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DIMER MODEL, BEAD MODEL AND STANDARD YOUNG
TABLEAUX: FINITE CASES AND LIMIT SHAPES

Wangru Sun *

Abstract. The bead model is a random point field on Z x R which can be viewed
as a scaling limit of dimer model on a hexagon lattice. We formulate and prove
a variational principle similar to that of the dimer model, which states that in
the scaling limit, the normalized height function of a uniformly chosen random
bead configuration lies in an arbitrarily small neighborhood of a surface hy that
maximizes some functional which we call as entropy. We also prove that the limit
shape hg is a scaling limit of the limit shapes of a properly chosen sequence of
dimer models. There is a map from bead configurations to standard tableaux of
a (skew) Young diagram, and the map is measure preserving if both sides take
uniform measures. The variational principle of the bead model yields the existence
of the limit shape of a random standard Young tableau.

1 Introduction

The bead model is a random point field on Z x R or a subset of it. A bead con-
figuration is composed of a collection of parallel vertical threads. On each thread
there is a collection of points which we call the beads. We furthermore ask an inter-
lacing relation on the vertical positions of the beads (see Section 2 for the formal
definition). Figure 1 shows a typical local configuration.
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Figure 1: A local view of a bead configuration.

Boutillier [Bou09] considers this model on the infinite plane and constructs
a family of ergodic Gibbs measures. This measure is constructed as a limit of
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the dimer model measures on a bipartite graph when some weights degenerate, in
particular the hexagon lattice which is equivalent to lozenge tilings. The author
proves that under this measure the beads form a determinantal point process whose
marginal is the sine process.

This paper is mainly divided into two parts. In the first part (Sections 2 and 3),
we consider the finite cases. In Section 2, we consider bead model on finite planar
simply connected domains and on the torus, and we take the uniform measure
on configurations. We describe the general setting of a bead model (Section 2.1),
define the height function (Section 2.3), precisely define the boundary conditions
(Section 2.4) and define the uniform measure of the bead model (Section 2.5). We
also show that the bead model in such cases can be viewed as a limit of the dimer
models (Section 2.2 and 2.6): consider a very tall region tileable by lozenges and
consider a unit square D whose boundary condition is given by that of the tileable
region, then the bead model normalized into the unit square is in fact a normalized
continuous limit of the tiling of the region when the height of that region tends to
infinity, see Figure 2.

Figure 2: A very tall domain tileable by lozenges vs. corresponding boundary condition
of the bead model.

Young diagrams and standard Young tableaux are classical combinatorics ob-
jects which describe the irreducible representations of the symmetric groups. In
Section 3, we show that every Young diagram (which can be skew) corresponds to
one specific bead model. We also show that there is a map from bead configura-
tions to standard tableaux of the given diagram, and the map is measure preserving
when considering the uniform measure.

In the second part of this paper, we consider the scaling limits of the bead mod-
els and those of standard (skew) Young tableaux. It is known by [CKPO01] that for
the dimer model, when the size of the domain tends to infinity while the normalized
boundary condition tends to a fixed asymptotic function, the normalized random
surface converges in probability to the surface that maximizes a functional called
entropy. As the bead model is some kind of limit of the dimer measure, we can
expect that the results of the dimer model also apply to the bead model in some
way.

The limit shape of standard Young tableaux with given asymptotic shape of
diagram is studied in [PR07] and [S06] via different approaches. In [PR07], the
authors consider a rectangular shape and use the hook formula to establish a vari-
ational principle, while in [S06] the author consider a tableau of a (not skew) Young



diagram as a subrepresentation of the symmetric group.

By the measure preserving map from the uniformly chosen bead configurations
to random standard (skew) Young tableaux, once we have proved the existence of
a limit shape for the bead model, we obtain the existence of the limit shape of
standard (skew) Young tableaux as corollary.

Since it is already very interesting, and also due to some technical reasons, in
this paper we will mainly consider the bead models corresponding to (skew) Young
diagrams, which means with fixed boundary conditions constant on the left and
right sides.

Here is an outline of the second part of this paper. In Section 4, we define
the (adjusted) combinatorial entropy S(.) of the bead model. The definition may
appear not natural, but we prove that it is some kind of limit of that of the dimer
model to have the good order in the limit.

In [CKPO1] the authors compare planar dimer configurations having some slope
with those on the torus having the same slope. Using the same idea, in Section 5,
we consider the toroidal bead model and compute its free energy and the local
entropy function ent(.,.). We postpone the proof of the relation between the local
entropy function ent and the combinatorial entropy S to Section 7.

Sections 6 and 7 can be viewed as an adaption of the ideas of [CKP01] and
[CEP96] to the bead model. We define the functional Ent(.) which is almost the
integral of ent on the unit square D, and define the space of admissible functions
as the complete space of normalized height functions on the unit square D. We
prove the following variational principle:

Theorem 1.1. For any given asymptotic boundary height function h? defined on D and
being constant on {x = 0} and {x = 1}, there is a unique function hg among the space of
admissible functions that maximizes Ent(.).

Theorem 1.2. Consider a given asymptotic boundary height function h° defined on dD
and being constant on {x = 0} and on {z = 1}. For any n € N*, consider the bead model
on D with n threads. For any admissible function h: D — R such that Ent(h) > —oo,
when n tends to infinity, the probability that the normalized surface of a random bead
configuration lies within a § neighborhood of h is proportional to e(Ent(h)+o(L)n® ypen
0 —0.

A more detailed version is given by Theorems 6.6 and 7.10. Please pay attention
to the different uses of the same terminology “entropy” in this paper:

e the adjusted combinatorial entropy S of the bead model, see Section 4.
e the local entropy function ent as a function of the slope, see Section 5.2.

e the entropy function Ent as a functional on the space of admissible functions, see
Section 6.2.

Note that the large deviation property (Theorem 1.2) particularly yields that
when the size of the bead model is big, the random surface converges to hg, which
is the maximizer of the functional Ent (see Theorem 7.15).



As the bead model is a limit of the dimer model, it is natural to consider the
following question: is the limit shape of the bead model a limit of the limit shapes
of the dimer model? We give a positive answer to this question.

Theorem 1.3. The limit shape of the bead model hy is a properly normalized limit of the
limit shapes of the lozenge tilings for the corresponding sequence of domains.

A more detailed version of this theorem is given by Theorem 8.1. This theorem
proves the commutativity of the following two limits: the limit from dimer models
to a bead model when the heights tend to infinity, and the asymptotic limit for the
dimer models on an increasing sequence of graphs with given asymptotic boundary
condition, see Commutative Diagram (28).

Authors of [KOO07] provide a way to find the limit shape of the dimer model,
especially for that of the hexagon lattice on domains with an asymptotic boundary
condition piecewise linear in the direction of the edges of the hexagons. By the
commutative diagram, their result implies directly a way to find the limit shape of
the bead model.

As an example, if we consider a bead model on the unit square with the bound-
ary condition given by h? : 9([0,1] x [0,1]) — R,
1—3lz—1i ify <o,

—t+ 3z —3|ify>0,

h:(a:,y)»—>{

then Figure 3(a) is the expected density (which we will show is the vertical partial
derivative of hg), and Figure 3(b) is a simulation of 256 beads.
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(a) The estimated density of beads. (b) A simulation of 256 beads.

Figure 3: Theoretical and empirical density of beads.

In Section 9, we apply the results on the bead model to random standard Young
tableaux with a given asymptotic shape. We prove a surface version (Theorem 9.1)
and a contour line version (Theorem 9.2) of convergence of the tableaux, which
generalize the results of [PR07] and [S06], notably containing also the skew shapes.



In Section 9.2, we consider a jump process encoding the standard Young tableaux,
originally proposed in [Rom12] for square tableaux, and we prove the existence of
an arctic curve for a general piecewise linear shape.

Acknowledgements. We would like to thank Cédric Boutillier and Béatrice de
Tiliere for their directions, comments and references. We would also like to thank
Michel Pain for the helpful discussion.

2 Presentation of the bead model

2.1 General setting of a bead configuration

A general bead configuration is a random collection of points on the whole of Z x R
or a subset of it, which we denote by B. Furthermore, we ask that the positions of
the beads present in a configuration respect the following geometric restrictions:

e The beads are interlacing: for two consecutive beads on a thread, on each of its
neighboring thread there is exactly one bead whose vertical position is between
them.

e The configuration is locally finite.

In this paper we focus on the case where the number of threads and that of
beads are large but finite, so the locally finite property is automatically satisfied.

Denote by (i,y) the coordinate of a bead. We suppose that there are n threads
for some n € Z. Without loss of generality we suppose that the threads are
{i=1,2,...,n}. For the vertical coordinates y of the beads, we always suppose
that y takes value in [0, 1].

We consider the bead model on finite, planar, simply connected domains and
on the torus. More precisely,

e The case of a finite planar simply connected domain. Consider a planar simply
connected domain R C]0,n + 1[x[0,1]. A bead configuration on the domain R means
that the coordinates of the beads (7,y) take value in RN (Z x [0, 1]).

e The case of a torus. We suppose that (i,y) € (Z/nZ) x (R/Z), so we can writes
i € {1,...n} in the sense of modulo n and y € [0, 1] in the sense of modulo 1.

Among the simply planar domains we are particularly interested in the rectan-
gular case where R = [1,n] x [0,1], but due to some technical reasons we will also
consider the case that R is a right triangle.

2.2 Bead configurations as limit of lozenge tilings: a first view

The bead model can be viewed as a limit of lozenge tilings [Bou09], which is equiv-
alent to the dimer model on the hexagonal lattice. Throughout this paper we
consider the following three types of lozenges:



e <, generated by the vectors (1, —%) and (1, %),
e U, generated by the vectors (1, —%) and (0, 1),

In a lozenge tiling, any vertical line where the centers of horizontal tiles <
locate is considered as a thread, and consider the highest points of horizontal
lozenges in a tiling as particles, then such particles on threads automatically verify
the interlacing property. The vertical positions of the particles take discrete values,
but if we let the vertical size of the domain or that of the torus tend to infinity and
then vertically scale the domain into [0,1] or R/Z, the step length tends to zero,
and the vertical positions of the particles take continuous values.

In the limit where the step size tends to 0, the strict inequalities between the
vertical coordinates which give the interlacing property (in the case of torus we can
locally compare them) can turn to be non-strict, but under the measure we study
(to be defined in Section 2.5) this possibility is of negligible probability.

»

Figure 4: A lozenge tiling corresponding to the bead configuration in Figure 1.

2.3 Height function

We define the height function of the bead model in this section. So as to make
this more intuitive, we first define the height function of lozenge tilings and then
introduce the definition on bead configurations as an analogue. We first consider
the case of a simply connected domain and then consider that of torus.

Throughout this paper we use the following definition of the height function H
for lozenge tilings. For a horizontal lozenge <, the upper vertex is 1 higher than
the lower vertex, and the other two are equal to the average. For 0 or Q, vertices
along the same vertical edge have the same height, and going right-up or left-up
one step will raise the height by %
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Figure 5: Discrete height function H.

By properties of the height function of the dimer model, for every simply con-
nected domain tileable by lozenges, if we fix the height of a given vertex on the
boundary, then for every tiling, the definition above gives a unique height for every
vertex (as vertex of a lozenge) in the tiling. It is clear that the heights of the
vertices on the boundary of the tiled domain do not depend on the tiling.

We consider the height function of the bead model as the limit of the above
height functions which is defined on vertices when the vertical step size tends
to 0. In this limit, the vertices become a finite subset of the set of threads
{1,2,...,n} x [0,1]. We have the following natural definition, in which we define
the height function on the threads. We still use the same letter H as that of the
lozenge tilings. Normally this won’t cause ambiguity.

Definition 2.1. Consider a finite planar simply connected domain R C]0,n + 1[x[0, 1].
Given a bead configuration B of the domain R, the height function H = H® (for conve-
nience we omit B) is the function

H:RN(Zx[0,1) - R

unique up to a constant which verifies the following conditions. The constant is fixed once
we fixe the height of any point of RN (Z x [0, 1]).

e The function H is up-continuous, i.e., for any point (ig,yo) € D,

lim H(Zg,y) = H(ig,y()).

y—yg

e For any i € {1,...,n}, and for any y1,y2 € [0,1], y1 < ya2, H(i,y2) — H(i,y1) is equal
to the number of beads on the i*" thread between y; and ys.

e If there is a bead at some point (ip,yo), then on the neighboring threads i = iy + 1,

we have 1
lim H(ig+ 1,y) = H(ig,y0) — -
Y—Yg 2

The definition of the height function of the bead model on the torus is an
analogue of that on a simply connected region. In the toroidal case, the coordinates
of beads take values in (Z/nZ) x (R/Z). Any toroidal bead configuration lifts to a
configuration on Z x R, and there exists a unique (up to a constant) un-normalized



height function defined on the whole plane that corresponds to this configuration.
This height function is n-periodic in « and 1-periodic in ¥, so this defines a unique
(up to a constant) multivalued height function H defined on (Z/nZ) x (R/Z), or
equivalently (without considering the topology) defined on {1,2...,n} x [0, 1].

2.4 Boundary conditions and periodic conditions

The way to define the boundary conditions may seem a little bit artificial. We
first give an intuitive explanation: for a bead model in a simply connected region
R, the interlacing property yields a collection of inequalities between the vertical
coordinates of some pairs of beads on neighboring threads. For almost every bead,
given the position of every other bead, the position of the underlying bead is
restricted by four inequalities, but those near the boundary of R may have less
restrictions. We consider the boundary condition as a collection of supplementary
restrictions for these beads.

We begin by defining the fixed boundary conditions.

Definition 2.2. For any planar simply connected domain R C]0,n + 1[x[0, 1], the bead
model on it is said to have fized boundary condition if, given a fixed exterior bead config-
uration B! on (Z x R)\R, the union of any bead configuration of R and B! is a bead
configuration of Z x R.

A fixed boundary condition means fixing the number of beads on every thread
i €{1,2,...,n} and giving a collection of inequalities on the vertical coordinates of
the beads inside R. It is uniquely determined by the exterior bead configurations
B¢ on (Z x R)\R modulo an equivalence relation: if two exterior configurations
give the same restriction on the vertical coordinates of the beads inside R, then
they are equivalent.

In some cases it is easier to describe the boundary condition by fixing the
height function on the boundary. For example, it is simple to verify that when
R =[1,n] x [0, 1], the following definition of a fixed boundary condition is reduced
to Definition 2.2.

Definition 2.3. For the bead model on R = [1,n] x [0, 1], a function
H?: ({0,n+1} x [0,1]) U ({1,2,...,n} x {0,1}) = R
is called boundary height function if

e HY takes value in %Z up to a constant.

e Restricted to {0} x [0,1] or {n + 1} x [0,1], H? viewed as a function of y is non-
decreasing, piecewise constant and every jump is equal to 1.

e For every i € {0,1,...,n+1}, H%(i,1) — H%(i,0) € N.

e For every i € {0,1,....,n}, H%(i +1,1) — H?(i,1) and H?(i 4+ 1,0) — H?(4,0) take
values in {£3}.



A bead model on R is said to have fized boundary condition given by H? if every bead
configurations B can be extended to a bead configuration of {0,...n + 1} x [0, 1], and the
height function of the extended configuration coincides with H? where H? is defined.

Clearly, the number of beads is fixed by the height function, and it is equal to

n

> (HO(i,1) - H(1,0)).

i=1

It is not hard to adapt the above definition into a more general shape of R.
Define the neighborhood of a bead model on R as the following polygon P, where

P = U (i—1,i4+1] x {y}) = RN (Z x R) + [-1,1] x {0},
(i,y)ERN(ZXR)

see Figure 6 for an example of polygon P. There the boundary function H? is
defined on
OP N (Z x [0,1]).

»
»
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Figure 6: An example of polygon P.

We end this part by the following definition.

Definition 2.4. Let R C]0,n + 1[x[0,1] be a simply connected domain, and let U be a
subset of fixed boundary conditions of the bead model on R. The bead model is said to
have the U-boundary condition if it contains all the configurations with fixed boundary
conditions taken from U.

Especially, if U has only one element, the ¢/-boundary condition is just a fixed
boundary condition, and if ¢ contains all possible fixed boundary conditions, we
say that the bead model has free boundary conditions.

Now consider the toroidal case. A toroidal bead configuration gives rise to a
configuration in Z x R, n-periodic in ¢ and 1-periodic in y. As in the dimer model,
for any (ig,y0) € Z x R, define the horizontal height change as

Hx = H(lo + n,yO) - H(io,yo),



and the vertical height change as
Hy = H(io,y0 + 1) — H (0, yo)-

It is not hard to see that when the number of beads is not 0, (H, Hy) takes

value in
n

n n n
ERL L 2,...,f—2,f—1} d
{ s ThTg T 2“3 <N

independent of the choice of (ig, yo).

Definition 2.5. For every given pair

n n n n
b {—f 1,-2 2,...,7—2,7—1} N,
(a,b) € 5 + 5 + 5 5 X
we say that a toroidal model has periodic boundary condition (a,b) if its height change
(Hy, Hy) is equal to (a,b).

Clearly, the number of beads is fixed by the periodic conditions and equal to
nH, = nb.

2.5 The uniform measure of the bead model

Consider a bead model with fixed boundary condition or periodic condition, which
fixes the number of beads in the model. Denote the number of beads by N. The
vertical coordinates can be viewed as a subset of [0, 1] or TV (the N-dimensional
torus). Moreover, the fixed boundary condition is equivalent to a collection of
inequalities, so the set of the vertical coordinates is a convex set. The meaning of
inequality is not clear for the toroidal case, but it is not hard to verify that the
periodic condition also gives a convex subset of TV. In both cases, it makes sense
to talk about the Lebesgue measure of the set of the vertical coordinates. Thus,
we can define the uniform bead measure:

Definition 2.6. For a fixed, resp. periodic, boundary condition of the bead model with
N beads, the uniform bead measure is the uniform probability measure of the vertical
coordinates on the convex set determined by the fixed, resp. periodic, boundary condition,
viewed as a subspace of [0, 1]N , resp. TV, equipped with the Lebesgue measure.

In particular, under the uniform measure, the event that any two beads have
the same vertical coordinate is a subspace of the convex of coordinates with lower
dimension. So with probability 1, the vertical coordinates of the beads are all
different.

2.6 Bead configuration as limit of lozenge tilings: a second view

Now that we have defined the fixed and periodic periodic conditions of a bead
model and the uniform measure, the argument that “the bead model is a limit of
the lozenge tiling model” in Section 2.2 can be described in a more detailed way.
As usual, we respectively discuss the case of a simply connected planar domain and
that of torus.
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To simplify the discussion, we suppose that the simply connected planar domain
is R = [1,n] x [0,1] where n as usual is the number of threads. Given a boundary
condition H? as in Definition 2.3, for any [ € N* big enough, we construct a very
tall polygon R, po tileable by lozenges as follows.

We first construct two piecewise linear paths pg and p;. The path pg is a
piecewise linear continuous path defined on [0,7n + 1], which is a linear extension
of H?(x,0) — H?(0,0) on every interval € [i,i + 1], i € {0,1,...,n}. Define
analogously p; on [0, n4 1] as a piecewise linear extension of H?(z,1) — H?(0,1)+1.
The paths

po, p1, {0} x[0,1],
{n+1} x [H?(n+1,0) — H?(0,0), H%(n +1,1) — H?(0,1) + ]

enclose a region of R? when [ is big enough so that py and p; do not intersect. The
paths pg and p; correspond to the upper and lower boundary conditions of R, and
we still need to remove some tiny triangles from this region so that it corresponds
to the left and right boundary condition.

For any j € N, define A? as the triangle defined by the three vertices

(0.9), (0.5+1), (17 +3)

and for any j' € N define A}, as the triangle defined by
(n+ 1, H(n +1,0) = H°(0,0) + j'), (n+1,H’(n+1,0)~ H(0,0) +j' + 1),

(n, H%(n+1,0) — H?(0,0) + j' + %).

Suppose that the jumps of H?(0,y) (resp. H?(n 4+ 1,y)) are at (0,y;) (resp.

(n + 1,yx)), we remove the triangles A(Elyk | and Abyk/ | (when [ is large enough,

these triangles are all different) from the region defined above, and we define R; yo

as the new domain. A removed triangle is called a crack on the left or on the right
boundary of R; yo. It is not hard to check that R; jo is tileable.

For some reason that will be clear later, we are particularly interested in the
case where there are no cracks, i.e. the function H? restricted to i = 0 or on
i = n + 1 is constant. This domain is tileable in the following way: consider the
case | = 0, the region R yo is tileable and only tileable by all <. Now for [ > 0,
the region R, o \R, go is enclosed by two pairs of parallel paths, and it is easy to
see that this difference is tileable by 0 and Q.

Figure 7 gives an illustration of a bead model of 9 threads and boundary con-
dition H?. On the left, the grey region is Ry o, tiled in the only possible way.
It is enclosed in a bigger polygon R; o, which can be tiled by 0 and Q. On the
right is a general tiling. Readers can think of a pile of boxes in R3 and a lozenge
tiling is its projection on R? in the direction (1,1,1). The height function H on
the vertices is given by the projection of the pile in the direction (1,1,0) (the up-
down direction may be contradictory to the intuition). The number of horizontal
lozenges in a tiling is the projection of this pile on R? in the direction (0,0, 1), so
it is independent of the exact pile of boxes and [ (the height of that pile).

11
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Figure 7: Tiling Ry o and Ry yo.
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If we consider the uniform measure on the tilings, it is not hard to check that
when [ — oo, the joint Dirac measure of the positions of the horizontal lozenges
< in a uniform tiling of R; o and vertically normalized by I converges weakly to
that of the uniform bead measure with boundary condition H?.

The torus is much simpler. We consider 7}, as a torus of size n x | where [ is
big enough. Its height change (H,, H,) can take value in

n n

{_ﬁ+1,_ﬁ+2,..., -2,2- 1} « N* U {(i%,@)},

2 2 2
where (£%,0) correspond to the cases that there are only 0 or Q, so they should
not be taken into consideration. If we fix (H,, Hy), then the number of < is fixed
and equal to nH,. When [ — oo the joint Dirac measure of the positions of < in
a uniform tiling of 7} ,, and vertically normalized by [ converges weakly to that of
the uniform bead measure with periodic condition (H,, Hy).

3 Standard Young tableaux and bead model

A Young diagram is a finite collection of boxes, left aligned, and the lengths of the
lines are in non decreasing order from bottom to top. Given two Young diagrams
wu and n, if n is contained in g as its bottom-left most part (we write n < p in
this case), then their difference is called a skew Young diagram p\n. Denote the
number of boxes of a (skew) diagram A by |\|, then a standard tableau of X is
obtained by filling the boxes of A by {1,2,...,|\|} such that the numbers in each
row and column are increasing.

Note that in the definition above we use the French convention. There are also
English and Russian conventions, see Figure 8, and in this paper we mainly use
the Russian convention.

12
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(a) French (b) English (c) Russian

Figure 8: Three conventions for the Young diagrams.

In Section 2.6 we have considered a specific case with fixed boundary conditions
of the bead model, where the domain is taken to be R = [1,n] x [0,1], and the
boundary function H? restricted on i = 0 and i = n+1 is constant. In Figure 7, we
give an example of a lozenge tiling corresponding to this kind of boundary condition,
and we see that Ry yo is a skew Young diagram if we view every horizontal lozenge
in the tiling of Ry yo as a box. We generalize this observation.

For every (skew) Young diagram A (written under the Russian convention), let
n be the number of columns (i.e. the number of possible horizontal positions that
a box may be located at). Consider a bead model defined in the region [1,n] x [0, 1]
with a boundary function H? such that H? is constant if restricted on i = 0 and
i = n+ 1, and the path py (resp. p1) constructed as in Section 2.6 is exactly the
lower (resp. upper) boundary of the Young diagram (vertically scaled by 2).

There is a natural way to encode the boxes of the Young diagram with the
beads in the corresponding bead model: the j** bead on the i*" thread naturally
corresponds to the 5 box on the i column of the (skew) Young diagram (under
the Russian convention). In particular, the number of beads is equal to |A|.

For any bead configuration, let y; ; be the vertical coordinate of the 4t bead
on the i*" thread. We sort them in a non-decreasing order:

Yirgr < Yigjo < oo = Yijnpdia

As under the uniform measure, the probability that any two coordinates coin-
cide is equal to 0, with probability 1 we can rewrite the inequalities above as

Yir,gi < Yigga < -+ < Yipxj,dn-

For the given diagram A, define 7 as the set of standard tableaux of A\ and B
as the space of bead configurations with same constraint. Any inequality on the
vertical coordinates of a pair of beads on neighboring threads interprets itself to
be an inequality relation between the ranks of neighboring boxes, which is exactly
the inequality relation of the neighboring entries in the definition of a standard
Young tableau. So conditioned to that all vertical coordinates y; ; are different, if
we define the following map ) as:

y: B)\ _>7;\7
B —T,

where T' = Y(B) is a filling of A such that T'(ix,jx) = k for any k < |A| (define
T(i,7) as the number in the cell (¢, ) of T'). Then for every configuration B € B},
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T = Y(B) is a tableau whose entries are all different and verify the constraint of a
Young tableau, thus T' € Tj.

In short, the map Y just turns the continuous coordinates y to its total rank
among all the coordinates. If we take the uniform measure of the bead model, the
measure induced by ) on the standard (skew) tableaux is the uniform measure. In
fact, for any 1" € Ty, the induced probability measure is by definition proportional
to the Lebesgue measure of its preimage Y ~!(T), i.e., the volume of the simplex

0 < Wirjr < Yigjo < - < Yijapding < L

which is always equal to ﬁ for any T'. Thus the induced measure is uniform.

The fact that the map ) from B) to 7T, preserves uniform measure and that
this gives a way to study 7, is known to the authors of [BR10]. They enumerate
the standard Young tableaux of a diagonal strip (see Figure 9), a particular type
of skew shapes. Their work is based on [Elk03], which studies the case where the
strip is of width 2 (the width means the maximal number of boxes on the same
column under the Russian convention) so Inequalities (1) can be written as a series
of inequalities like

Y11 > Y21 < Y31 > Y41 < ..

Figure 9: A diagonal strip of width 3.

4 Entropy of the bead model

Our first task is to define the combinatorial entropy. Once defined, we will use the
letter S to denote it.

First consider the classical case where a random variable X takes a count-
able number of possible different values (or states) with p; be the corresponding
probability. For example, we can consider the dimer model. In this case, the
combinatorial entropy is defined as

S(X) =Y —pilnp;,
and if every state has the same probability, then
S(X)=1InZ,

where Z is the number of states, known as the “partition function”.

One significant difference between the bead model and the dimer model is that
rather than considering the “number” of dimer configurations in a state, here we
should consider the volume of similar bead configurations. Moreover, in practice
we will adjust it by adding an additional term to let the entropy be of the good
order. We give the definition here below.

14



Definition 4.1. Consider a bead model with fixed number of beads. Let N be the number
of beads and n be that of threads. Consider a random bead configuration as a random
vector X taking values in [0, 1], where every component of X is the vertical coordinates
of the corresponding bead (in the toroidal case the coordinates are in the sense of modulo

1).

For any point y = (y1, %2, ...,yn) € [0,1]V, define p(y) as the density of the bead mea-
sure P at the point y with respect to the Lebesgue measure of |0, 1]N whenever it exists,
1.€.,

(y) — lim P(X € Hi\il[yl — &Y+ E])
P e-0 (2e)N

whenever this limit exists.

If we consider the uniform bead measure, and if we define V' as the N-dimensional
Lebesgue measure of the convex set of coordinates, then

{V if h is an inner point of the convex set of the admissible coordinates,

0  otherwise,

and the undefined points are negligible.

We use the same letter S to denote the adjusted combinatorial entropy of the
bead model.

Definition 4.2. If the density p is well defined almost everywhere, then for the bead
model with a fixed boundary condition or periodic condition, we define the (adjusted)
combinatorial entropy S associated to the random variable X of the bead model as

S(X) = /[ I —p(y) In p(y)dy;...dyn + N lnn,
0,1

where N is the number of beads and n is the number of threads.

The term N Inn may seem not natural, but soon we will see that this term

helps to adjust the entropy so that it is of a proper order if we consider a sequence

of bead models where n — oo and N is of order n2.

In particular, if we consider the uniform measure, we have

S(X)=InV + Nlnn.

The following lemma is a general result for entropies.

Lemma 4.3. Suppose E = {F1, Es, ...} is a countable partition of the state space, and Ig
1s a random variable that tells X is in which E;, and X; is the variable equipped with the
conditional law of X restricted on E;. We have

S(X)=S(Ip)+ > P(X € E)S(X). (2)
The proof is straightforward.

We want to remark that the decomposition (2) allows us to define the entropy
S for a union of conditions that not necessarily have the same number of beads
once we have defined the probability of taking different number of beads IV:
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Definition 4.4. For a random bead configuration X that with probability p; to be in the
state of IN; beads, define

S(X) = —Zpi Inp; + ZpiS(Xi),

where X; is the random configuration equipped with the induced probability measure
conditioning to have N; beads.

The following proposition proves that the entropy of the bead model under the
uniform measure is the limit of the entropies of the corresponding lozenge tiling
models. This discrete approximation is useful in the remaining part of this paper.

Consider a bead model with n threads and N beads, with a fixed boundary
condition H? or a given periodic condition (H,, Hy). Consider the corresponding
lozenge tiling model, where for [ sufficiently large we tile a simply connected domain
Rl, po or a toroidal region T;,,. In each of the cases, we define Z;,, as the partition
function of the lozenge tilings of the region, and V as the volume of the convex set
in [0,1]Y or (R/Z)N formed by the vertical coordinates of the beads.

Proposition 4.5. For either a fized boundary condition H? or a given periodic condition
(Hy, Hy), we have the following relation between Z;,, and V:

InV = lim (InZ;, — NInl). (3)
l—o00 ’

In particular, if we let | = mn, then for fired n and N, | — oo is equivalent to m — oo,
and we have that the entropy of the bead model is equal to

S(X) = lim (InZpnnn— Nlnm). (4)

m— 00

Proof. Consider the convex set of the vertical coordinates of the beads. For any
I € N* big enough, Z;, is approximately equal to the number of points on the

lattice (%Z)2 inside the convex set, so we have

. Zl n
| =
oo IN v

and by taking logarithm we get Equation (3) in the proposition. Replacing [ by
mn, we obtain Equation (4). O

We now explain why the combinatorial entropy S defined in Definition 4.2 is
adjusted by N Inn, and why we use the substitution of [ by mn in Proposition 4.5.
As mentioned, we are interested in the asymptotic behavior of the bead model,
i.e. in the limit n — oo. If the boundary function H? of the bead model has an
asymptotic limit when n — oo, then N is asymptotically proportional to n?. We
write H? = H%(n) and N = N(n) to emphasize their dependances on n.

For every given m and n, consider R,,, fo(,) as in Section 2.6. Since we fix the

asymptotic shape of H?(n) in the remaining part of this paper, from now on we
simply write Rypn instead of R, o) to simplify the notation. Consider

InZynn— N(n)lnm
n2 '
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If we fix m and let n — oo (we pretend to forget that m should be chosen large
enough depending on n), the boundary condition of R, , has an asymptotic limit,
so by [CKPO01, KOS06], (5) converges when m is fixed and n — oo. Meanwhile,
S(X)
n2

when m — oo for fixed n.

Proposition 4.5 proves that (5) converges to

For this reason, it is natural to ask the following questions:

e In (5), can we take the limit m — oo first and then the limit n — co?
e If this limit exists, does it have a good order?

e Can we exchange the order of the limits in m and in n?

We give a positive answer to each of them in Sections 7 and 8, but before that
we want to give some discussion.

We first give an intuitive explanation for the first and the second questions in
a specific case. When the boundary condition of the bead model corresponds to a
square Young diagram (Section 3), then N = W. The volume V is equal to the
number of possible total ranking of the vertical coordinates (which is the number
of standard Young tableaux for a "+ x 2L square diagram) times the volume of
the convex set of the coordinates totally ranked (which is equal to N!). Thus, by

the hook formula ([FRT54]), we have

S(X) InV+ N(n)lnn
2

n2

— i n N(n)! 1 .
I (1 (Hlsz‘,js@l(iJerrl)N(n)!)+N( )1 >

1 n
- = In(—2
i D n<i+j+1>

1< j<ndt

1
// dxdy.
4 z,yE[O,l] x +y

This double integral also appears in [PRO7], which studies the limit shape of a
random square Young tableaux using hook formula.

n

12

For the third question, we show why a priori it is not obvious that we can
exchange the order of the limits in n and in m. In fact, in the proof of Propo-
sition 4.5 we use an approximation of the volume of a convex set of dimension
N(n) = O(n?) by a mesh of size -, and this approximation is not uniform in m
and n for whatever type of convex set. For example, if we consider a simplex

the volume of this simplex is N( ik while the number of lattice points of a (Z/mn)N (™

mesh inside this simplex is equal to the number of choosing N(n)+ 1 non-negative
mn+N(n)

N(n) ) Thus, the approxi-

ordered integers that sum to mn, which is equal to (
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mation has a relative error of order
mn+N(n)\ (1 N(n) 1 -1 B
N(n) mn N(n)!
_ (1+1> <1+2) (HM”)) Y
mn mn mn

We see that as in Proposition 4.5, for fixed n, the relative error tends to 0 when
m — 00, while this is not uniform in n.

5 Free energy and local entropy function of the bead
model

In this section, we consider a sequence of toroidal bead models with given asymp-
totic periodic condition (which means that the height change (H,, Hy) is propor-
tional to the number of threads n), and we calculate its entropy when the size of
the torus tends to infinity. In the computation we mainly use the discrete approx-
imation given by Proposition 4.5.

In [Bou09], the author defines a family of ergodic Gibbs bead measures which
are limits of the ergodic Gibbs measures of the dimer model on the hexagonal
lattice when some weights degenerate. We begin by considering this parameterized
weight setting of the dimer model, then apply a Legendre transform on the adjusted
partition function of the dimer model to obtain the local entropy function ent. The
proof of that ent is equal to the normalized combinatorial entropy S is postponed
to Theorem 7.10 of Section 7.

5.1 Free energy

Throughout this section, suppose that a lozenge < has weight a, Q has weight b and
0 has weight ¢, see Figure 10.

Figure 10: The lozenges respectively weighted a, b and c.

Consider a fundamental domain as Figure 11. The characteristic polynomial is

a’z — (b + cw)?/w.
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Figure 11: The fundamental domain.

The advantage of taking this domain is that it has an obvious horizontal-vertical
decomposition. We consider Gy, as a toroidal graph which is mn x n this funda-
mental domain. The dimer model on G, , corresponds to a toroidal lozenge tiling
model defined in Section 2.6 where we use the substitution of [ by mn. But pay
attention, Gynp pn corresponds to Thyy, 2, rather than T, 4.

We take two parameters o € RT, v €] — 1,1[, and let a = a/m, b = er/m
¢ = 1. The author of [Bou09] proves that the ergodic Gibbs dimer measure under
such setting, which is to first take n — oo for a dimer model on G, ,, converges
to an ergodic Gibbs measure on the configurations of the beads on threads when
m — 00, and the limiting measure is parameterized with respect to o and v. We
will take the reverse order, i.e., we first take m — oo and then n — co.

Denote the dimer partition function of Gy n by Zmnn(a,y). The set of dimer
configurations is denoted by M = M(Gpn.n). Let N, (resp. N and N.) be the
number of edges with weight a (resp. b and ¢), then the partition function is

Zmnn(o,y) = Z aNa(M)pNy (M) Ne(M) _ Z (a/m)Na(M)eava(M)/m.
MeM MeM

To simplify the notation we denote the weight of a configuration (c/m)Ne (M) gavNo(M)/m

by w(M).

Here the order of In Zy,, n(cv,y) is n? (while for fixed a, b and ¢ the logarithm
of the partition function should be of order mn?). In fact, if we differentiate
In Zyn n (o, y) with respect to v or «a, we get:

ol Zypn(a,y) 1 0 Zmnn(,y)  Donrem ONo(M)w(M)  aE[N]
Oy B Zmn,n(a77) Oy a mZMEM 'UJ(M) - m

O Zypnlo,y) 1 0 Zmnn (@) _ Larem (gNa(M) + v/mNy(M))w(M)
Ja " Zmnn(a,7y) Ja B > vrenm w(M)

- éE[Na] + %E[Nb].

When divided by n?, we get

0 In Zmn,n (Oé, 7) _ E[Nb]

oy n? = Yom2 (6)
0 InZpnn(o,y)  1E[N,] E[Np]

Oa n2 - a n? 7 mn? (7)

Since we expect that the number of edges a is of order n? and that of edges b
and c is of order mn?, Equations (6) and (7) show that In Z,,, (o, ) normalized

19



by n? is of the good order. The aim of this section is to compute the limit of
In Zpn,n(0,y)

o , where we first take m — oo and then n — oo.

Proposition 5.1. For any given n € N*, when m — 00, Zpynn(a,y) converges.

Assuming Proposition 5.1, we define the partition function of the bead model
of the torus of size n and of parameters « and v as

Zn(a,'y) = lim Zmn,n(aa’)/)'
oo

m

Proposition 5.2. When n — oo, In Zn(a,v) is of order n?, and

InZ,(a,7) 2«

lim = — (yarccos(—7) + /1 —?).
7r

n—oo n?

This limit is called the free energy of the bead model with parameters a and ~

per fundamental domain. This value depends on the choice of fundamental domain.
The proof of Propositions 5.1 and 5.2 is put in Appendix A.

As a corollary, by (6) and (7), we get an estimate of the numbers of the different
types of edges:

N, 2 N, 2 N, 2
E (a) == v2, E <b> = —arccos(—y), E < < ) = — arccos(7).
™ ™

n2 T mn2 mn2

The following proposition allows us to take the limit m,n — oo in an arbitrary
way.

Proposition 5.3. The limit m — oo and the limit n — oo can be exchanged when
calculating the partition function, i.e.,

InZ InZ
lim lim ——mnel®Y) mn’;(aﬁ) — lim —2%7) n(a,’Y)'
m—r00 N—00 n n—o00 n
Proof. This can be proved via direct computation. O

5.2 Surface tension, local entropy function

We now turn to the uniform measure on the periodic bead model with given height
change, which corresponds to the uniform bead measure with given periodic bound-
ary condition introduced in Section 2.4. Take the definition of height function of
Section 2.3, and let N,, Ny and N, respectively be the number of <, Q and 0 in a
tiling of Ty, n, then the height change (H,, Hy) is given by

N, =nH,, Ny — N.= —2mnH,, N,+ Ny+ N. = mn>.

Recall that Ty, corresponds to Gy, 5,/ (Without loss of generality we suppose

that n is even). If we fix the height change (H,, H,) and define Zﬁﬁ;ﬁy as the
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partition function for a uniform tiling of T},,,, then the partition function of
Gmn,n/2 With parameters «, v is given by

H,H niy 2 Hy Hy | 1
Zuplen) = X 2ligl () @ (et hn) g
H,,H,

where o(1) is in m. Recall that in Proposition 4.5 we proved that for given (H,, H,),

the term
o5 1 nH,
e (1)
m

converges when m — oo. Later in Section 7 we prove that moreover the logarithm
of this limit value divided by n? converges when n — oo and the limits depends
and is continuous on the average slope (& H—) which by construction should be
included in [—2] x [0, +00]. The case where HT = oo (i.e. Hy is beyond the order
O(n)) is p0881ble but this has a negligible contribution because otherwise the right

hand side of (8) explodes if we take an « bigger than 1, which is not the case.

Following the idea of [KOS06], for (s,t) € [—3, 3] x [0,00], and for any m, n,

consider the lozenge tilings of T}, , of height change
(Hy, Hy) = (|ns], [nt]),

and by the discussion above we can define the surface tension as

Lns], [nt]
o(s,t) =— lim lim (hlZmnn - tlnm) .

n—00 M—00 n2

If we consider a fundamental domain as in Figure 12 (which is half of that of
Figure 11), and consider the free energy per fundamental domain which is equal to

1InZmnn 1
F(a,v) = lim lim L Zmnnles) W(a’yarecos( 7) + av/1—72),

n—00 m—o0 2 n2

(it is half of the limit in Proposition 5.2), then equation (8) implies that

F(a,v) =max (—o(s,t) +Inat+ a’y(% —s)).

s,t

Figure 12: Another fundamental domain.

Let A =Ina, B = —av, then we get that



Replace a and v by A and B, and define

Q

~ 1 B
F(A,B)=F(a,v) — 77 = ;( - Barccos(e—A

B
)+ VB 4.
Its Hessian matrix is positive-definite so Fis strictly convex. Since the o as a limit

of strictly convex function (the surface tension in the dimer model) is convex, F
and o(s,t) are Legendre duals, so we have

o(s,t) = max (— F(A,B) + At + Bs)

- - (l—Hn (7fj>>>t

Define the local entropy ent of the bead model as —o. More precisely,

Definition 5.4. For any slope (s,t) € [—%,1] x [0,00], define the local entropy function

ent(s,t) of the bead model as the following function:

0 ift=0,
ent(s,t) = ¢ —00 if s = :I:%, t#0,
(1 + In (%)) t otherwise.

The function ent(s,t) is concave in s and ¢ and strictly concave on any domain
where ¢ > 0.
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(a) ent(s,t) as function of slope (s, ). (b) Contour lines of ent.

Figure 13: The local entropy function ent.

In Section 6, we consider the problem of maximizing (roughly speaking) the

integral of ent over D where where ¢t will be taken to be % and s = %' For later use,

we here take a look at the expression of the local entropy ent(s,t) (Definition 5.4):

<1 tin (7:;))) t
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The integral of any constant times ‘3—2 on D is fixed by the boundary condition.

Also, —ulnu < % So maximizing the integral of ent is equivalent to maximizing
the integral of
1
In (cos(ws)) oL
t e

which is non-positive and we call it the active part of ent(s,t). In Section 6, without
loss of generality, sometimes we consider the active part and assume that ent is
bounded above by 0 for the sake of simplification.

Meanwhile, it is good to remark that ent(s,t) tends to —oo when ¢ to infinity
or when s tends to :l:% while ¢ not tends to 0 fast enough.

We end this section by an analog of Proposition 5.3 for entropy. Denote by ent®
the entropy of the dimer model on the honeycomb lattice.

Proposition 5.5. For any (s,t) € [—%, %] x [0, +o0[, the entropy function of the bead
model ent(s,t) is the following limit of that of the dimer model on the honeycomb lattice:

ent(s,t) = lim m ent®(s,t/m) — Inmdt. (10)

m—0o0

Also, we have the following properties concerning the convergence:

(a) for any compact set of possible slopes that doesn’t contain points where s = :l:%, the
above convergence (10) is uniform.

(b) for any € > 0, there exists 6 < 0 and M € N* such that for all possible slopes (s,t)
such that t < § and for all m > M, we have

m ent®(s,t/m) —Ilnmt < e.

Note that in (b) we just claim an arbitrarily small upper bound and the lower
bound is in fact —oo.

Proof. By [CKPO01, Ken09], the dimer entropy of slope (s, t) is

ent®(s,1) = ~(L{xt) + Llx(s 5 D)+ Lin(g +5— 2),

where L is the Lobachevsky function defined by
0
£(0) = —/ In |2 sin ¢]dt.
0

So we have
t 1 t
t T m(5—5+355)
m ent®(s, —) = _m In |2 sin t|dt + m/ R |2 sin t|dt. (11)
m v T )1

0 m(3—s—5-)
The first term of (11) is equal to
(1+lnm—In2—In7—Int)t+ o(1)

where the o(1) tends to 0 when m — oo and this is uniform on any set where ¢ is
bounded.
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For the second term of (11), for any (s,t), when m is big this is equal to
. 1
ln\2s1n(7r(§ —9))|t+o(1), (12)

so we have proved the pointwise convergence in the lemma:

cos(7s)

m ent®(s,t/m) — Inmt = <1 +1In ( )) t+ o(1) = ent(s,t) + o(1).

7t

Clearly, the convergence (12) is uniform on any compact set of slopes that
excludes the points where s = i%, which finish the proof of (a). The convergence
is not uniform on a bounded set containing (:l:%, 0), as for all m the function ent?,
is continuous on any possible point of slopes, while ent is not continuous at (i%, 0).

To prove (b), we have

m ent®(s,t/m) — Inmt

m

w% m 7r(§—s+ﬁ)
= —/ In|2sint|dt + (—Inm + In2)t +/ In | sin ¢|dt.
™ Jo ™ Jr(t

For any § > 0, the term in the bracket converges uniformly to (1 —In7 — Int)t
on the set ¢t < ¢ when m — oo and (1 —In7 — Int)t converges to 0 when ¢ — 0, so
it suffices to choose a § small enough and M large enough so that for all m > M
this term is less than €. Meanwhile, the second term is always negative. Thus we
have finished the proof. O

6 Entropy-maximizing problem

Our main aim is to establish a variational principle for the bead model as in
[CKPO1]. This mainly consists of three parts: giving an entropy function, proving
that there exists a unique maximizer and proving that there is a large deviation
type behavior around that maximizer. In this section we focus on the first two
parts, i.e. raise a functional Ent and prove that there exists a unique maximizer
of it.

Since the bead model is just some kind of limit of that of the dimer, there are
a lot of similarities between our case and that in [CKPO1]. It is natural to think
of defining a global entropy function Ent(h) as the integral of ent o Vh on some
domain with given boundary condition, where h is the normalized height function.
However, some delicate differences make the proof in the case of the bead model
not a trivial and direct corollary of the dimer model. As we will see, the most
remarkable difference is the unboundness of ent.

We consider a bead model normalized into the unit square D = [0, 1] x [0, 1],
define a normalized height function h and define the space of admissible functions
‘H in Section 6.1. In Section 6.2 we define the functional Ent on the admissible
functions, and in Section 6.3 we prove that there is a unique admissible function
that maximizes the entropy Ent.
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6.1 Bead model normalized into unit square

We normalize the bead configuration into the unit square D = [0,1] x [0,1]. Con-
sider a bead model with n threads as in Section 2 but take the threads as

;— 1
{(aﬁ—l,y) 1=1,2,...,n, yE[O,l]},
n—1

and we normalize the bead height function H defined in Section 2.3 by n — 1.
Moreover, we extend this function to the whole of D in a piecewise linear way.

Definition 6.1. Given a bead configuration B on threads x € {fl__ll,i = 1,2,...,n},

y € [0,1], the normalized height function h = hB (again for convenience we omit B) is
defined as

along every thread
i — 1
{;_ i = 1,2,...,n} x [0, 1,

then extended to the whole unit square D in the following way: for every y € [0,1], the
height function = — h(x,y) viewed as a function of x is taken to be the piecewise linear
extension of h(L=t y).

For a toroidal bead model, we can also define a normalized multivalued height
function h on (R/Z)? analogously to Definition 6.1.

From now on, when we speak of the bead model with n threads defined on the
unit square D, we mean a normalized bead model as above, with normalized height
function extended to D.

Clearly the function h’s horizontal partial derivative is equal to i% almost
everywhere and its vertical partial derivative equals to 0 almost everywhere. Re-
stricted to the upper and lower boundaries of D, h(x, 1) and h(z,0) are continuous
in z, piecewise linear of slope +1, while restricted to the left and right boundaries
of D, h(0,y) and h(1,y) are piecewise constant and increasing in y.

To describe the boundary condition by the normalized height function A, com-
pare this to Section 2.4, we should introduce two imaginary threads x = —nil and
r=1+ ﬁ where we define the boundary height function. So we sometimes con-

sider a bead model on [——15,1 + —1-] x [0, 1] if necessary. The domain of definition
of the boundary height function depends on n, so we denote it by hg.

Definition 6.2. Consider a bead model with n threads defined on D. The normalized
height function h: D — R is said to have one of the boundary conditions below if there
exists a normalized bead model height function A’ : [-—-, 1+ —1-] x [0,1] — R such that
h'|p = h and

(a) if U is a subspace of the functions h9 : 9([— 17,1+ -] x [0,1]) — R, then we say h
has a boundary condition lying in U if

h/’a([—ﬁ,u L1x[0,1]) cu.

n—
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(b) we say h has a fized boundary condition h9 : 0([—27,1+ -15] x [0,1]) — R if

n

/ 10
h ’a([—ﬁ,u Lx0,1]) hns

n—1

i.e., U has only one element.

When n — oo, the domain [——,1+ -] x [0,1] tends to the unit square
D, so if we talk about an asymptotic boundary condition, it means a function h?
defined on 9D, non-decreasing in y and %—Lipschitz in z.

Given an asymptotic height function h?, for any n € N*, we want to consider a
boundary height function A2 close to h?. However, as we will see later in Section 7,
the dependence of the entropy of the bead model on the boundary condition is
delicate, so the meaning of “close to h?” should be clarified with attention. We
postpone this problem to Section 7, and in this section we focus on analytic results.

For every given asymptotic boundary condition h?, we define the space of ad-
missible functions as the closure of the normalized height function, i.e.,

Definition 6.3. Given the unit square D and a boundary condition h? defined on 8D, a

1_

function h is called admissible if it is horizontally 35-Lipschitz, vertically non decreasing,
and when restricted on 8D it is equal to h?. Denote by H the space of admissible functions.

We have the following generalization of Dini’s theorem, which will be used later:

Lemma 6.4. For any sequence of admissible functions (hi)i:1,27,,,, if they converge point-

wise to some continuous function, then the convergence is uniform.

Proof. Denote the limiting function by h*. For any x, as h'(x,.) is non-decreasing
and h>(z,.) is continuous, the convergence of hi(x,.) to h®(x,.) is uniform on
y € [0, 1] by Dini’s theorem.

For all € > 0 and for all x, there exists I, such that for all ¢ > I,

A e’} €
sup ’h («T7y) —h (:1:7y)’ < 5
y€[0,1]

By the Lipschitz condition on , for fixed g, for every x in the interval [zo—5, z0+5]
we have that '
sup ’hl(xay) - hoo(x7y)’ <e
y€[0,1]
for all i > I,, and for all y. By compactness of [0,1], we can choose I such that
for ¢ > I we have ‘
sup |h'(z,y) — h™(z,y)| <e
y€[0,1]

for all (z,y) € D. O
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6.2 Statement of the entropy-maximizing problem

From now on we consider a specific case: the bead models on the unit square D
with fixed asymptotic boundary condition

h’aD = hav

where the left and right boundary conditions are given by a constant function. More
precisely, we have h(0,y) = Cy, h(1,y) = Cy for Cy,Cy € R, h(x,0) and h(z,1)
are 3-Lipschitz and h(z,1) > h(z,0) for = € [0,1]. Recall that any such boundary
condition corresponds to an asymptotic shape of (skew) Young diagram, and the
bead model with this kind of boundary condition corresponds to the standard
Young tableaux (Section 3). The shape of the diagram is given by the projection
of h(x,0) and h(x, 1) in the direction of y to the same plane:

A={(z,z) : 2h(z,0) < z < 2h(z,1)}. (13)

In the case where h(x,0) = h(z,1) for some z €]0, 1], the diagram can be decom-
posed into two independent regions, so without loss of generality we can always
suppose that h(z,1) > h(x,0) for all x €]0, 1[.

We want to define a global entropy function Ent(.) on the space of admissi-
ble functions. According to the definition, an admissible function is differentiable
almost everywhere so ent o Vh is well defined almost everywhere too. Naturally
we can define the entropy of a function h € H as the integral of ent o Vh in D.
However, for several reasons we are not satisfied with this choice.

The first problem is that under the common uniform norm, the space H is
not equicontinuous, so an Arzela-Ascoli-type theorem says that the space is not
compact, and in a variational principle problem compactness is needed when we
hope to prove the existence of an entropy-maximizer.

The second one is that if we take a discontinuous function as

h(z. y) h(z,0) ifygé,
x,y) =
h(z,1)if y > %,

then the integral of ent o Vh is equal to 0. However, in the bead model this
corresponds to a phenomenon where almost all the beads are located on one hori-
zontal segment, which should be very rare. Even if we only consider the continuous
functions, we can imagine a case where the vertical differential % is 0 almost ev-
erywhere but the height changes (such a function can be constructed via Cantor
set). In neither case the definition of a normal integral seems reasonable. To fix
this problem, we could define an integral in the sense of distributions by finding a
way to well define the integral of ent at the exploding points.

Instead, the solution we use is to think of a new space where we fix the r—axis
and turn the space in the y — z plane by 7 so that the vertically monotonicity
converts to a 1—Lipshitz condition. This turning map is denoted by ~, and the
new coordinate system is denoted by Z, 7 and Z.

After taking the map ~, by properly choosing the 0 of the coordinates of the
system or by thinking of a linear transformation within a constant, we have the
following relation
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i“:x, :L‘:i,
§=2(y+2), y=Y2(j—2),
F=Ly-2), r=L2(j+32).

Consider the surface of any admissible function h as the set S C R? containing
the points (z,y, z) where for any x,y it contains such z that

lim h §) < z< lim h 5).
Jm h(z,y+4) <z < lim (z,y +9)

We call the surface S under new coordinates as S and let & : D — R be the function
that give the new surface S under the turned coordinates, where D is its domain
of definition which is uniquely determined the boundary condition of . Denote
by H the space {h : h € H}. We will still call the functions in # as admissible
function, but under the coordinates (Z, 7).

The first advantage of this change is that the new space H is compact under
the uniform metric, as we see that for fixed z = Z, the monotonicity in y of h(z,y)
turns to 1-Lipschitz in g of iL(ZE, 7). More precisely we have the following relations
between (s,t) and (3,%) corresponding to the same point (z,v), (Z,7):

S — _S_ _ 14t
{5— T+ {t_ i
-1 _ 923
t=%1 $ =17

Now consider in the double integral of ent o VA in D the change of variable
(x,y) to (Z,y). As the Jacobian is equal to

—_
~+

0z 0y 8:cc9y_\/§ -

_%@—8—@%_7(1—0, (14)

so the new entropy under the variable change is

— 1) cos( 2=
ent(3,1) = */an <1+ a-9 (H)> (1+17).

2 (1 4 1)

Readers can verify that the new entropy ent is also strictly concave in the interior
of its domain of definition.

We see that the entropy function ent is equal to —oo when the slope = %Z is
equal to 1, the case corresponding to the discontinuity or quasi-discontinuity in H.
If we check the examples we considered as the typical cases that the integral of ent
doesn’t reflect the entropy, in the new integral they both give an integral equal to

—00. So we take the following definition.

Definition 6.5. For any admissible function h € H, its entropy is defined as

—— ~ (0h OhY .
Ent(h) = //f) ent <8§:’ 8;&) dzdy,

and for any admissible function h € H, its entropy is defined as

Ent(h) = Ent(h).
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We can announce the main theorem of Section 6 now:

Theorem 6.6. There exists a unique hg € H (resp. ho € H) which mazimizes Ent(.)
(resp. Ent(.)) among all admissible functions of H (resp. ).

Later, Definition and Lemma 6.9 will show that there exists at least one admis-
sible function whose entropy is not —oo, so this set H (resp. H)is not empty.

6.3 Proof of the existence and uniqueness of entropy-maximizer

We prove Theorem 6.6 in this section. For some technical reason that we will see
soon, we still hope to calculate directly Ent(h) by integrating entoVh on D in the
normal sense of Lebesgue.

Definition 6.7. Define the following subspace of the admissible functions:

Ho={heH: Ent(h)= // ent o Vhdzdy},
D

where Ent(h) = E?ﬁ(ﬁ) (Definition 6.5). We define H, as the image of Hg in H.

Check the Jacobian in Equation (14), we directly get that

Lemma 6.8. The space Hq is the subspace of H where for every function h e H, the
Lebesgue measure of the set 3
oh
T,7): — =1

1s equal to 0.

In particular, any function in Hg is continuous, so a pointwise convergence of
any sequence of admissible functions to a function in Hg is uniform (Lemma 6.4).

Obviously for any function h € H\Ho, Ent(h) = Ent(h) = —occ (while its
converse is false). Asin Theorem 6.6 we are only interested in finding the maximizer
of the entropy, we can restrict ourselves to any subspace which excludes only some
functions whose entropy is —oo, so it suffices to consider Theorem 6.6 in Hg and

Ho.

Although with the new coordinates we have compactness, the proof the semi-
continuity of [CKPO01] does not apply here because the local entropy ent here is no
longer bounded. Under the coordinates (z,y), it explodes (tends to —oco) when the
vertical slope tends to oo, or when the horizontal slope tends to % but the horizon-
tal one is not 0. These are cases that we should take into consideration because
later we will see that typically the slope explodes at some boundary points, which
causes a singularity.

The method we use is to give a way to construct for every admissible function
a good approximation. However, as the construction highly relies on the boundary
condition, and it is hard to describe the boundary condition in H in a simple
and clear way, we choose to do the construction still in . So in the remaining
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part of this section, we will often switch between H and H. We hope that this
inconvenience will not cause too many difficulties to the reader.

We introduce successive technical constructions which will be used in the proof
of Theorem 6.6.

Definition and Lemma 6.9. Given a rectangular domain [0, 1] X [a, b] with a boundary
condition where h(0,y) and h(1,y) are constant, h(z,a) and h(z,b) are i-Lipschitz and
h(z,b) > h(x,a) for x €]0,1[, then we can construct an admissible function

R':[0,1] x [a,b] — R,

whose vertical partial derivative %—}5 only take two possible values, and ent o Vh! is

bounded on D.

Proof.  Since h(x,b) > h(z,a) for all « €]0,1], there exists a (3 — )-Lipschitz

function h(z) for some € > 0 such that h(z,b) > h(x) > h(x,a) for all z € [0, 1].

Let A = maxgcp1)(h(z) — h(z,a)) and B = max,¢(o 1)(h(x,b) — h(z)), consider D’
as a subdomain of [0, 1] x [a, b] given by
b—a b—a

(A+h(z,a) — h(z)) <y—a< A+B(A+h(x,b) h(m))}

D = {(:c,y) €[0,1] X [a,b] :

We take

h(z,b) if y > a+ 7% (A + h(x,b) — h(x)),
R (2, y) = { h(z,a) if y < a+ ,2;% (A+ h(x,a) — h(x)),
Aoh(z,a) + A\ph(x,b) otherwise,

+ 475 (Ath(eb)—h(z)—y
here \, = — AFZ
WHEEE Aa 2= (h(w.b)—h(z.0))
inscribing into the domain [0,1] x [a,b] a domain D’ of shape corresponding to

the boundary condition of D. Outside D’ we have %—’g = 0 so the height function

and A\, = 1 — A,. In short, what we do is

on the boundary of D extends vertically to the boundary of D’, and inside D’ we
construct the surface of h! by linking every pair of points with the same horizontal
coordinate by line segment.

Outside D’ we have %—}5 = 0 so ent o Vh! is equal to 0. Inside D’ we always
have
Oht A+ B
aiy(ﬂ% y) = b—a
Oht Oh
%(l’a y) = %(l’),
so ht satisfies the conditions in the statement. |

The construction of A® is not unique: it depends on the choice of h. Figure 14
is an illustration of an example h! where the domain of definition is taken to be the
unit square D and h|pp corresponds to the square Young diagrams and h is taken
to be constant. In this example, h' is piecewise linear.
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Figure 14: An example of h'.

The following corollary is direct.

Corollary 6.10. For all h? as given asymptotic boundary function on dD satisfying that
h(0,y) and h(1,y) are constant, h(z,0) and h(z,1) are §-Lipschitz, and h(z,1) > h(z,0)
for x €]0,1], there exists at least an admissible function whose entropy is not —oo.

We give a series of definitions for technical reasons. Although they are long and
redundant, some of them may be used more than one time, so we decide to list them
here rather than putting them separately into the proofs. Reader may skip this
part and go back once some notion defined here appears later in an announcement
or a proof.

Definition 6.11.

e For any § €] — 00, 3[, Ds is defined as the domain [6,1 — §] x [§,1 — §]. Attention,
when § < 0, the new domain is bigger than the unit square, see Figure 15 where the
dashed square is the unit square D.

Figure 15: Examples of Dg and D_g for § > 0.

e For any 41,95 €] — o0, %[ and zg € R, define the operator of contraction
P61,62,z0 : {h : D51 — R} — {h : D52 — R},

where for any bounded function h : Ds; — R, we apply on the surface given by h
the following map:

126, T1-25,01-926, T1-25,0° "1 _95,"

(xyz)—><62_51+1_252 52—51+1—252 1—252>

In other words, the surface of Ps, 5, »,(h) is taken to be geometrically similar to that
of h and to fit the domain Dy, .
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e For any boundary function h? which is respectively constant on the left and right
boundaries of D, and for § > 0 and any function h : Ds — R which is respectively
constant on the left and right boundaries of Ds, define T5(h) : D — R as the following
extension of h on D whenever possible:

— Respectively on [0,0] x [0,1 — ¢] and on [1 — §,1] x [§,1 — 4], T5(h) is taken to
be flat and fitting the boundary conditions on 0D and 9Ds.

— If for the function constructed in the last step respectively we have

h(z,1) > Ts(h)(x,1—0) for x €]0,1],
h(z,0) < T5(h)(z,9) for z €0, 1],

then extend Ts(h) respectively on these two domains by using the function h
in Definition and Lemma 6.9.

e For any admissible function h € H and any § > 0, its flat extension on D_5 =
[—0,14 8] x [—9,1+ 4] is the function

Fg(h) : D_5 —R

which is the unique extension of h on D_s whose vertical partial derivative is equal
to 0 everywhere outside D and the horizontal derivative is equal to 0 if = ¢ [0, 1].

Definition and Lemma 6.12. Fix a family of non-negative functions Us € C*°(R?)
parameterized by § > 0, whose integral is equal to 1 and whose support is contained in a
disc centered at the origin and of radius d. Define the operator

Cs:H—{h:D_s— R}
such that for any admissible h € H, we extend h to
D_gs = [—26,1 + 20] x [—25,1 + 20]

by using the flat extension defined above, and Cs(h) is taken to be the convolution of Us
and the extended h on D_y.

This new function Cg(h) is horizontally %—Lipschitz and vertically non-decreasing.
Moreover,
(a) the integral of ent o VCs(h) on D_; is bigger than that of ent o Vh on D.
(b) if h € Ho, then the integral of ent o V(Cjs(h)) on D_s tends to Ent(h) when & — 0.

Remark: the letter C stands for convolution.

Proof.  The function Cs(h) is obviously horizontally 1-Lipschitz and vertically

2
non-decreasing.

To prove (a), it suffices to note that ent is concave and outside D the local
entropy of the extended h is always 0, so for any admissible function A the value
of ent o V(Us % h) at any point is bigger than Ujs x ent o Vh (define by default
entoVh =0 on D_y\D).

If h € Hp, then Ent(h) is equal to the integral of ent o Vh on D. As we have
already proved (a), to prove the convergence it suffices to prove that

lim sup/ ent o V(Cs(h))dzdy < / ent o Vhdzdy.
6—0 D_5 D
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Let §; be any sequence tending to 0, as Vh € L', by property of the convolution
we have the convergence in L' of Us * (Vh) to Vh. We can take a subsequence
d;; of &; such that the convergence is almost everywhere, so ent o VCs(h) tends to
ent o Vh almost everywhere for this subsequence of 9.

Since ent is a non-positive function, apply Fatou’s lemma for this subsequence

we have
lim sup/ 1p , entoV(Cs, (h))dzdy < / ent o Vhdxdy,
Jj—o0 D_s. ) 7 D_s.
1 1
while by construction the right hand side is equal to Ent(h). As the sequence of
d; can be chosen arbitrarily, so the inequality above is true for any 6 — 0. O

We remark that the convolution provides us a function of better regularity but
breaks the boundary condition. Using the convolution technique here above, in
Lemma 6.13 we construct an admissible function of good enough regularity.

We also remark that, restricted on the left (resp. right) boundary of D_yg, it is
constant and equal to the value of h on the left (resp. right) boundary of D, while
its restriction on the upper and lower boundaries are functions that only depend
on the boundary condition of A on the upper and lower boundaries of D.

Lemma 6.13. For any given boundary condition, any § < %, and for any 0" small enough
(depending on § and the boundary condition), then there exists a family of operators

A575/ TH— H,

parameterized by & and &', verifying that
(a) for all functions h € H,

Ent(Ass(h)) > (1—26)2Ent(h) + O(51Iné),

where the function O(.) only depends on 6 and the boundary condition.
(b) for any h € Ho, then for & sufficiently small depending on h, we have

Ent(Asy(h)) = (1 —20)*Ent(h) + O(51n4).

(c) if Ent(h) > —oo, then ent o VAs s (h) is bounded from below on D by some constant
depending on &, 6’ and Ent(h) (and not on the precise h).

The letter A stands for approximation.

Proof. Technically we will limit ourselves to the case that the domain
A= {(z,2) : 3 € 0,1], € [2h(z,0), 2h(x, 1)]}

is star convezx, i.e. there exist points (zo,z0) such that for any « €]0,1] and
x € [0,1], we have

alh(xz,1) —2z9) < h(zo+ oz —x),1) — 20,
alh(xz,0) — 2z9) > h(zo+ alz —x0),0) — 2.
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Moreover, we ask that every straight line passing (zg, z9) is not tangent to the
boundary of this domain at any point. This assures a distance of order 1 — «
between the domain and the one multiplied by «, a close to 1.

For example, the function h(z,1) = 1|z — 1| and h(z,0) = —1|z — L verify the
condition above for (xg,yo) = % In the case that the domain does not verify such
condition, by the Lipschitz condition and compactness we can cut the domain ver-
tically into disjoint parts such that every part verifies this condition. The following

procedure still works with small modifications if we treat each part simultaneously.

Without loss of generality throughout the remainder of this section we will
always suppose the star convexity with respect to (xg, z9) = (%, 0). In this case, for
every 0 < %, we take &’ small enough (to be specified below) so that we can define

T5P_s 50Cs (h),
where T and P are operators defined in Definition 6.11. In this case, we just let

Ass = T5P_5 50Cs:.

We will prove that such defined As s verifies the conclusion in the Lemma. For
h such that Ent(h) = —oo, the results (a) and (b) are automatical. So without
loss of generality we consider the h such that Ent(h) > —oo, so these h are in Hy,
and

Ent(h) = / ent o Vh dzdy.
D
As proved in Definition and Lemma 6.12, for any h € H,

/ ent o V(Cy (h))dzdy > Ent(h), (15)
D_g

and for any h € Ho, when §' — 0,

lim ent o V(Cy (h))dzdy = Ent(h). (16)
0’—0 D_g

The map P_s 50 keeps gradient, so

(1-9)?

/1)5 ent o V(P_cs',d,océf(h))dxdy = m

/D ent o V(Cy (h))dzdy. (17)

Consider the function Pys50(h) : Ds — R, and we claim that T5P 50(h) is well
defined for § small enough, i.e., it is possible to fill in D\Ds piecewisely by h’
constructed in Definition and Lemma 6.9. Moreover, we will prove that the filling
function will give a contribution of order O(d1nd) when 6 — 0 in the integral of
ent.

On [0,0] x [6,1 —d] and [1 — §,1] x [6,1 — §], it is always possible to define the
extended function T5 P 50(h), which is of 0 vertical slope so gives 0 contribution in

FEnt. In the following, without loss of generality we only treat the region near the
upper boundary of D, that is [0,1] x [1 — 4, 1].
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By the star convex hypothesis, there exists a (% — K0)-Lipschitz function h for
some constant K > 0 not depending on § such that

h(.CU, 1) = E(x) > PO,é,O(h)(xv 1- 6)7

since Py 50(h)(z,1 —9) is already defined on [0, 1] x [§,1 — §]. By construction (see
Definition and Lemma 6.9), the local entropy ent is at most of order O(Ind), thus
the contribution of this region in Ent is at most of order O(d1nd). The function
O(.) only depends on the constant K we just mention.

Now consider P_g 50Cs (h) instead of Pyso(h). Clearly for ¢’ small enough
depending only on ¢ and the boundary condition, all the results above are still
true.

Combining this with (15), (16) and (17), we prove (a) and (b).

To prove (c), it suffices to note that on Dj, A;ss (h) is constructed via convolu-
tion. By concavity of ent,

1-6)2
ento V(Asy (h))(z,y) > ((1—1-52)2U5l * (ent o Vh(z,y)),
and the right hand side has a trivial lower bound depending on Ent(h) and Us.
Outside Dj, Agsg(h) is constructed via h' in Definition and Lemma 6.9, whose
local entropy function ent has also a lower bound only depending on the boundary
condition and 6. Thus we prove (c). O

For any A\ € RT, let #* be the subspace of the admissible functions such that
ent o Vh(z,y) > =\ for (z,y) € D almost everywhere. Clearly H* is an increasing
sequence of space of functions in A. Definition and Lemma 6.9 constructs a function
ht whose entropy ent o VAt is bounded, so #* is not empty for all A bigger than
some A € RT.

We furthermore have the following two lemmas.

Lemma 6.14. For § and §' such that As s (h) verifies Lemma 6.13, for any € > 0, there
exists | > 0 such that we can construct a function h' as below:

(a) h' agrees with Asgs (h) on D\Ds.

(b) on Ds it is piecewise linear on a triangle mesh of size O(l).

(c) the sup norm between h' and As s (h) is less than €, and

|E7’Lt(A575/(h)) — Ent(h')| <e.

We need the triangulation to avoid the possible explosion of ent near the sin-
gularity (s,t) = (+1,0). Readers will see later that the lemma above plays the
same role as Lemma 2.2 of [CKP01] where the authors give an approximation by
triangulation, and it is interesting to compare them. In [CKPO01], the main problem
the authors deal with is the lack of smoothness, and thanks to Lemma 6.13 this is
not the main focus in our case.

Proof. Define respectively for + and — the set of frozen points as

1

Oh
+ . . — -
K*:= {(x,y)ED(g.ax(x,y) :I:Z},
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and for all 7, define respectively for + and — the set

Kni = {(z,y) € Ds : dist((z,y), D\K*) > n}.

For any 4’ small enough we have the following equality:

~0As5(h) 1
T or @Y =E5y

Kg,[ = {(x,y) € Ds

The Lebesgue measure of K,;r U K, is a decreasing function in 7 so it is contin-

uous almost everywhere. From now on we take ¢” close enough to ¢’ such that ¢” is

a continuous point of the measure of K,j UK, , the sup norm between As s (h) and

Assr(h) is less than 5, and |Ent(Ass (h)) — Ent(Assi(h))| < § (by the arguments
we used in the proof of Lemma 6.13 it is possible to do so).

The function Ag s (h) belongs to some H*.

For any [ small enough and dividing 1—29, consider a I-grid on Dy, and consider
the mesh of isosceles right triangles constructed by linking the northeast and south-
west vertices of every [-square of the grid. Consider the only function A’ which is a
linear function on every triangle of the mesh and agrees with As s/ (h) on vertices
of triangles and outside Ds we just take h' = A; v (h).

As Asgn(h) is C on Ds, for [ sufficiently small, b’ agrees with h within §, so
the first approximation in (c) is direct.

We also conclude that there exists A’ € RT such that h' € H (i.e. ent o Vh
is bounded from below by —)\’ almost everywhere) and )’ is independent of [. The
boundness on D\ Dy is trivial. Inside Ds, consider any triangle of the l-mesh. Its
slope is equal to the integrals of the partial differentials of A;s/(h) along the edge
which is the diagonal of the I-square then normalized by the length /2. Since on
any point the partial differentials (0As s (h)/0x,0As57(h)/0y) is within the set

{(s,t) : ent(s,t) > —A},

the normalized integral of the partial differentials is within the convex hull of this
set, which is easy to be shown to be included in {(s,t) : ent(s,t) > —\'} for some
finite \', so we get the wanted property.

We will respectively treat the case where s = i% (note that whenever this is
true we have also {t = 0}) and where s # +1. We show that for [ small enough,
ent o VI/ approximates well ent o Vh on most points in the interior of these sets,
and the rest points have a contribution arbitrarily small.

As the Lebesgue measure of Ki is continuous at §”, for the e given, find d
small enough such that the Lebesgue measure of (K3, U K5,)\ (K}, LaU K g) s
less than ¢5;.

For any | < %, the l-squares respectively intersecting K(Si,, +q 8lves a cover of

Kg?, +q> and they are contained in K ¥ In other words, we give an inner approxi-

mation of K;E, by disjoint squares of length [. The measure of the difference set is

less than that of (K3, U Kj,)\(Kj, UKy ,), which is less than 5.

Note that ent o VI/(x,y) = 0 on Kg?urd, so the local entropy of the function b’/
is equal to that of A;gs/(h) there.
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On the other hand, for any point (z9,y9) € Ds such that %(l‘o,yo) # :l:%,
there exists r (which depends on (zg,y0)) such that within the r-neighborhood of
(z0,Y0), Vh is within a small convex neighborhood of Vh(z,y9) where

lent o Vh(x,y) — ent o Vh(xg,y0)| < Z

This gives an open cover of the points that % #* :l:%. We may choose p small
enough such that the area of the union of the balls of diameters bigger than p is
bigger than the measure of

{wy) € Dy o (ay) # %)

; _E_
minus gy7-

Now take [ < min{\%, p}, for the piecewise linear function h’, we have

lent o Vh(x,y) — ent o Vh(xo,yo)| < i

on all points except a set of measure 557, thus

3
|Ent(A575//(h)) - Ent(h/)| < 5’

thus we have finished the proof. O

Figure 16 gives an illustration of several notions used in the proof above: the
l-mesh, the frozen point set K* and the set K;E,.

D

<h

Figure 16: The l-mesh, the frozen point set K+ and the set K £,

Lemma 6.15. The space H> is compact and semicontinuous with respect to the sup norm
of H, and there exists a unique function hy that mazimizes Ent(.) among all functions of

HA .

Proof.  When ‘g—z tends to plus infinity, the entropy ent(%, g—;‘) tends to minus
infinity. So for any A, the boundness condition implies that %Z is bounded from
above by a constant depending on A. Thus we have a Lipshitz condition on y for

H*, so H? is relative compact in H under the uniform norm.

37



To prove the compactness we should also prove that H?* is closed in . This is
because the constraint ent o Vh(z,y) > —A can be interpreted as a constraint on
the horizontal and vertical slope. By the argument of the local convexity near the
points (i%, 0), a space verifying such geometric constraint is closed.

As for the semicontinuity of Ent, thanks to Lemma 6.14 and the boundness of
ent on H*, the proof is nothing different from Lemma 2.3 in [CKPO01].

All these imply the existence of a maximizer: taking a sequence of height func-
tions whose entropies tend to sup{Ent(h) : h € H }, then there exists a converg-
ing subsequence. By semicontinuity, the entropy of the limit height function is
sup{Ent(h) : h € H*}. O

Corollary 6.16. We have

sup Ent(h) = lim sup Ent(h).
heH A0 pepA

Proof. This is a direct corollary of Lemma 6.13 and Lemma 6.15.

Proof of Theorem 6.6. Choose I € N such that H! is not empty. For any i > I,
consider the function h; as the maximizer of Ent among all functions of H!. We
first take the turned coordinates (Z,y). By compactness of 7:[, the sequence h;
given by Corollary 6.16 has a converging subsequence h; ; under the uniform norm.
Denote the limit by hg, and denote its preimage by hg € H. The function hg is
well defined except for the discontinuous points, and on these points we will take
ho(z,y) = Himsup g p)—(z) M(a,b). It is easy to verify that the convergence of h;,
to hg is pointwise except on the discontinuous points.

To simplify the notation, here rather than a subsequence of fzi, we suppose that
the sequence h; converges. This simplification does not lose generality: we prove
below that the limit of the subsequence is the unique function that maximizes
Ent(.), so by the uniqueness of the limit of the subsequence, the sequence itself
converges to the same limit.

We now prove that kg € Ho. Otherwise, the set A defined by

J— oAt ~.aiL0_
A={@peD: G2 =1

has a positive measure p > 0.

For all ¢, there exists an open set U C R? such that A C U and the R%-Lebesgue
measure of U is less than (1 + ¢). Denote the R%.-Lebesgue measure by | . |. The
set U is the union of at most countable open discs, and we choose finite discs such
that the 2—Lebesgue measure of their union is bigger than u, and we can cut their
union into finite disjoint convex parts.

Let A1, Ag,...,Ap respectively be their closures. The sum of |Ag| for k =1,2,..., M
is less than (1 + ) and bigger than u, and the sum of |Ag N A is bigger than

(1 —€). Thus, there exists a subset K of {1,2,..M} such that for every k € K,

ARNA
02> 1 - 32 and Y [Ak] > S
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For any h € H and k € K, define the average vertical slope on Ay, as

cw f~z // dxdy
NN

As %’; > 1, for all k € K, we have

A NA A NA
avyAk(ho)Z‘ \kAk\ | <1 | ]kAk\ ’):1—65.

~ As the convergence of h; to hg is uniform, there exists .JJ such that for all ¢ > J,
h; is within a e minge i {diamAy }-neighborhood of hg, then avyAk(hi) > 1— 8 for
all k€ K and i > J.

By concavity of E;L/t, negativity of ent, we get

Ent(h Z//A (&;@%) dEdj < Z//A ent(avs, avi*)didy, — (18)

keK keK

where the average horizontal height change avﬁk is defined as analogue of avyAk
When € — 0, the average vertical slopes on all Ay uniformly tend to 1 so e?ft(avfk , avyA’f)
uniformly tend to —oo. As the sum of the 2—Lebesgue measure of Ay is bigger
than 14, we prove that Erﬁ(ﬁl) tend to —oco. However, by definition it should
be finite and increasing, thus we get a contradiction and prove that kg € Ho, so
hg € Ho.

By Lemma 6.13 for all h; and hg, for all € > 0, there exist 6 and ¢’ such that
the function O(01nd) depending only on the boundary condition is less than e, and

Ent(Ass(hi)) > (1 —26)*Ent(h;) —e, i =L, I1+1,...

Ent(Ass(ho)) € [(1 —28)*Ent(ho) — ¢, (1 — 26)*Ent(ho) + €]. (19)

By construction, for all 7,
Ent(A(;’(;/(hi)) > (1 — 25)2E’I’Lt(h1) — &,
and by Lemma 6.13 (c) there exists A(4,0") € R such that for all i = I, 1 +1,...,
A(S,d’(hi) c /HA(&‘S').
The convergence of h; to hg when i — oo implies the convergence of As s (h;)

to As s (ho). By semicontinuity of Ent for functions of HAGY) | we have

Ent (A(;,(;/ (ho)) > limsup Ent (A(;,(;/ (hz)) .

1—00

Compare this inequality to (19), we prove that Ent(ho) > limsup;_, ., Ent(h;),
and by Lemma 6.16, hg maximizes Ent(.) among functions of H. It is the unique
maximizer because of the strict concavity of ent in the interior of its domain of
definition. O
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7 The variational principle

Our next step is to establish a variational principle to prove a large deviation result
for the bead model that reveals a limit shape of the model when the size tends to
infinity. In [CKPO1], the authors prove that the number of dimer configurations
of height functions around an admissible function is proportional to exponential of
its entropy times n?, by which they prove that in the limit the height functions
converge to the entropy maximizing one in probability. As the bead model is a
limit of the dimer model, we expect a similar behavior here.

Since a lot of notations will appear in this section and probably the readers
may be confused, we decide to give here, in the very beginning of this section, a
general convention on the use of notation.

e The number of beads or the number of horizontal lozenges is denoted by N(n), where
n emphasizes its dependence on the number of threads n.

e For any upper index u and lower index I,

— H;* will denote the space of configurations.

— X} is a uniformly chosen random configuration of H}'.

e If the lower index [ is n, we mean the bead model with n threads, and if [ is mn, n,
that means we are considering a discrete approximation of the bead model by lozenge
tilings.

e The letter A is used for the normalized bead height function. H with a lower index n
means the un-normalized bead height function, and with a lower index mn, n means
a height function of lozenge tiling.

e We use hg to denote a fixed boundary condition of the normalized bead height
function, while that of the lozenge tiling is given by the domain R, .

The main result of this section is the following theorem. Consider a fixed nor-
malized boundary condition as in Section 6.2, i.e., a normalized boundary function
h? defined on @D where D is the unit square, and we furthermore ask that ha(O, Y),
h9(1,y) viewed as functions of y are constant functions, while h9(z,0) < h?(x, 1)
as functions of x are %—Lipschitz.

Fix the asymptotic boundary function h?. For any n € N*, consider the follow-
ing boundary height function hg of a bead model with n threads and normalized
into D:

h2:<[— L 14 11]><[0,1]>—>R

n—1 n—

We furthermore ask that the function A2 is constant if restricted to z = ——1= or

n—1
z =1+ - and that for any z € [0, 1],

1

max{|h2(x,0) —1h2(x,0)], K0 (z,1) — |h2(x, 1)|} <—
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Theorem 7.1. For any admissible function h : D — R that agrees with h® on 0D and
Ent(h) > —oo, define Vs(h) as the §-neighborhood of h under the supremum norm. For
any n € N*, consider the normalized bead model on D with n threads and fixed boundary

condition hO. Let ’HZ‘S(h) be the space of configurations whose normalized height function

is in Vs(h) and let X;,,}‘s(h) be a random configuration uniformly chosen in this space, then
we have

Vs(h)
%in% lim S()i;) = Ent(h), (20)
—0n—aoo

where we recall that S(X) is the adjusted combinatorial entropy of the random variable X .

Note that, in order to differ with U (the letter we use to a set of boundary
condition), here we use V to denote the neighborhood of an admissible function h
which is a subspace of the height functions of the bead configurations.

Here we give an outline of the proof of this theorem, which will later be formal-
ized and proved via a series of lemmas and propositions. Recall that with the help
of Lemma 4.5, we are able to approach the entropy S of a bead model via that of
dimer model, which is well studied in [CKPO1].

The main idea of the proof is to use triangulations. Although most results
in this paper are given for the bead model on the unit square, it is not hard to
generalize the definition to triangles, discs or other simply connected regions. As we
are going to prove the variational principle by using triangulation, it is particularly
interesting to consider the isosceles right triangles. Proposition 7.13 proves that
the entropy on the isosceles right triangles shares all the needed property of that
on the squares.

We first study a bead model on the unit square D with almost planar boundary
condition. Unlike in [CKPO01], in the bead model, close boundary condition (under
the uniform norm on dD) does not imply close entropy: if a boundary condition of
the vertical sides has an arbitrarily small jump, then the entropy is equal to —oo.
Thus, in any neighborhood of a nearly planar boundary condition we can always
find two boundary conditions that give entropies arbitrarily far apart.

To solve this problem, we give a more precise definition that clarify what is an
“almost planar” boundary condition (Definitions 7.3 and 7.4). We prove that the
normalized (and adjusted) entropy of a bead model with almost planar boundary
condition converges (Lemma 7.5).

Then we prove a series of technical lemmas (Lemma 7.6, 7.7, 7.8) which the read-
ers can find their origins in [CKP01] and [CEP96]. They serve to prove Lemma 7.9,
which concludes that among all nearby boundary conditions, the almost planar ones
have the biggest entropy. Theorem 7.10 proves that it is equal to ent(.,.), and the
entropy of the bead model whose boundary condition is the union of nearby func-
tions in a neighborhood of an almost planar function has the same limit when the
radius of the neighborhood tends to 0.

Lemma 6.14 and Lemma 7.14 give two triangulations of a surface of bead con-
figurations respectively for a lower bound and an upper bound of entropy. This
proves Theorem 7.1, a variational principle of the bead model.

As a corollary of the variational principle, in the end of this section, we prove
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a limiting behavior for the bead model with fixed boundary condition: when n —
oo, the random surface of the bead configuration converges in probability to the
function hg that maximizes Ent(h).

In the beginning we give a lemma which is somehow independent of the others.
It proves that the combinatorial entropy S is bounded from above by a constant.
This is reminiscent of the fact that the local entropy function ent is also bounded
from above. This lemma will be used when we prove the upper bound of the
entropy in Theorem 7.1.

Lemma 7.2. We have a global constant C such that uniformly for any asymptotic fixed

or periodic boundary condition of bead model, when n — oo, we have

lim sup 5(X) <C.

n—00 n? -

Proof.  We use the discretization based on Proposition 4.5 to prove this lemma.
For any fixed or toroidal boundary condition of N(n) beads, consider its discrete
version of lozenge tiling of a rectangle-like region R,y », so we should study

limsup lim % ( In Zynpn —In mN(n)) )
n—oo M—00MN

We consider the tiling of Ry, column by column from left to right. Suppose

that the number of horizontal lozenges on the i** column is N;. Given the positions

of the i** column, for the i + 1** column, the number of possible positions of the

columns are the product of the length of the intervals between the neighboring

Nit1
horizontal lozenges on the i** thread, thus at most (M> . Thus we have

N;
n Nit1
mn
=1
We derive that
1 1 1 < Ly | 1
ﬁ( 0 Zynn — nmN(n)) < ﬁ<2Ni(nn— nNiH)) (21)
i=1
If min;—y,..,N; = 0, then the model can be decomposed into independent

models (one can be trivial, i.e. no bead at all). Without loss of generality we
suppose that min;,—y,_, N; > 1.

For any € > 0, we consider the following partition of {1,2,...,n}:
o set [<op = {i: N; <en},
o set Isopy = {i: N; > en}.

By construction, the numbers of beads on neighboring threads differ at most

by 1, so for ¢ € I<.p, we have
N.
ln< ! ) <In2,
Nit1
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SO
Ni(Inn —InN;41) < Ni(Inn —In N;) + In 2.

By the same reason, for ¢ € Is.,, we have

1 1
Ni(Inn —InN;11) < N; <lnn In V; +ln< —;—512)) < N; <lnnlnNi + <€>) .
n n

Thus, the right hand side of Inequality (21) is less than

1 [ 1
—~ ZNi(lnn—lnNi)—&— Z In2N; + Z (En) N;

i=1 i€lccn i€lsen

ZNi(lnn—lnNi) —|—€ln2+10 1 ,
€ n

i=1

<

3[0‘ —_

where we use the fact that N(n) = O(n?). Let n — oo, and by the fact that ¢ is
arbitrarily small, the right hand side of Inequality (21) is less than

;(ZNi(lnn — lnNz')) +o(1),

which takes maximum if NV; are almost all equal, thus less than

! <nN(”) <1nn—1n NW)) +o(1) = N L N L, (22)

n? n n n2 n2

Let C be any constant bigger than max,~o(—zlnz) = % and we have finished the
proof. O

Readers may compare this lemma to the expression of ent, and the term

—% In Nﬂgb) of Equation (22) corresponds to the term —tInt in ent(s,t).

As we have already seen, the dependence of the entropy of a random bead
configuration on the boundary condition is more delicate than that of the dimer
model. So rather than roughly speaking that one boundary condition is close to a
plane, we need to have a more precise definition.

Definition 7.3. Given a tilt (s,t) €] — %, %[X]O, +oo[, for any n € N*, a fixed boundary
condition hﬁ’“ of a bead model with n threads is called almost planar if there exists a
plane of tilt (s,t) and hﬁ*“ is chosen to give the best approximation of that plane.

We remark that being chosen to give the best approximation of a plane implies
that on the left and right boundaries of [——+,1 + 1] x [0,1], the distances

between neighboring jumps of h?;o are all equal.

We will equally need its discrete version:

Definition 7.4. Given a tilt (s,t) €] — 3, 3[x]0, +o0], for any n € N* and m € N* large,
an almost planar region R?nn’n is a tall region tileable by lozenges corresponding to hg’o
constructed as in Section 2.6.
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0 the distance between the neighboring

According to the construction of Ry, .

cracks on the left and right boundaries of R?nn’n are all equal except for an error
smaller than 1. We also remark that an equivalent way to describe this region is
that there exists a parallelogram in R3 corresponding to the tilt, and the boundary

height function of R is chosen to fit best to that parallelogram.

mn,n
By construction, the almost planar bead boundary condition (Definition 7.3) is
the continuous limit of its discrete version (Definition 7.4). It is also clear that for
any tilt (s, t), it is always possible to find at least one boundary function hg verifying
Definition 7.3 and to find at least one region RV = verifying Definition 7.4.

Lemma 7.5. For any tilt (s, t) €] — &, 1[x]0, o0,
(a) let H(s,t) be the space of bead configurations on the torus with n threads and the
height change of H is equal to (|ns],|nt|), and let X! (s,t) be a randomly chosen element
of HL(s,t), then
S(XL(s,t

lim inf M > —00.

n—00 n
(b) let HO(s,t) be the space of almost planar bead configurations on D with n threads best
fitting a plane of tilt (s,t), and let X2 (s,t) be a randomly chosen element of HO (s, t), then

0

n— 00 'n,2
Proof. The existence of the liminf,,_,, is a result of subadditivity. O

We give a series of technical lemmas following [CEP96, CKPO1].

Lemma 7.6. For any two bead models having the same number of threads but with different
boundary conditions, consider the un-normalized height function H. If the two boundary
conditions differ by at most A, then on every common vertex, the expected value of these
two unnormalized height functions differ by at most A + 2 under the supremum norm.

Proof.  This is a corollary of Proposition 20 of [CEP96)’s analog in the case of
lozenge tilings.

Define the distance between two vertices as the length of the shortest path be-
tween them, and define the distance between two sets as the supinf of the distances
between vertices from two sets. Proposition 20 of [CEP96)’s analog in lozenge tiling
says that, for any two lozenge-tileable domains, if their boundaries differ by Aq,
and if for any pair of points on the first and the second domain with a distance
smaller A their heights differ at most by As, then the average height function of
these two domains differ at most by Ay + As + 1.

For the bead model, suppose that the number of thread is n, and for any
m € N* big enough, consider the discrete version where we consider two regions
Rﬁnn’n, 1 = 1,2, both with n columns, tileable by lozenges and corresponding to the
boundary conditions given in this lemma. The distance between their left-most (or
right-most) boundaries is 1, and for the upper and lower boundaries, the difference
of the boundary height functions at a point on the boundaries of the bead model is
equal to the vertical distance of the boundaries of the corresponding lozenge tiling
model. Thus we can apply Proposition 20 of [CEP96] and take the limit m — oc.
O
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Lemma 7.7. For a bead model with n threads, if the average height function is vertically
A-Liptshitz, then there exists a constant C > 0 and C' > 0 depending on A such that
for any simply connected region contained in D with given boundary condition of the
bead model and two points (x1,y1) and (x2,y2) in the this region, the probability that

h(z1,y1) —h(x2,y2) differs from its expected height change by more than o/ W
is less than Ce=C'",

Proof. This is the bead-model-version of Theorem 21 and Proposition 22 of
[CEPY6]. To prove this, consider the path

(n—=Dz1,(n—Dy1) = ((n — Dz, (n — Dy1) = ((n — D)za, (n — 1)y2)

in the domain [0,n — 1] x [0,» — 1], and consider the height function (n — 1)h(z,y)
(attention, this is not the un-normalized height function H).

Let Ny = [(n — 1)|z1 — z2|] be the number of threads between these two
points. For the first step (the horizontal step), consider the same martingale as
in Theorem 21 of [CEP96], and using Azuma’s inequality [AS16], the probability
that the difference between the exact height change and expected height change is
bigger than %a\/ﬁl is less than Cle*CQo‘2 for some constant C7,Cs > 0.

Now consider the vertical step. To do this, we turn the space by 7 again so that
the new space is vertically Lipshitz (see Section 6.2) under the turned coordinates
(Z,7, %) and the surface is 2 = H(Z,7). Since the space is Lipschitz, we can apply
Azuma’s inequality again. Take a discretization in ¢ and for any two points on the
same thread and with vertical coordinates ¢, %2, the number of steps is equal to
[(n—1)|g1 — 92|/, and we get a result for ¢ similar to that for x. For any surface
(n — 1)h, turning (Z, g, Z) back into the original space (z,y, z) will lead to another
difference, but it is bounded by a constant depending on A times the difference
of the real and expected height change of (n — 1)h. Thus, there exist constants
C3,Cy > 0 such that (n— 1)h(z,y) changes by more than iay/Nj is less than

Cse=C19" where Ny = |(n — 1)|y1 — ya]].

In conclusion, the probability that h and its expected value differs by more than

y/ W is at most Ce="%" for well chosen C and C. O

For any tilt (s,t) €] — 1, 3[x]0, +00[, any § > 0 and n € N*, define Us (s, t) as
the space of fixed boundary condition of the normalized bead model with n threads,

where the boundary functions h? are in the d-neighborhood of a plane of tilt (s, ).

Lemma 7.8. Under the setting above, for n sufficiently large, for any fixed boundary
condition hg € Usn(s,t), the average normalized height function of the bead model is given
within 0 4+ o(1) by that plane, o(1) tending to 0 when n — co.

Proof.  This is a direct corollary of Proposition 3.4 of [CKPO1]. O

o
Lemma 7.9. Under the same setting of Lemma 7.8, for any € > 0, if we let X]f" be any
random bead model whose fized boundary condition is given by hZ € Uspn(s,t), then for o
sufficiently small and n sufficiently large, we have

S _ S(X3(s.1))

S +ée
n? n? ’
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where recall that X2(s,t) is the random bead configuration with an almost planar fived
boundary condition.

This lemma corresponds to Proposition 3.6 of [CKP01], where the authors prove
that the entropies of the dimer models of nearby boundary conditions are close. As
we have already explained, this is no longer true for the bead model, and the lemma
above tells that among all the boundary conditions near a planar, the one that is
almost planar has the biggest entropy, with an error tending to 0 when n — co. In
short, we have an approximating inequality rather than an approximating equality.

We remark that in the proof below there is a technical assumption. We don’t
succeed to find a rigorous proof of this point but we have reason to believe that it
is true.

Proof. To prove this lemma, we will look at the discrete version of the bead model.
There we use the same idea of [CKPO01], where the authors compare the entropy
of two different boundary conditions by applying a coupling-like method between
the surfaces. In our case this is more complicated since even a tiny region may
have big negative contribution in the entropy, so some more detailed construction
is needed.

Given a tilt (s,t) €] — 3, 3[x]0, +00[, we define K% : D — R as the linear
function fitting a plane of tilt (s,¢). For any n € N*, we denote by K20 an almost
planar boundary condition fitting best A%, and for any m € N* large, consider an

almost planar region Rgﬁm,n as in Section 2.6.

Now given any other boundary condition hg € Us n(s,t), consider another region
Ryn.n that corresponds to hg as in Section 2.6.

As rising the whole boundary by the same amount doesn’t change the entropy,
without loss of generality we can suppose that h? > h20. We superpose Rgm,n and
Ryn.n in such a way that their left and right sides are on the same lines (except for
the positions of cracks corresponding to the jumps of hg’o and hg), and the upper
and lower boundaries differ by at most O(dn).

9,m,n as the space of tilings of R, and of
RO

mn.n» and a random tiling uniformly chosen respectively from H,p, » and H,Onmn
is denoted by X, and X,?ln,n. We want to compare the adjusted entropies of
Xmnn and X,men. To do this, we use a surface coupling method as in [CKP01] but
more delicate (in some sense).

Define respectively Hp,pn,n and H

For a given tilt (s,t), we fix some p > 0 such that the p-neighborhood of (s,t)
11

lies within | — 4, £[x]0, oo[. Define h%* : D — R as the supremum of the admissible
function fitting h%° on D and of tilt within the p-neighborhood of (s,t) almost
everywhere. Such k"7 is a piecewise linear surface on D. For any n, we let h?fr
be a bead height function that fits best to hO* and let H,%In be a height function
of tiling of Rgmm which approximates h®* best when normalized horizontally by
n and vertically by mn.

For any r €]0, %[, for every Hy,pn, whenever possible, define 7, (Hpn,n) to be
the maximal curve made up by the points of the intersection of H,, , and Hgﬁn
and enclosing D, = [r,1 —r] x [r,1 — r|. Here the “curve” means a path along the

edges of lozenges, and “maximal” means having the biggest enclosed area.
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We decompose the set of tilings of Ry n by ¥ (Hmn,n). In case that v, (Hynn)
doesn’t exist, we just note v, (Hynn) = 0. According to Lemma 4.3, we have the
following decomposition for v € {v,(Hmnn) : Hmnn € Hmnn} U{0}:

S(Xmnn) —InmN(n) = Zp"f( —Inp, + S<an,n"yr(Hmn,n)='y) —In mN(n)), (23)
¥

where N(n) is the number of horizontal tiles in a tiling of Ry,n, and py is the
probability that ¥,(H,.n) = 7. We will compare this to S(X2,,,,) — InmN°(n),

mn,n
where NY(n) is the number of horizontal tiles in a tiling of R?

mn,n*
We first treat the term v = () and fix r = 22 as a function of §. The probability

that v = () is less than the probability that there is some point on 9D, such that
on the corresponding point in the discrete version we have Hp,, ,, > H?nin

By Lemmas 7.6 and 7.7, on any such point this probability is exponentially
small in n. Moreover, there are only O(n) points that need to be checked: on
the upper and lower sides there are only O(n) point, and on the other two sides
it suffices to check O(n) with fixed distance between neighboring ones. The unit
distance should be small enough depending on p so that if two neighboring points
verify the condition then on the whole interval the same condition is automatically
verified. Thus, the total probability tends to 0 when § — 0 and n — oo, and the
term —p- Inp, tends to 0 too.

By Lemma 7.2 the remaining part is bounded from above by a global constant
times the area, so in conclusion, we can choose ¢ small enough so that this term is
less than § for any n large enough.

We now restrict ourselves to the case where v # (). For any -, denote respec-
tively the number of horizontal lozenges on the curve by N7, the number of lozenges
not enclosed by v by N, and the number of lozenges enclosed by v by N, . Con-
ditioned to -y, the tiling of the regions inside and outside v are independent, so we
can write every term (corresponding to ) in the sum on the right hand side of (23)
as a sum of:

(a) py times the adjusted entropy of a tiling of the region enclosed by ~,
(b) that of a tiling of the region not enclosed by ~,

(¢) py(=Inpy —InmN7).

We take the following technical assumption: we assume that for § small enough,
when n — oo and m — oo (depending on n), the term (c) summed over all v and
normalized by n? will be finally smaller than £. In fact, the sum over all v of (c)
can be viewed as an expectation, and we consider a typical boundary. If on the left
piece there are N; horizontal lozenges, and we suppose that the winding contributes
not too much so the left piece behaves as a lazy random walk with fixed number of

moves, starting position and ending position. The way to take this piece is around

2 -1
<nJ\T> , so typically the probability is of order (K;?) , and
2
1 ol
?E[pr(— Inp, —InmN )}
gl

should be of order lnT" By this argument, our assumption seems to be reasonable,
but we wish to find a way to make this argument rigorous.
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For terms (a) and (b), we consider the following subspaces of the tiling of R, :
for every given -y, define

0, 0 . 170 _ 170,

/Hmz,n( ) { mn,n € Hmn,n . Hmn,n|7 - Hm;r,n‘v} (24)
Denote by an n(7) arandom tiling uniformly chosen in this space. We prove that
the normalized and adjusted entropy

3 (S(X%E () ~ nm(NO(n) — N7))

n2 mn,n

is at least not much smaller than

1

In fact, both of them can be written as a sum of the adjusted and normalized
entropy on the region enclosed by + and that on the region not enclosed by ~.
Obviously their contributions of the region enclosed by + in the entropy are equal.
On the region not enclosed by «, by Lemma 7.2 we have

1
n2 (S(X’S’Lu; ’I’L"Yr(Hmn,n) ) ln mNout)
is less than a global constant C' times the area of region, which tends to 0 when
6 — 0 (sor — 0). Here X34t |, (f,..)= i the conditioned random tiling outside
the region enclosed by v and of boundary condition 0Ryn n-

Meanwhile, if let Xﬁ% 0, ﬂ% Hynon )=

the region enclosed by v and of boundary condition R

be the conditioned random tiling outside
then for

mn,n’

(st

n2 (Hmn.n)=y) — 10 mNg’L’Lt)

where N;;t = N9(N) — N7 — N is the number of horizontal lozenges outside 7,
its boundary condition restrlcted on 8Rmnn and + fits best to a piecewise linear
function h%*. We can decomposed the region into a union of disjoint squares, and
by Lemma 7.5, the adjusted normalized ventropy normalized entropy is bounded
from below by some constant (depending on (s,t) and p) times the area of this re-
gion when n — oo and m — oo depending on n. Since when § — 0, the normalized
area of the region between curve v and ORY, . also tends to 0, as conclusion, for §
small enough, for n big enough and for m big enough, we have

1 €

Finally, since the space Hmn 2 |ye(Hyn.n)= 18 @ subspace of Hmn ns the normal—
ized adjusted entropy of X! n|% Hyn.n)= fOr every 7 is less than that of X mn n-
Together with the technical assumption on (c), in conclusion we have: for ¢ small
enough, n large enough, we have

1
pr(—lnpw—i-S( Xonnnly, (o) =y) — InmN (n)) < n2<S(X2mn) lnmNO(n)>+€.

O
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Lemma 7.9 proves that among the fixed boundary conditions that are close to
a plane, the almost planar one has almost the biggest entropy. As a corollary, we
have the following theorem. Recall that for bead models with n threads, X/ (s,t) is
the random bead configuration of toroidal boundary condition given by tilt (s, ),
and XY(s,t) is that of almost planar fixed boundary condition.

Theorem 7.10. For any tilt (s,t) €] — 3, 3[x]0, +00[, we have

lim S(Xfl(s,t)) — lim S(Xg(s,t))
- 2

n—o0 n n—o00 n

= ent(s,t).

Moreover, for any § > 0, n € N*, if we consider the union of bead models with fixed
boundary conditions taken in Usy(s,t), then the combinatorial entropy of a random bead
configuration in this set normalized by n? is also equal to ent(s,t) + o(1) when n — oo
and 6 — 0.

If we take any two fixed boundary function of Us,,(s,t), they do not necessarily
have the same number of beads. So to define the adjusted combinatorial entropy
for the union of boundary conditions in Us,,(s,t), we need Definition 4.4, which a
priori furthermore asks fixing the probability that a random bead configuration has
some given number of beads. However, in the proof below, we show that the choice
of the probability doesn’t affect the limit of the normalized adjusted entropy.

P . S(xL(s,0)

roof. By Lemmas 7.2 and 7.5, for any tilt (s,t), ——>— is bounded, so there
exists a subsequence ny of n, and along this subsequence, for every n; we can choose
an almost planar boundary conditions whose normalized entropies as sequence in
nj converge.

Lemma 7.9 proves that among all nearby boundary conditions the almost planar
one has the almost biggest normalized entropy. In particular, this implies that
for any given tilt (s,¢) and any n € N* big enough, two almost planar boundary
conditions have close entropy. Thus, the convergence along n; in the last paragraph
doesn’t depend on the choice of the precise almost planar boundary condition.

Moreover, this convergence is not just for a subsequence of n; but a convergence
in n. In fact, in the following we prove that along ng, the normalized adjusted
entropies converge to ent(s,t). As this is also true for any subsequence of n, we
conclude that the normalized adjusted entropy converge as n — oo. Thus, without
loss of generality, in the following we only consider a sequence in n.

Now for every n € N* fix the sequence N(n) oc n? and consider the bead
models with n threads, N(n) beads and with boundary conditions be any function
in Us,(s,t). We claim that the normalized entropy of this sequence of models
converges to the same limit of w when § — 0 and n — oo. This claim
corresponds to the second part of this theorem.

We first suppose that upper, lower and right boundaries are fixed and the
left boundary boundary is free within 0 neighborhood of the almost planar one.
The number of beads on the left boundary is fixed (by the given upper and lower
boundaries) and we denote it by K. For all m, consider the discrete version where

mn

we tile Ry, by lozenges. There are ( K) different possibilities, and by Stirling’s
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formula

In ("2”(") —Klnm
2

n

— [ (e ) o)~ Ko
= le:ln\/WnZLK)K—Kln‘:+(mn—K)lnTmzan+0(1)]
= ;:ln\/anK)K—KlnijWKjLo(l)]

1
= O(ﬁ)v

where o(1) is for m big enough. Thus, the entropy of the bead model of free left
boundary will be at most O(%) bigger than that of the fixed almost planar one. It
is not hard to show that for any of other three boundaries there is a similar result.
Thus, if the number of N(n) is fixed, then our claim is true.

Now we allow N(n) to vary but under the constraint that the boundary func-
tions are within Us,,(s,t). For any n and §, denote by N' = N (s,t,d,n) be the set
of possible N (n), then [N is of order O(26n?). According to Definition 4.4, if for
any N; € N, the probability that N(n) = N; is given and equal to py;,, then the
entropy of the bead configurations with boundary conditions taken in Us,(s,t) is
equal to

N;eN N;eN

where Sy, is the entropy of the model whose number of beads is equal to IV;. Since

SN, . 0 - Inpn, .
we have proved that —3* is at most w + o(1), and ENZGA;SNZ PN s at
most of order 12—?, we have proved our claim that the normalized entropies of the

bead configurations with Us ,(s,t)-boundary condition converge to the same limit

0
OfWWhenn%ooandCS—)O.
It remains to prove the first part of this theorem.

First, by construction, we can find an almost planar boundary condition whose
opposite sides matches. So we have
S(XE(s,t S(XY9(s,t
lim 7( n(s )) > lim 7( n(2 ))
n—o0 n n—oo n
On the other hand, given a toroidal boundary condition (so the number of beads
is fixed), consider the fixed boundary conditions of U5, (s,t) that yield the same
number of beads. Since the bead configuration with periodic boundary condition
not included in U5, (s,t) has a negligible contribution, by our claim proved above,
we have

S(Xt(s,t S(X9(s,t

im SEns0) L S(Xas, 1)
n—00 n2 n—00 n2

Finally, as for any 6 > 0, Us,(s,t) also includes the almost planar boundary

conditions of tilts near (s,t), by applying a similar argument as above we conclude
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S(xt(s't)) . S(X9(s, S(Xt(s,
that for (s,t’) close to (s, 1), w is also close to w Thus, w

is continuous in the tilt. This allows us to use the Legendre transform in Section 5.2,
so we have proved this theorem. O

Definition 7.11. For any € > 0 and for any (s,t) €] — 3, 3[x]0, 1[, define

po(s,t) = i1>118 {p:(II(s, ) = (5,8)]] < p) = (lent(s,t) —ent(s',t')| <)} .

The following lemma is a direct corollary of Lemma 7.9 and Theorem 7.10.

Lemma 7.12. Consider the unit square D. For any € > 0, and for any tilt

(5,4) €] - %,%[X]O, o],

consider the bead model on D with n treads and with the fived boundary condition fitting
to a plane of tilt (s,t) within p(s,t). Then for n sufficiently large, the entropy S of the
bead configurations normalized by n? is at most the entropy of a bead model with an almost
planar periodic boundary condition h9° plus € + o(1) where o(1) tends to 0 when n — oo.

Proposition 7.13. Lemma 7.9 and Theorem 7.10 hold if the region is an isosceles right
triangle instead of a square.

Proof.  The proof is exactly the same as that of Corollary 4.2 of [CKPO1]. An
isosceles right triangle can be approached from interior by a union of squares, and
combining two triangles gives a square. These operations naturally yield a lower
bound and an upper bound of the entropy of a bead model on a isosceles right
triangle, which is both equal to ent(s,t) + o(1) when n — 0.

The following Lemma is another version of Lemma 6.14 which we will see is
related to an upper bound of the entropy S.

Lemma 7.14. For any admissible function h such that Ent(h) > —oo and for any e1,e9 >
0, for I > 0 sufficiently small, then the piecewise linear function h' on the l-right-triangle
mesh verifies the following two properties.

(a) For all but a fraction of €1 of the triangles in the mesh, for every triangle, denote the
tilt of h' on that triangle by (s,t), then the function h is within p°2(s,t)l of h'.

(b) Ent(h') < Ent(h) + e2.

Proof.  The proof of part (a) is the same as in Lemma 2.2 of [CKP01]. We now
prove (b). Define the space of possible tilts as
11
272
and for any A > 0, d > 0, define the following subset of Vj:

Vo= ] x [0, +o0],

1 1
‘/()A,d:{(s’t):|5—§| <d, or |S—|—§| <d, Ort>A}

Since Ent(h) > —oo and ent(.,0) = 0, we can take A sufficiently large and d
sufficiently small so that the points

{@w: (5o g ) @ €5}

o1



gives a contribution of absolute value less than % in Ent(h).

Let V1, V5, ..., Vi, be a open cover of VQ\VOA’d such that within each set V; the
function ent(s,t) changes at most by <. For any i € {1,2,...,n} and for any
n; €]0, 1], consider the set S(V;,n;) which is composed of possible tilts (s,t) that
there exists a probability density function (in the sense of distribution) on V4 such
that the average slope is equal to (,%), and a proportion bigger than 7; is in V;.
This gives a family of convex subsets of Vy indexed by 7;. When n; — 1, the set
S(Vi,mi) tends to V; + {0} x RF, where the sum of two sets is defined as the set of
the sums of any pair of elements.

By the property of ent, for 7; close enough to 1 we have that for any average
tilt (s,t) € S(Vi, mi),
€
ent(3,t) < sup ent(s,t)+ §2,

(s,t)eV;
and .
(1—m) inf ent(s,t) > ——.
(s,) gV 4

Now we can apply an argument of metric density from [Rud87] similar to the
way [CKPO1] uses it. For any &' > 0, n; > 0, if [; is sufficiently small, then for any

d <l;, on all but an 1 — &’ fraction of the points (x,y) such that (%, %) eV, at

least a n; fraction of the ball centered at (z,y) and of radius ¢ lies in V.

If there is some triangle where h verifies (a) for some £, the tilt of the piecewise
linear function A’ differs from the average tilt on that triangle by at most 26_’ . Take
¢' less than & such that for all 7 and for all (s,t) in the 2¢" neighborhood of S(V;, ;)
we have

ent(s,t) < sup ent(s,t) + 2 (26)
(s,H)EV; 4
Also, for ¢’ small enough, the integral of ent o VI is bigger than —=* on any subset
of D whose measure is less than 2¢’.

For all | < min;{/;} and less than the [ in (a) where we replace £, by some &
less than 1 and verifying the conditions above, on at least a 1 — ¢’ fraction of the
triangles, (a) is verified.

Now compare Ent(h) to Ent(h') where h' is the piecewise linear function on the
l-mesh. There is at least a 1 — 2¢’ fraction of triangles such that for each triangle,
there exists ¢ such that in this triangle a proportion of at least n; of points (z,y)
verifies that ent o Vh(z,y) is contained in Vj, thus the average slope of h is in

S(Vi,mi). Meanwhile, as the tilt of A’ lies within 2¢’-neighborhood of the average

slope of h, according to (26) we have that on this triangle
/ €2 . €9
entoVh' < sup ent(s,t)+— < inf ent(s,t)+ —.

(s,t)eV; (s,t)eV; 2

In conclusion, we compare Ent(h) and Ent(h') respectively for the following
two cases:

e On the 2¢’ fraction of triangles and on the points in the 1 — 2¢’ fraction of triangles
where ent o Vh(z,y) € VOA’d:
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— the integral of ent o Vh is bigger than —% by construction.

— the integral of ent o Vh is less than 0 by negativity.

e On the 1—2¢’ fraction of triangles and where ent o Vh(z,y) & VOA’d, for each triangle,
there exists ¢ such that a proportion bigger than 7; of points is in V;. The contribution
of the other (1 — ;) proportion of points in Ent(h) is most —< times the area. On
other points,

ent o Vh' < entth—Fi,

so the contribution of these points in Ent(h’) — Ent(h) is at most 5.

Thus we have proved the lemma. ([l

Now we can prove our main theorems of this section.

Proof of Theorem 7.1. We will separately prove that Ent(h) is asymptotically
the upper bound and lower bound of the normalized entropy on the left hand side
of (20).

We begin by the part of lower bound. For any € > 0, by Lemma 6.13, we can
find some h such that ||h — hl|p~ < %, |Ent(h) — Ent(h)| < $, and there exists
some K such that entoVh > —K on D (in other words he HX). By Lemma 6.14,
for any [ small enough, we can construct a [-isosceles-right-triangle mesh and find a
function A’ such that on every triangle of the mesh b/ is linear and ||h/ — h||p~ < g
and |Ent(h') — Ent(h)| < .

By Theorem 7.10 and Proposition 7.13, on any triangular of the mesh, when
n — 00, the entropy normalized by n? of the bead model with fixed almost planar
boundary condition fitting the boundary of triangle converges to the contribution
of this triangle in Ent(h’), and the configurations whose maximal height difference
from A’ is bigger than g is exponentially small in n. The fixed boundary conditions
of the triangles together with the control on the maximal height difference gives a

lower bound of S (X)Lj‘s(h)), so as conclusion we prove that for any ¢ and for n small
enough,
Vs(h)
S(Xn°
% > Ent(h) —e.
n

Now we prove the upper bound. For any € > 0, since h has no atom and
Ent(h) > —oo, there exists 1 such that for any subset of D of Lebesgue measure
less than €1, the integral of entoVh on that set is bigger than —7. By Lemma 7.14,
for [ > 0 small enough, the piecewise linear function A’ on the I-right-triangle mesh
satisfies that
(a) for at least a fraction of 1 — &1 of triangles in the mesh, on every triangle, the
function h is within p2 (s, )l of h' where (s,t) is the tilt of that triangle.

(b) Ent(h') < Ent(h) + §.

Lemma 7.2 says that the at most €1 fraction of triangles, the entropy S is at most
C times the area of the triangles, and Theorem 7.10 says that on every triangle, if
the tilt &’ is (s, t) there, then the normalized entropy of all the configurations whose
height on the boundary of the triangle is within p2 (s, t)I is less than ent(s, t) + =+
o(1) times the area of the triangle, o(1) converging to 0 when n tends to infinity.
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Summing this gives an upper bound of entropy, which is less than Ent(h)+e+o(1).
This finishes the proof. O

The above large-deviation theorem naturally yields the following theorem about
the convergence of a random bead configuration.

Theorem 7.15. Given an asymptotic boundary condition function h? defined on 0D
which is constant if restricted to x =1 or x = 0, for any n € N*, consider the bead model
on D with n threads and with fized boundary condition that approzimates best h?. Then
the normalized height function h converges (under the uniform norm) in probability when
n — oo to an admissible function hy, which is the unique mazimizer of Ent(.).

Proof. Theorem 7.1 proves that for any admissible function h : D — R such that

S(xXé(h))
Ent(h) > —oo, for any 6 > 0, when n — oo, 2 converges to Ent(h) when

n — oo. We should also take the functions that Ent(h) = —oco into consideration.

If h € Hp, it is easy to see that Lemma 6.14 and the upper bound part of
Theorem 7.10 still apply. Thus, for any h € Hg such that Ent(h) = —oo, we have

S(XVB(h))
lim lim —— =~ 7

550 n—00 n2

If h ¢ Hg, we consider the turned space #H under the uniform norm. By
definition, if h & Ho, then there exists a subset of (Z,y) with Lebesgue measure

w>0 where 2 8~ = 1. By the same argument of metric density used in Lemma 7.14,

for all € > 0 small enough, there exists a subset of D as a union of disjoint squares
such that on every square the average vertical slope is bigger than 1 — ¢ and the
measure of this subset is bigger than y—e. It is not hard to see that if we take e > 0
arbitrarily small, then for 6 small enough, the entropy within the d-neighborhood
in # of h can be arbitrarily small.

An open set of admissible functions in the original height function space H is
also an open set in the turned space 7—[ and the turned space H is compact under the
uniform norm. Thus, from any open cover of the admissible functions we can choose
a finite cover. By the definition of entropy, if we consider all the bead configurations
with the same fixed boundary condition, then for any § > 0, any admissible function
h such that Ent(h) > —oco and for n large enough, the probability that a random
bead configuration is in Vs(h), which by definition is equal to the proportion of
the volume of this set with respect to the volume of the whole set of possible
configurations, is proportional to eEnt(hn® - When n — oo, the probability that
h is within the neighborhood of hg dominates the other possibilities, and we have
proved the theorem. O

8 Solutions of the entropy maximizing problem

In this section, we will characterize hg, the solution of the variational principle.
The variational principle naturally yields a Euler-Lagrange equation of the limit
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shape hg: since ent is smooth, to maximize the integral of ent over a region with
given boundary condition, the height function should satisfies the equation:

divVent o Vh = 0,

which implies

(1 + tan®(7hy ) hyhas + % + 2mhyy tan(mhy) = 0. (27)
y

However, in general it is hard to solve Equation (27) directly, and we hope
to have a systematical way to find the solutions. A possible option is applying
directly the results of [KOO07] to the bead model, where the authors prove that
finding the solution A of the Euler-Lagrange equation can be done via finding and
solving a system of algebraic equations. To do so, we prove in Theorem 8.1 that
the maximizer of the bead model is a properly normalized limit of those of the
dimer models.

This theorem can be summarized by a commutative diagram (28) here below.
For any given asymptotic fixed boundary condition h? defined on D and constant
if restricted to x = 0 or z = 1, for any n, we consider the bead model with n
threads and an almost planar boundary condition 9. Moreover, for any m big
enough we consider R,,, , as the domain constructed in Section 2.6. We have:

Lozenge tiling of Ryun n, T> Bead configuration with n threads,
m oo

n — 00 O n — 0o (28)

Limit shape of a uniformly ————  Limit shape of the bead model.
m—r0o0

chosen tiling of Ry n.

This result seems quite natural as the bead model is a continuous scaling limit of
the dimer model. However, it is not trivial since there is no theory yet that ensures
the commutativity of the limit in m (from dimer models to bead models) and that
in n (from finite cases to asymptotic limit).

For every Ry, n, rather than considering m — oo while keeps n as when we
defined the bead model, here we consider the limit n — oo while keeping the
asymptotic shape of the region. Let R,, be the region R,,,, normalized by n.
Define

o :=sup{|y1 — y2| : (x1,11), (x2,y2) € Ry} — m.

In other words, the height of the region R, is equal to m+o. Thus, if we vertically
normalize R,, by m + o, then the new region, denoted by D™, fits inside the unit
square D.

The boundary condition of D™ also naturally yields a boundary condition of
D by vertically extending the boundary height function of D™, i.e. for x € [0, 1],

h(z,1) = h(z,sup{y : (z,y) € D™'}),
h(z,0) = h(z,inf{y : (x,y) € D™}),
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while h(0,y) and h(1,y) are constant.

The (dimer) admissible function on R,,, defined as the closure of the height
function H of lozenge tilings normalized to D™ as above (see Figure 5), forms
the space of functions on R,, which are horizontally %—Lipschitz, vertically non-
decreasing and 1-Lipschitz. If naturally extended from D™ to the whole of D, they

forms such following subspace of functions Hg: define

Hy = {h € Ho : g?}/L o 0, his (m+ U)—Lipschitz} .

It is easy to see that (H,,)m form an increasing subsequence exhausting Hy when
m — 0.

Recall that ent® as the local entropy function of the dimer model on the hexagon
lattice. Considering Proposition 5.5, we define ent,, as the normalized and adjusted
local entropy function of the dimer model, i.e.,

enty(s,t) = (m+ o) ent®(s,t/(m+ o)) — In(m + o)t, (29)

and for any h € H,, define

Ent,,(h) = / enty, o Vh dxdy.
D

Recall that Proposition 5.5 says that the right side of Equation (29) converges
to ent(s,t) for any (s,t) and the convergence is uniform on any compact of slopes
that doesn’t contain exploding points. We also remark that the concavity of ent
simply implies the concavity of ent,.

By [CKPO01], for any m € N*, there exists a unique height function h,, € H,
that maximizes Ent,,. The following theorem is the main result of this section.

Theorem 8.1. The normalized height functions h,, converge to hg on D when m — co.

Proof.  Similar to Theorem 6.6, if we consider the turned space #, by compact-

ness there is a converging subsequence of (hp,)m, saying (hp,);. Denote the limit
function’s preimage in H by hg (it may depends on the choice of the subsequence
but we will prove that this is not the case).

We prove that it is the same function as ho, and we do this by showing that
Ent(hg) is equal to Ent(hy). The proof is divided into the following three parts.
We first prove that

Ent(hg) < lilm inf Entp, (hm, ), (30)
—00

then we show that hy € Ho, so we can apply Lemma 6.13, and finally we prove
that

Ent(ho) > limsup Entp, (hm,), (31)

m—ro0

thus Ent(hg) > Ent(hg). By uniqueness of Theorem 6.6 we prove that hg = hg.
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Finally, as we can apply this argument to any subsequence of (h, ), and prove
that any subsequence has a converging subsubsequence whose limit is hg, so the
convergence of subsequence is in fact a convergence of the sequence (R, ), itself.
Thus, without loss of generality, here below we suppose (?Lm)m converges so as to
simplify the notation.

Begin by proving Inequality (30), and without loss of generality we still take the
setting of star-convexity used in Lemma 6.13. For any € > 0, by Lemma 6.13 and
Lemma 6.14 there exist §,0’ > 0, functions Ass (h) and h’, such that the function
h' agrees with As s (h) on D\Ds, is piecewise linear on a I[-triangle mesh of Ds, and

€

Ent(h') > Ent(ho) — 7

The local entropy ent o VA’ is bounded, so by the same reason mentioned in
the proof of Lemma 6.15, there exists some M € ZT such that the vertical partial
derivative is less than M. Still by construction, on the band [0,1] x [1 — 4, 1] and
that [0, 1] x [0, 0], we have some frozen-like regions of shapes corresponding to the
height function near the boundaries, so there exists M’ € Z* such that outside
DM’ the vertical slope of i/ is 0.

Thus, for all m > max{M, M'} we have b’ € H,,. Especially,

Enty,(hm) > Entp(B).

As h' is piecewise linear on Ds and the number of pieces is finite, and on D\ Dy
it is taken to be the naive function in Definition and Lemma 6.9, VA’ only takes
the values of t = 0 together with a finite number of possible values. By Lemma 5.5,

lim Ent,(h') = Ent(h)

m— 00

so for m sufficiently large we have

Entp () > Ent(h) — %
In conclusion, we have that for m sufficiently large,

Entp,(hy) > Ent(ho) — ¢,

which proves Inequality (30).

Now we prove that hg € 7—~lo. As in Theorem 6.6, if the set that %hP =1is
positive, then for any € > 0, there exist a finite number of disjoint convex compacts
Kj,7=1,2,...,J of a positive measure independent of ¢ and M € Z* such that on
each compact the average vertical height change cwyAk (hm) is greater than 1 — 8¢
if m > M. By an argument similar to that used in Theorem 6.6, it can be proved
that

lim sup E?l/tm(l:zm) = —o0.
m— o0
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However, this contradicts to Inequality (30) which says that
Ento(hm) = Enty(hum)

has a lower bound, so we have proved that h € Ho.

Now we are allowed to use Lemma 6.13 to approximate hg by a function of
better regularity. For all € > 0, we can choose 6,4’ small enough so that

Ent(As s (ho)) = (1 —26)*Ent(hg) + O(51n0),

so for any € > 0 we may choose ¢ and ¢’ so that the absolute value of the term
O(d1n0) is less than e.

Furthermore, by construction of the operator Ass, for the same ¢ and ¢’ as
above, we have that for any admissible function h:
(a) if h € H,y, then the integral of local entropy function ent,, of Asgs (h)|p, is
bigger than that of h|p, (by concavity of ent,,).
(b) Ass/(h)|p\ps is the same function for any h, with two possible vertical deriva-
tive, and when the vertical derivative is non-zero, the horizontal one is bounded
away from £3 by some constant of order §. Thus, the integral of ent,, o (VA5 (h))
on D\ Ds converges in m uniformly for all h to a term of absolute value less than
€.

In conclusion, for any ¢ > 0, there exists 6,0’ > 0 and M € N* such that for
any m > M we have

Entp(Ass (hm)) > (1 —26)2Ento, (hy) — €.

The boundness of Ent,(hy,) and concavity of ent,, implies the uniform bound-

ness of ent,, o VAs s (hp) on D.

We also claim that VA575/(7Lm) converges uniformly to VA575/(I_10) on D. In fact,
by construction, they are all identical on D\ Dy so have the same gradient there,
and on Dgs we have that for any m,

VA(;’g/(}_lm) = *VU(;/ * P[)@()f_lm.

According to Lemma 6.4, Po,g’oﬁm converge uniformly to P075,0710, so the con-
vergence of VA 5 (hm) to VAs s (ho) is uniform.

Define (K Z(A575/(l_zo)))l:1 , _as the following increasing sequence of subsets of
D: o

0As5 (o)

Ki(Ass(ho)) = {(m,y) €D (n.y) € [_% _|_%

~| =

0.4},

1
"2
and the limit of this sequence is

Kl ) = { (2.9) € D3 2250 0y ] - 5 510,41}
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By the uniform convergence of VA; 5 jﬁm) to VA(;,(;/(BO), for all I, there exists
M such that for all m > M, on K;(Ass (ho)) we have

DAs,5 (hm) 1
—x  Slatyz gl

By Lemma 5.5 argument (a), the convergence of ent,, (s, t) to ent(s, t) is uniform
for any (s,t) € [-3 + 97,3 — 7] X [0, 4], i.e., for any € > 0, there exists M’ such
that for all m’ > M’ and all (s,t) € [-3 + %, 5 — %] x [0, A], we have

3

lent,, (s, t) — ent(s,t)| < 5

(32)
The uniform convergence also implies that the space
{entm(.,.),m > M} U{ent(.,.)}

viewed as a subspace of continuous functions on the compact set

1 11 1
(s,t) € [—54'2775—27] x [0, A]

is compact. Especially, by Arzela-Ascoli, they are equicontinuous: for the same ¢,
there exists &’ > 0 such that for any (s,¢) and (s',¢') in [-3 + &, 3 — %] x [0, 4]
and for any m > M,

[|(s,t) — (8", 8)|] <& = |entm(s,t) +enty (s, )] < %
Again by the uniform convergence of VA(;,(;/(Bm) to VAss (ho), there exists
M" > M such that for all m” > M",

sup HVA&(;/(BW//) — VA575/(?Z0)|| < €.
(xvy)eKl

Thus for all m’ > M', m"” > M", (z,y) € K;, we have

lent, o V As g (R ) (z,y) — ent o V As 5 (ho) (2, )]

< lentys o VAgss (hyr ) (3, y) — enty o VAs s (ho)(z, )|
-Hentm/ o VA(;’(;/(B())(QZ, y) —ento VA575/(710)($, y)|
< e

Thus, on K, we have the following uniform convergence on m’ and m”:

lim entpy 0 VAs g (hyr)(z,y) = ent o VAs 5 (ho)(z,y),

m’—oo0,m!’’—o0

SO

lim Entfél (A&g/(ﬁm)) = EntKl(A575/(l_10)). (33)

m—00

When [ tends to infinity, by bounded convergence, the right hand side of (33)
tends to Ent®e=(Ass(ho)) which is equal to Ent(Asgs (ho)). For the left hand
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side, the difference between EntLt(As s (b)) and EntEe(As s (b)) also converges
to 0 by bounded convergence, and the difference between EntZ=(As s (hy,)) and

Ent,,(As s (hm)) is equal to

// entm(A(;,(;/(ﬁm))dxdy,
D\Koo

and by Lemma 5.5 (b), for [ sufficiently large, then for m large enough, the term
above will be uniformly bounded from above by e.

In conclusion, for m large enough, we have
Ent(A575/(l_10)) > Entm (A(;,(;/(;Lm)) — 28,

and let € = 0 we get - -
Ent(hg) > limsup Enty, (hy,),

m—0o0

which is Inequality (31). O

Inspired by the results of [KO07], in the following part of this section, we are
furthermore interested in the case where the asymptotic upper and lower boundary
functions of the bead model are piecewise linear where every piece is of slope :l:%
and that the length of every piece is rational.

Consider the discrete version of this bead model, i.e. tiling a regions Ry,
by lozenges for m,n € N* large enough. Consider a subsequence of n such that
% divides the length of every piece of the boundary. The advantage of taking
this subsequence is that it verifies the the assumptions of [KO07]. Meanwhile, by
Theorem 7.15, the limit shape along such subsequence of n is the same for the
sequence in n itself. Thus, without loss of generality, we can apply the results of
[KOO07] to our case about the limit shape when n — oo for fixed m.

By [KOO07], for every Ry, we can complete the boundary by adding some
imaginary vertical edge so that the region can be viewed as a polygon whose bound-
ary is made up of the edges clockwise (or anticlockwise) repeated in the directions
of the edges of the honeycomb lattice. If the number of edges is 3d, [KO07] proves
that when n — oo, the limiting height function (h,, if normalize this to D) exists
and is determined by

1
Vh = —(Argw, —Argz),
T

in the liquid region, where w and z are found by solving a system of algebraic
equations

P(z,w) = 0,

Qo(z,w) = zzP, +ywP,,
P(z,w) as the characteristic polynomial and @ being a polynomial of degree at
most d. We remark that coefficients of @ effectively depend on m. Also, there

is an algebraic arctic curve (the frozen boundary) of degree at most 2d — 2 that
separates the liquid and frozen region.
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Theorem 8.1 says that the normalized limit height functions h,, converge to hq
(the limit height function of the bead model) when m — oo, so the frozen boundary
converges too. Denote the frozen boundaries of h,, by 7,, and that of hg by 79. The
algebraic curves of degree less than some integer d is a finite dimensional object,
so the convergence of these algebraic curves is equivalent to the convergence of
their coefficients, which means that ~q is still an algebraic curve whose degree is
at most 2d — 2. Moreover, 7,, is tangent to every side of the polygon (perhaps on
the extended line). As m — oo, these tangent relations is interpreted to be the
tangent relations between g and dD. It is easy to see that the only possibility is
given by the following proposition.

Proposition 8.2. Suppose that the upper boundary of D can be divided into the following

2k, intervals
0,1=J (a6 U, ait),
i=1,....ku

(by convention we take al = 0, ab*1 = 1), and on every interval of [au,bZ] (resp.

(b, altY]) the upper boundary height function h(.,1) is of slope % (resp. —2). Similarly,

ur u
suppose that the lower bound of D can be divided into the intervals

[07 1] = U ([al’bg] [bgv j+1])7

J=1,...k

and on every z'ntemal of [al , b]] (resp. [bf, j+1]) the upper boundary height function h(.,0)
1s of slope —s (resp 2) Then the frozen boundary hgy is an algebraic curve of degree
2(ky + ky) — 2 and genus 0 such that it is tangent to 0D at the points

U oo U {¢.01)

i=1,....ku =1,..k

vy 1 =2,...,ky and the lines x = a{, 1= 2,...,k; in the interior
of D with cusp singularities, and tangent to the left and right boundaries of D.

tangent to the lines x = a'

We give an explicit example here below. Consider the boundary condition in

Section 1:
flx,y) = { )
4

Here d = 2, so the frozen boundary is of degree at most 2d — 2 = 2. By
symmetry and we have at once that the frozen boundary is a circle, the only degree
2 algebraic curve that verifies Proposition 8.2. Moreover, this boundary condition
corresponds to an hexagonal domain in the dimer model, a particular case studied
in [CLP98] where the author gives explicit solutions. If we let the length of two
vertical edges tend to infinity, readers can easily verify that the following function
h(z,y) = 5= H(2z — 1,2y — 1), where

o -3 ify<o0,
Hz—3 ify>o.

N»—‘
+ N|—

Yy Ty
\/ﬁ—xarc‘canﬁlf x +y <].
H(z,y) = { 2(1 - [a]) if 22 +4>>1,y >

Z(z| = 1) if 22 +y*>1,y<

arctan

NO[— D=
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is a particular solution of the Euler-Lagrange equation (27).

Figure 17: The function hg for this boundary condition.

We remark that this shape corresponds to a square Young diagram. We will use
this result to recover the limit shape of a random square Young tableau calculated
in [PROT7].

9 Limit shape of standard Young tableaux

9.1 Limit shape of standard (skew) Young tableaux

In this section we study the limiting behavior of a random standard Young tableau
with a given asymptotic shape (which can be skew). We use the map from uniform
bead configurations and the convergence result of a random bead configuration.

More precisely, we fix an arbitrarily chosen (skew) shape of Young diagram A,
given by two %—Lipschitz function

h(.,0),h(.,,1):[0,1] = R
such that h(z,1) — h(z,0) > 0 on 0,1, and A is given by
A={(x,z): 2h(z,0) < z < 2h(z,1)}.

Without loss of generality we can suppose that h(0,0) = h(0,1) = 0. Readers can
compare this to (13), page 27.
For any n € N*, define \,, as the normalized (skew) diagram that approximates
1
n
written under the Russian convention. We use the z — z coordinates.

A to an order of O(+), and the diagram is made of boxes of edge length % and

Recall that 7, is the set of standard tableaux of diagram \,,. We can view a
random tableau 7" € T, as a random piecewise constant function on A,.

Consider 2 as a probability space, and consider B,, = B, (w) be a random bead
configuration for the bead model corresponding to A,. By the map ) constructed
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in Section 3 from bead configurations to the standard Young tableaux, we define
the following random surface

T REZxQ — [0,1],
Y(Bn(w))(z, 2)
[An] ’

(x,z;w) = ]l(x,z)E/\n
where we extend the function to the whole R? plane and outside ), we take 0 by
default. We have the following theorem.

Theorem 9.1. For a sequence of (skew) Young diagram X\, with an asymptotic shape A,
when n — 0o, the random surfaces T, converge on any compact subset of the interior of
A in probability and under uniform metric to a surface S supported on A\. The surface
S is explicitly determined by the unique function hy € H that mazimizes Ent(.) with a
boundary condition corresponding to A. If we define for any x € [0, 1]

z_(x) =inf{z: (z,2) € A},
zy(z) = sup{z : (z,2) € A},

and for any value e € [h(x,0), h(z,1)], define
ho () = inf{y € 0,1] : ho(w,y) > e},
then the surface is given by

{haglg (hO(I:O)(ZJr(1)*Z)+h0(90,1)(2*2—(l“))) if (z,2) € A,

24 (2)—z— ()
0 otherwise.

S(x,z) =

Proof. Consider the corresponding sequence of bead models, which by construc-
tion has an asymptotic boundary condition h? determined by X. By Theorem 7.15,
the normalized height function h converges in probability to hg under the uniform
metric.

For any such compact K in the interior of A, there exists N(K) € N* such that
for any n > N(K) we have K C \,. To prove that 7,, converges to S on K, we
define another random function 7,,. Recall that y; ; = y; j(w) is the random vertical
coordinate of the j** bead on the i** thread (page 13). For any bead configuration
B,, with n threads, n > N(K), consider

N : K — [0, 1],
(T,2;0) = Ylan),|(z—2—(2))n) (W),

i.e., for all n we associate the box containing the point (z,z) to a value equal to
the y-coordinate of the bead corresponding to that box.

When n — oo, the random function 7, converges in probability to S(x,z) on
K. In fact, restricted to every x, n,(x,.,w) viewed as a stepwise constant function
of z is roughly the inverse (which can be well defined by using inf and sup) of the
normalized height function h as a stepwise constant function of y. Meanwhile, still
restricted to x, the surface S viewed as a function of z is merely the inverse function
of hg as a function of y, while the degenerating case (where the inversion fails) only
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happens in the frozen region of hg, and by construction this doesn’t matter. Thus
the fact that a random surface h converges to hg implies that n, converges to S.

Now consider the difference between 7,, and 7,. For any bead configuration,
conditioning to any ordering of y; ;, the difference of 7, and 7, on a box 4, j is just
equal to the difference of y; ; and its rank normalized by |A,|. So

k
sup |7, — M, 2) < sup Yigogr — m
n

(sz)EK k:17277|An‘

)

where the right hand side converges to 0 in probability since the array (i, j, )Jk=1,2,....|\n|
is of the same law than a random ordered |\, |-dimensional array under the uniform
measure on [0, 1]. O

We remark that the random surface 7, in the proof can be viewed as the limit of
a normalized plane partition, which also gives the bead model. So the convergence
of n,, when n — oo is nothing different from the convergence of bead configurations
in Theorem 7.15.

We call Theorem 9.1 the “surface version” convergence of a random (skew)
Young tableau. It will be interesting to recover for a general skew case the results
of [PRO7] and [S06], which we call as the “contour curve version” convergence.

For any (skew) Young diagram A, any standard tableau 7' € 7, , and for any
a €]0,1[, define Y, ,,(T) as the set composed of the boxes whose entries are less
than a|\,|, i.e. a sub (skew) diagram of A\, given by

(] .
Yonr(T) = —, =) T, 7) <alA,]p. 34
o0 ={ (5 2) 1) < el (34)
If we consider T" as a random standard tableau, then Y, ,, such defined is a random
subdiagram of \,,. We have

Theorem 9.2. When n — oo, the Dirac measures of the upper boundary of Y, ,, converges
to a Dirac measure on a curve determined explicitly by hg. The curve is the contour line
of height o of the surface & in Theorem 9.1.

Proof.  Consider a boundary condition on D of the bead model corresponding
to A and a line segment y = « in D. Then for any n € N*, define the following
random subdiagram of A, formed by the boxes corresponding to the beads under

the line y = a, i.e.,
iJ
Yolz,n = {(n’ n) : yw S Oé|>\n|} .

The upper boundary of Y, , normalized by n is a 1-Lipschitz function on [0, 1].
By the same reason than in Theorem 9.1, this curve converges to a limiting curve
determined by hyg.

Consider the difference of the diagrams Y, , and Yo . If o An| < i,

; i AnlldlalAn]]?
then Y, , < Yo, and if a|\,| > Yija

sl dlala, Phen Yo o > Yo . In either case,
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their difference is a random skew diagram, and the number of boxes in this diagram
is
}a’)‘n| “ Yilan)ilan) |)‘n| + 0(1)’

Thus, the area of this diagram normalized into A is equal to the difference of «
and the [a|\,||!" biggest element in a random array uniformly taking |\, | points in
[0, 1], which converges to 0 in probability when n — oo. By the Lipshictz condition
of the upper boundary of a Young diagram under the Russian convention, the
norm sup of these upper boundaries converges to 0 in probability. Thus the Dirac
measure of the upper boundary of Y, , converges to the same limit than that of
Yo - O

oot

Figure 18: Contour curves of a Young tableaux for %, %, % and

As an example, we consider the boundary function
SRS ISR TR
f(x,y):{4 21| 21
2

which corresponds to the shape of a random square standard Young tableau. For a
sequence of odd positive integers n, let A\, be a sequence of squares "T‘H X "TH, SO
the corresponding bead model has n threads. This is the case studied in Section 8,
where hg is given explicitly via an existing result of [CLP98]. For any « €]0,1],
if we write the square diagram under the Russian convention and let the scale be
[0,1] x [0, 1], define z,(z) as the limiting upper boundary of the first a proportion
of boxes. This corresponds to a level line y = «, and the difference of z,(z) and
the lower boundary of the diagram (i.e. z = |x — %\) corresponds to the number of
beads on the thread x and between y = a and y = 0. Since the total area is %, we
have that

za(z) = 2(ho(z, @) — ho(z,0)) + |& — %|

1 (arctan \/1_(1_;;)2;_ 57 — (1 - 2z) arctan v _((11—_2;))(21_—(21:?2@2) +3
— if 1 —(1-22)%—(1-2a)?>0,
|z — 3| if1—(1-22)2—(1-2a)2<0, o< 3,
1—|z— 3 if1—(1-22)>—(1-2a)?<0, a> 3.
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Thus we recover the result in [PRO7].

101

08

06

04r

02

0.0

Figure 19: Level line of a standard square tableau, for a = 0.05, 0.15 and 0.3.

9.2 Arctic curve of a uniform particle jumping process

We end this section by considering a particle jumping process encoding the stan-
dard Young tableaux, proposed in [Rom12], where the author finds an arctic curve
separating frozen regions and mixing regions. This behavior has an obvious simi-
larity to those of the bead model and dimer model, and we show that they are in
fact equivalent.

The jumping process we consider is as follows. Suppose on Z there are p parti-
cles. Every particle occupies a site of Z at time 0, which we call as the initial state,
which can be viewed as a set Ey C Z where |Ep| = p. At every time t € N*, there
is exactly one particle which jumps, at it is allowed to jump one unit to its right if
that site is not occupied. We also fix a time T as well as the ending state £y C Z,
|E1| = p. It is obvious that there exists such a jump process if and only if for any
k € Z, the number of the elements of Fy that is less than k is smaller than that of
the elements of 7. Moreover, we have

T=) k- ) K.

keE; k'€ Eo

We will consider the uniform probability measure on this process, i.e. every possible
configuration has the same probability.

For every (skew) Young diagram, there exists a corresponding particle jumping
process such that every configuration of the jumping process corresponds to exactly
one standard tableau. The process is constructed as below. For any (skew) Young
diagram A, write the diagram under the Russian convention. As in Figure 20, we
draw one line above the diagram and on below the diagram. For every northwest-
southeast going edge on the lower (resp. upper) boundary of the diagram, we
associate to it a particle right below (resp. above) it on the line.
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o B,

Figure 20: An example of associating a Young diagram to 8 particles.

Obviously the number of particles on the line below the diagram is equal to
that on the line above the diagram, and this is equal to the number of rows of
the diagram (under the French convention). We associate the i*" row (under the
French convention) to the i*" particles counted from right on the line above and
below the diagram. Given any standard tableau T' € Ty, let particles begin at their
positions on the line below the diagram, and at every time ¢, t € {1,2,...,|\|}, if
T;; = t, then the ith particle jump one step to its right, and finally it will go to
the position of the it" particle on the line above the diagram, see Figure 21 for an
illustration. It is clear that this correspondence between standard tableaux and
configurations of particle jump process is 1 to 1 and measure preserving if both are
under uniform measure.

Ey Ey

21

13

@)

Ey

(a) Young tableau. (b) Corresponding process.

Figure 21: The process corresponding to a random tableau, 8 particles.

When the size of the diagram goes to infinity, we observe the appearance of an
arctic curve. Figure 22 gives a simulation of 40 particles.
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Figure 22: The process corresponding to a random tableau of shape Figure 20, 40 particles.

We have the following result as a generalization of Theorem 2 of [Rom12] for
more general diagrams.

Suppose that there is a shape of Young diagram A\ written under the Russian
convention whose boundary is piecewise linear and the projection of every piece on
the z axis is rational. Suppose that ng is the smallest positive integer such that
the length of every piece of boundary of A is integer if multiplied by ng. Then we
consider a sequence of diagram Ay, = kngA.

Consider the jump processes corresponding to Agy,. Clearly, the number of par-
ticles is proportional to k and the number of jumps (equal to |Agp,|) is proportional
to k2. To simplify the notation we let n = kny.

Scale this process into a unit square [0, 1] x [0, 1], so the horizontal step size is

L and the vertical step size is ﬁ For any i € Nx, define ¢, (i) (resp. ¢, (i)) be

n—1
the first (resp. last) moment that there is a particle jump from or jump into the
line # = —*5. Then we have the following arctic-curve theorem for random (skew)
Young tableaux.

Proposition 9.3. The exist two functions
P+ - [07 1] — [05 1]7

such that for any € > 0, when n — 0o, the probability of the event

ty (0) i ty (1) i
— 0 N —
{15%&5‘_1 P (n—l)' <5} {15%&5‘_1 G| <E
converges to 1.
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Proof. It suffices to note that the constructed point process is nothing else but a
discretization of a bead model: for any bead configuration with vertical coordinates
ordered as

Yivgi < Yiggo < -+ < Yijx, i
then the corresponding process replaces y;, j, by k for any k£ € {1,2, ..., |A\,|}. Since

k
kr%a;i‘ Yir,ji — m

converges to 0 in probability, the proposition is just a corollary of the corresponding
result on the bead model where there is an arctic curve in the limit that separating
frozen regions and non-frozen one(s) if the boundary condition is given by piecewise
linear functions. O
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Appendix

A Proof of Propositions 5.1 and 5.2

Fix the parameters a and v so we can simply write Z,,, , and Zn (this notation is
only limited to this proof because the notation Z,,, , is already used for the parti-
tion function of lozenge tilings of Ry n or Tyupnp). The characteristic polynomial
is

det K(z,w) = a%z — (b+ cw)?/w = (a/m)?z — (/™ + w)? w. (35)
The dimer partition function Z,,, , can be written as a linear combination of 4

terms Z,(,f;:)z [Kas63, GL99, Tes00, CR0O7], where 0,7 € {0,1}, and the term Zf,f;zzl
is defined by

Z,(g,;)z = H det K (z,w) = H H (a/m)?z — (e2V/™ 4 )2 Jw).
2 =(-1)%, Zn=(-1)%, wh=u
wMmt=(-1)" u 7(—1)"

In the linear combination, the coefficient for every term is either % or —5, where
three terms have positive signs and one has negative sign.

Taking logarithm, we have

mzED, = > > In((a/m)’z— (™ +w)?/w). (36)

_( 1 9 wMm=u
u 7(—1)"

We rewrite (35) as

— (w—wq)(w — wsy)/w, (37)

where wy and wg are two roots of the polynomial (35) given by
« 1
wig = —1—|—(—’yi\/—z)+o<> , (38)
m m

which are close to —1 when m is large.

For given parameters « and v, parity (0,7) € {0,1}%, and n € Z, for fixed
z € S, we first calculate the sum over m. As in the dimer model, we hope to
approximate this sum by an integral. However, as we have stated, now the sum is
of order 1 so the integral (which approximates the sum divided by m) is of order
1/m. So rather than to compare the sum divided by m to the integral as usual,
we compare the sum to m times the integral. As a result, the difference between
them is something a priori not negligible and should be determined precisely.

For every (6,7), the term ZT(,?;Z% is a real number, so In Zr(,?;z% is either real or

purely imaginary. Since the partition function Z,,, , satisfies

AU

7)
’ITLTLTL

< Zmnn < 2ma)){Z(eT)

mn,n’
0,7
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we can just consider the case where In Z%’Z% is real. Especially, we can just consider

it real part.

For every (0,7), by (36), the real part of the logarithm In Z,(T?;Z% can be written

as a sum over z, v and w. Consider first the sum over w, which by (37) can be
rewritten as

Z (Reln(—1) + Reln(w — wy) + Reln(w — wa) — Relnw).

wm=y

Since In(—1) and Inw are purely imaginary, the above sum is always equal to

Z (Reln(w — wy) + Reln(w — wy)). (39)

wm=y

We need to compare this to the following value, which is an integral over the
unit circle S* = {w € C: |w| = 1}:

Re (m /S1 (In(w — wy) + In(w — wy)) (2(71:;;?1) (40)

We calculate the integral (40) first. Its value depends on whether the root wy
and wy are inside or outside of the unit circle S'. If a root is inside the unit circle
S!, we denote this root by w;,, and by the fact that Inw is purely imaginary we
have

S)‘ie(m/Sl ln(w—wm)%) :%e<m/51 In(1- w;n) (2?:))1”)

Since ‘M < 1, we can develop In (1 — M) into a power series of ¥, whose
w w w

powers in w are not bigger than —1. The contour integral of any term in this series

times % around S' is 0, so for an root inside S* we have

Re (m /Sl In(w — wiy) (zf:)w> =0

If a root is outside S*, denote it by weu:, we have

dw w dw
SRe( 1 — 7) — iRe( 1 In(1—- -2 : )
m/s1 B(w = Wout) (2mi)w N Wout, 11 g1 n wout) (2mi)w
Again, we develop the logarithm In (1 — ﬁ) into a power series of ﬁ with powers
in w bigger than 1, so the contour integral is 0.

In conclusion, if we use the indicator function 1., to tell whether a root w2
is outside S', then the integral (40) is equal to

m > Re(Lou In(w;)). (41)

j=1,2
When m is large, the roots w; and ws are both close to —1, so whether a root

is inside or outside the unit circle mainly depends on its real part. When m — oo,
we just need to check whether Re(—ary + ay/—2z) is positive or negative, and when
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it is negative, the root w; is outside S', and in the logarithm of In(wj;), the only
term of order 1 is ay F afRey/—z. Thus, when m — oo, (40) tends to

> (aly FRev=2)) (42)

+,—

where ()4 is defined to be max{x,0}.

Summing this term for u € S!, u™ = (—=1)7 just multiply it by n. Summing
this for z € S', 2" = (=1)? and divided by n can be approximated by an integral
over S:

dz
/51 ( ; o (rFRV=2) )

= /02”20;((,Y+cos(9/2))++<’YCOS(9/2))+> do
= /027r %(7 + cos(0))+df = %(a’y arccos(—y) + ay/1 —42), (43)

and the error term between the sum over u and z and the integral (43) is negligible.

Now we consider the difference between (39) and (40). It suffices to consider
the difference between terms of wi, and the argument for ws is similar. We use
Euler-Maclaurin formula, and to simplify the notation we denote by f the function

2rx+Argu
m

flzywy) = ln(ei( ) — wy),

then our problem is reduced to estimating the real part of

Zf(k:;wl) — /Om f(z;wy)dz. (44)

k=1

A little remark is that here the function f(.;w;) is taken in the class C*°. Both
the sum and the integral in (44) differ from the original ones but only by imaginary
constants, which causes no effect.

Apply the Euler-Maclaurin formula to (44) to order two, then we have

NE

F (ks w) — /0 " feswn)de

1
(f(mzwi) = F(0;w1)) +1/12(f"(mswr) = f'(0;w1)) — /Om %fll(xQWI)BQ(x - |z])d

= ]lwleDWi — R(wl),

N = T

where the first term is imaginary and the second term R(wj) is the remainder term
of the Euler-Maclaurin formula,

Rlw) = [ 51" @Bl ~ La))da, (45)
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where Bs is the Bernoulli polynomial of order 2 and f” is equal to

F (@ wy) = e 2m)*
’ 1 (ei(Qﬁm-i-nArgu) _ w1)2 m .

The remainder term R(w;) is a priori not negligible. We will split the unit
circle S* into the following three parts and respectively consider (44) there. If we
- 2ma+Argu
let w = (" ), then considering the following partition of S is equivalent to

considering a partition of z € [0, m]:

Sroi= {w€S1:|w+1‘>C11\I;%L}
Inm Inm
S o= {w651:01m>]w+1]>02m3/4}
Inm
S = {w651:|w+1\<02m3/4}.

Here (7 is an arbitrary positive real number and C5 is a positive real number
small enough. When m is sufficiently large, on St, f” = O(m), so its contri-
bution in the remainder term R(w;) (an integral over St) tends to 0 when m — oo.
On Sy, f" = O(m) The length of Sy is lnﬁ so the terms in total is of
order \/mInm, so its contribution in R(w) also tends to 0.

To calculate the difference on Siy, we approximate the sum and integral on
the arc Sy respectively by the sum and integral on a line segment passing wq

orthogonal to the x—axis whose length is of order Cs 71;‘3% In fact, if wy € D, this

is a part of a chord passing wi, whose length is O (\/%)

Without loss of generality we suppose that m is even, let ' = x —m/2, so near
—1 we have

Z( QWItnArgu ) ’L( 2771,;Argu ) _

e —1

=—e

o’ + Aregu . 1 (272’ + Argu)? 1
Com g, LG A (1)

m 2 m

1/4

where |2/| < Com'/*Inm. We have

(A oy 2ma’+ Argu. _ Inm
In(—e wy) — In(—1 — wy) =0 ey B

This difference, if summed over {k € Z, |k| < Cym!'/*Inm} or integrated over
{|z| < Com*Inm}, tends to zero when m — oo. Consider the sum

i 2k + Argu i
Z In(—1— S T ArgU wy) = Z < —Inm+In(ay Fav/—z — 27k + Argu)i)),
k=—A m k=—A

and the integral

A / A
2 A
/ In(—1— Wz —wi)dx’ = / ( —Inm+1n (ow Fav—z— 2na’ + Argu)i))d:c'.
—_A —A
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Their difference is independent of m. Let
g(z') =In (ay F av/—z — (272’ + Argu)i),

and apply the Euler-Maclaurin formula to g, we get
A-1 A

> o)~ [ glais’

k=—A -4

1

= 5(9(4) —g(-4)) + %(9'(1‘1) —4'(=4)

1 A _47[.2 ) / /
2 /—A (ay Fv—2— 2ma’ + Argu)i)QB(:E = lo])da’.

For A large, the first term is close to §i so its real part is close to 0, and
the second term is close to 0. Considering the property of [

Tm)Q, it is clear
that the third part (the remainder term of Euler Maclaurin formula) is converging.
Moreover, Ve > 0, there exits C'(¢) € N* such that outside [-C(e), C(¢)], uniformly
on u and z, the remainder term is less than €. Note that we have proved the
convergence of (44) when m — oo, and we still need to prove that it can be
arbitrarily small when n — oo.

C(e)—

For any glven e, we consider the difference of the finite sum )~ C( )

the integral f C (z')dz'.
We calculate the sum first. Fix k € ZN[-C(e),C(e) — 1], the sum of g(k) over
z 1 2" =1 divided by n is approximated by

lna+/ 1n(72F\/—z—
S1

g(k) and

2nk + Argu ,  dz
i)
e (27i)z

2wk+Argu -
o

within o(1) as function of n. Let s = s(k,u) = v— i. We consider the sum

of those corresponding to wy and wo,
dz
1 V= In(s —v—2)—+ 4

/ n(s +v=2) (271'2) /31 n(s %) (2mi)z’ (46)

and by taking v/—z = Z, Z € S', ArgZ from 5 to 37“, (46) is equal to
2dZ

1 Z C
/51 n(s + )(27'('7,)2 T

where C' is imaginary so we don’t need to consider. By a power expansion similar
to what we used for w, we have

9%(/51 In(s + Z)(2:§Z> = 2Re(LsgpIns).

We now approximate the sum over u divided by n. Again this term can be
approximated by an integral over u. Note that in fact if we glue the interval of
27k — Argu for every k € [—-C/(e), C(e) — 1], this gives exactly a continuous interval
of [-27C(e),2mC(¢)], and the double sum of g over u and z is equal to

2nC (e
2%8(/ o 1(7,£i)¢D 111(7 — yz)dy)
—27C () o «Q
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If we do the same thing for the double integral of g over u and z, this gives
exactly the same form. We see that integral over z and u makes disappear the
difference between the sum and the integral of g.

By taking ¢ — 0, we have proved the proposition.

References

[AS16]

[Bou09]

[BR10]

[CEP96]

[CKPO1]

[CLP9g]

[CRO7]

[E1k03]

[FRT54]

[GLYY]

[Kas63]

[Ken09]
[KOO7]

[KOS06]

[PRO7]

Noga Alon and Joel H. Spencer. The probabilistic method. Wiley Series in
Discrete Mathematics and Optimization. John Wiley & Sons, Inc., Hoboken,
NJ, fourth edition, 2016.

Cédric Boutillier. The bead model and limit behaviors of dimer models. Ann.
Proab., 37(1):107-142, 2009.

Yuliy Baryshnikov and Dan Romik. Enumeration formulas for Young tableaux
in a diagonal strip. Israel J. Math., 178:157-186, 2010.

Henry Cohn, Noam Elkies, and James Propp. Local statistics for random domino
tilings of the Aztec diamond. Duke Math. J., 85(1):117-166, 1996.

Henry Cohn, Richard Kenyon, and James Propp. A variational principle for
domino tilings. J. Amer. Math. Soc., 14(2):297-346 (electronic), 2001.

Henry Cohn, Michael Larsen, and James Propp. The shape of a typical boxed
plane partition. New York J. Math., 4:137-165, 1998.

David Cimasoni and Nicolai Reshetikhin. Dimers on surface graphs and spin
structures. I. Comm. Math. Phys., 275(1):187-208, 2007.

Noam D. Elkies. On the sums Y - _ (4k + 1)~". Amer. Math. Monthly,
110(7):561-573, 2003.

J. S. Frame, G. de B. Robinson, and R. M. Thrall. The hook graphs of the
symmetric groups. Canadian J. Math., 6:316-324, 1954.

Anna Galluccio and Martin Loebl. On the theory of Pfaffian orientations. I.
Perfect matchings and permanents. FElectron. J. Combin., 6:Research Paper 6,
18, 1999.

P. W. Kasteleyn. Dimer statistics and phase transitions. J. Mathematical Phys.,
4:287-293, 1963.

Richard Kenyon. Lectures on dimers. 2009.

R. Kenyon and A. Okounkov. Limit shapes and the complex burgers equation.
Acta mathematica, 199(2):263-302, 2007.

Richard Kenyon, Andrei Okounkov, and Scott Sheffield. Dimers and amoebae.
Ann. of Math. (2), 163(3):1019-1056, 2006.

Boris Pittel and Dan Romik. Limit shapes for random square Young tableaux.
Adv. in Appl. Math., 38(2):164-209, 2007.

75



[Rom12] Dan Romik. Arctic circles, domino tilings and square Young tableaux. Ann.
Probab., 40(2):611-647, 2012.

[Rud87] Walter Rudin. Real and complex analysis. McGraw-Hill Book Co., New York,
third edition, 1987.

[SOG] Piotr Sniady. Gaussian fluctuations of characters of symmetric groups and of
Young diagrams. Probab. Theory Related Fields, 136(2):263-297, 2006.

[Tes00]  Glenn Tesler. Matchings in graphs on non-orientable surfaces. J. Combin. Theory
Ser. B, 78(2):198-231, 2000.

76



	Introduction
	Presentation of the bead model
	General setting of a bead configuration
	Bead configurations as limit of lozenge tilings: a first view
	Height function
	Boundary conditions and periodic conditions
	The uniform measure of the bead model
	Bead configuration as limit of lozenge tilings: a second view

	Standard Young tableaux and bead model
	Entropy of the bead model
	Free energy and local entropy function of the bead model
	Free energy
	Surface tension, local entropy function

	Entropy-maximizing problem
	Bead model normalized into unit square
	Statement of the entropy-maximizing problem
	Proof of the existence and uniqueness of entropy-maximizer

	The variational principle
	Solutions of the entropy maximizing problem
	Limit shape of standard Young tableaux
	Limit shape of standard (skew) Young tableaux
	Arctic curve of a uniform particle jumping process

	Proof of Propositions 5.1 and 5.2

