \ 73 s are independently controlled as follows.

Claim 7.7. There exists C (independent of L, h) such that for all J € Iw with Jls, €50z 1,n, we have

Z Z e—cd(f.9) <C.

reg\P7 4 gePl o
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Proof. Recall the covering sets Fg, F|,F_,Fy, and Fe from (4.5) with respect to (z, W, S,,), so that the
first sum is at most a sum over f € F_ UF+ UF, and the second sum is at most a sum over g € Fy U Fy.
Let us first consider the contributions from f € F_ with g € F||. Their contribution is evidently bounded as

> Y Yaruec,
feF_geF  j2>1
for some universal constant C’. The remaining pairs of f and g are shown to be at most Ce = by Lemma 4.5,

concluding the proof. [ ]

7.3. Bounding the weight gain under ®;,. In this section, we use the preliminary lemmas from the
previous section to control the contribution from the interactions through g to the weight-gain under ®iq,
and show that they are dominated by m(Z; 7).

Proof of Proposition 4.10. In what follows, let C' denote the maximum of those constants among Claims 7.1
7.7. By Theorem 2.27, the left-hand side of Proposition 4.10 is at most,

1> (D)= D (D<) 18D+ ) l8(f. D) (7.2)

fex freg fexg fev
+ Y gD+ D 8D+ D (L)) (7.3)
frexy freH frewr,
+ 3 18(f. D) — g0 £, D)+ Y 8(f,T) —g(6f. 7). (7.4)
feB fext

The first and third terms above are evidently at most K|XZ%| < Cm(Z;J) by Claim 7.2. The second and
fourth terms are at most KCm(V) by Claim 7.1. The fifth term is at most K|Ww|\ which is at most

2Km(Z; J) by (4.10). It remains to consider the two sums in line (7.4), which by (2.6) satisfy,

S e T) —glBr) < Y KeaGnTnD),
fexXt FeXZ

Z |g f7 9$f7 | S Z K—e_ér(-ﬂI;eIf;j) .
feB feB

Consider the right-hand sides according to the face g attaining r(f,Z; 5: J) and r(f,Z;6,, J) respectively.
(i) If g € X4 U XY, both these sums are at most
3 [‘({ 3 (et 4 el 1)y 4 3 (et 4 e—ad(%f,g))} .
geXZUXY fexg feB

This is then at most 4[_(C_’m(I; J) by Claim 7.2.
(i) fge VUHU W;‘”, both these sums are at most

3 j([ Y (7t 4 el 5’1"9)) + 37 (e +e—ad(9¢f,g>)} ,

gEVuHuWaﬁjH fext feB
which is at most 12KCm(Z; J) by Claim 7.1 and (4.9).
(iii) For g € X5 UX%, we only need to consider the second sum (f € B) since if f € X%, the radius r

cannot be attained by g € X5 U X‘g as all increments in X% are shifted by the same vector under )
to obtain Xg . Turning to the sum over f € B, it splits into the following:

ES 3 (et 4 emea, b9))
gEXé feC1UCLUF1

The second term here is evidently bounded by C by the sum in Claim 7.7. For the first term, the
contribution from f € C; is at most CKm(Z; J) by Lemma 7.5; the contribution from f € Cy is at
most CK by Lemma 7.6; the contribution from f € Flis at most CK by Lemma 7.3.
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(iv) For g € B, the first sum can be expressed as

EY., ¥ (e7ed(9) 4 o=ed(F5619))

fexé geC1UCLUF1

As in (iii), this is at most 3CK + CKm(Z; J) by Lemmas 7.3 and 7.5-7.7.

For the second sum, in which f € B, we use the decomposition according to innermost nesting
ceiling of (Bi)igs per Lemma 7.4, and collect in Bey all faces of B that are not in any of B?, i.e., are
not nested in any wall in V. Note, firstly, that for f € By, the radius cannot be attained by g € Bey
as 0;Bext = Bext. It therefore must be attained by a wall face in B, which means it must be attained
by a face in B? for some i = 1,...,s. The contribution from these terms can be bounded by

T3S e < Om(v),

fE€Bext i=1 geB?
using Lemma 7.4. Next consider f € B? for some i = 1,...,s. Since all of B? undergoes the same
vertical shift under the deletion of V, if the radius is attained in B, it must be attained by a face of
Bex: or BY for some j # i: in particular, it must be attained either by a face projecting into p(C;)¢,
or by a face in B’ for some j satisfying C; C p(C;)° (i.e., C; nested in C;). These contributions are

collected in
> DO DD DD DD DR

¢ IEB geF (@)0(g)gp(Co) L IEB jie,cp(Cy)e 9€B

By Lemma 7.4, the first sum is at most Cm(V); the second sum can be rewritten as

YL Y e <Y ) e~e(19) < Cm(V) |

7 98B e, cp(Cy)e TEB I 9B feF(@2):p(£)¢0(Ci)
again by Lemma 7.4.

Combining the above bounds with Claim 4.9, we find that the two terms in (7.4) are themselves at most
Cm(Z; J) for some other C. Together with the bounds on (7.2)—(7.3) we conclude the proof. [ |

7.4. Bounding the multiplicity of ®;,. Fix x, L, h’, h for the remainder of this section and let ®;;, =
®Biso(z, L, h). We bound the multiplicity of @i, by, for each J € Pieo(Iw,, ﬂEfL?:S), defining an injective map,
called a witness, £ = Z7 , on ®_1(J), and bounding the cardinality of 2({Z € ®_1(J) : m(Z;J) = M}).

1so ISO

Construction of the witness. Fix any J € ®iso(Iw, N E;‘/S) For each 7 € @;;(J), our witness 27 ,(Z)
will be a face subset of Fzs consisting of at most 1 + |Y| many #-connected components, and decorated by

a coloring of its faces by one of RED, BLUE, GREEN, constructed as follows.
(1) Include the faces of X% and color them GREEN.
(2) Process the faces y € Y via some lexicographic order (y',y?,...,y/¥1): fori=1,...,]Y],
e Let the BLUE faces of T, be the set

Fyi = GSTOUSt(QﬁNﬁy’s) \ U ij .
j<i
e For each standard wall W in Ty \@STQNHyi’S, add to T, the shortest path of RED faces of Lo,
connecting W to its innermost nesting wall in @Sry@yz’ s-
e Also, connect the walls of @STiﬁyiys NI, by connecting, via a path of RED faces in Lo, each
one except the outermost one, to its innermost nesting wall among ®ST§Z~in, s NIy

Reconstructing Z from the witness. To see that this yields a valid “witness” of the pre-image Z (i.e., is
injective), we show that from a witness =Z(Z) and the interface J, one can uniquely reconstruct Z.
Lemma 7.8. For every J € ®iso(Iw), the map E7 5, is injective on @;01 (7).

Proof. It suffices to show that from a given J and any element of Z 7 (P !

so (J)) we can recover, uniquely,
7 € ®_1(J). From a witness in Z7 ,(®;.}(J)), we reconstruct Z by reconstructing its spine S, g together

with the standard wall representation of Z\ S, .
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(1) In order to reconstruct the spine S, s:
(a) Extract X% as the connected set of GREEN faces of Z(Z).
(b) Extract X7 by taking (the bounding faces of) all cells in PaZ g above ht(vjx41) (this height is
read off from X7%).
(c) Obtain S, s by horizontally shifting Xg so that its bottom cell aligns with the top cell of X7.
(2) In order to reconstruct the standard wall representation of Z \ S, s:
(a) Collect the standardizations of all walls of J \ 73;577 5, and add all BLUE faces of Z(Z).

Given S, s and the standard wall collection @ST(WZ)ZE Lo..» We obtain Z by first recovering the interface
Z\ S, s via Lemma 2.12, then appending to that S, g. [ |

Enumerating over possible witnesses. It remains to enumerate over the set of all possible witnesses of
interfaces in @, (J) with excess area m(Z; J) = M and show it is at most exponential in M.

Lemma 7.9. There exists some universal Co > 0 such that for every M > 1, and every J € ®iso(Iw),
3
{E7e(T): T e @ (T), m(T;T) = M}| < Cg ™.
Combining the above lemma with Lemma 7.8 would immediately imply the desired Proposition 4.11.

Proof of Lemma 7.9. Evidently it suffices to separately enumerate over the number of choices for GREEN
faces, X%, and the number of {RED, BLUE} colored faces constituting Uz‘:l,...,|Y| T, and show that each of

3 .
these are at most C¥"M for some universal constant C.

Enumerating over the faces in X%. Let us first enumerate over the choices of GREEN faces, i.e., faces of
XZ. For every witness of an Z having m(Z;J) = M, X% forms a x-connected face-set of size at most

IX%| < 5%+ Z§:1 m(Z;) < 6L3m(Z; J) by Claim 4.9. This face-set is rooted at v1; to enumerate over the
number of choices of v1, notice that it must be in a ball of radius m(20,, 5) < 3M of x + (0,0, ht(Cw)),
and thus crudely there are at most (3M)3 such choices. Putting these together, by Fact 2.16 the number of
choices for X7 is at most CM3EL°M

Counting the number of faces in Y,:. Let us now enumerate over the choices of BLUE and RED faces of Z(T).
We first bound the total number of BLUE and RED faces; the number of BLUE faces of E(Z) is clearly at most
V] < 2m(V) < 3M by Claim 4.9.

We can bound the number of RED faces by bounding the number of RED faces in each T,: and summing
over i = 1,...,|Y|. Consider first the number of red faces added to connect walls in I, \Efﬁy s to their
innermost nestlng walls in Qﬁy g. For every such wall W, it is in 'V because it is in the wall-cluster of
some wall of Qﬂy 5, while not being in Qﬁy g in particular, it is closely nested in some wall of Qﬁy 5, and
therefore the number of faces we added here were at most m(W). Since no wall is double counted, the total
contribution from such added RED faces is at most 3 p\y m(W,) < 6m(Z; J) by Claim 4.9.

To bound the number of red faces added to connect walls W of @STQbyi, s NT'y: notice that every wall in
iney thi’s is connected to at most one wall interior to it by RED faces in this step of the processing. The
distance of a standard wall W to another standard wall interior to it W’ along Lo ,, is at most m(W) so that

the total number of RED faces added in this stage is m({J,cy 2, ) which is at most 6m(Z; J) by Claim 4.9.

Enumerating over the sets Y,i. By the above, the total number of faces in | J; T, is CM. At the same time,
by construction, every T,: is a *-connected set of faces, rooted at 3*, and the number of such roots is at most
Y| < CM. In order to enumerate over the number of face subsets [ J; T, let us begin by enumerating over
the locations of the at most CM roots, and then over the *-connected face-sets T
that >, M; < CM. Towards this, split Y into Y; and Y, where Y; = {x,p(v1),y",y*} and Yo = Y \ Y,
are the indices marked by step 6 of ®js,. It suffices to separately enumerate over (Yi)yicy, and (Yyi)yicy,-

We claim that for each of the at-most four elements y € Y having M; > 0, there are at most M? choices
for y. Evidently if y = {«} there is no choice here. If y € {p(v1),y'}, then y must be nested in 20, g5, and
thus the number of such choices is at most m(2, g)? < m(V)? < CM?2. If y = {y*}, then d,(y*, X%) < j*,
so that d(y*,z) < j*+|X%4| < CL3M by Claim 4.9 and the number of such choices of y* is at most (C'M)2.
To each of these, we allocate a *-connected rooted face set (T),ey, of size at most M; < M, so that by
Fact 2.16, the number of such choices is at most C*.
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We now turn to the contribution from index points in Y. Observe, importantly, that for every y* € Yo
for which M; > 0, it must be that M; > logld(y, z)] if d(y*,z) > L. Let us split up Brsp,(x)N Lo n, into rings
A¢ = Baerr (2) N Lo — Boe () N Lo . We first enumerate over the number of y® in A, for each ¢ < C'M (we
only need to go up to C'M as log[QClM ] exceeds the total number of faces we have to allot). The number of
allocations of at most |Ys| < [Y| < CM index points to at most C’M rings is bounded by 2(¢+C)M  Given
such an allocation, let N, be the number of root-points in A, let M, = Zi:y,-, ca, M; and enumerate over
the number of allocations of M, faces to N, index points.

For ¢ <log, L, there are trivially at most M L* such allocations. Now consider £ > log, L: for y* ¢ Br(z),
since M; > log[d(y®, x)], also Ny < M,/¢. Tt follows that there are at most

226\ (Mg + Ny + 1 < 92NigMe+Ne+1  94M,
Ny Ny - o

many such choices. Multiplying over £, this implies that the number of possible choices of (3%, M;) is at most
CM for some constant C. Enumerating over the *-connected face sets of size at most M; rooted at g, gives
a factor of C™: for each of these by Fact 2.16.

Finally, enumerating over the {RED, BLUE} colorings of these faces and collecting an additional 2, we
find that there exists C' > 0 such that there are at most CL°M possible choices of (Yyi);—1, . |v|- |
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