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LIMIT SHAPE AND HEIGHT FLUCTUATIONS OF
RANDOM PERFECT MATCHINGS ON
SQUARE-HEXAGON LATTICES

by Cédric BOUTILLIER & Zhongyang LI (*)

ABSTRACT. We study perfect matchings on the contracting square-hexagon
lattice, constructed row by row either from a row of the square grid or of the
hexagonal lattice. Given 1 X n periodic weights to edges, we consider the proba-
bilities of dimers proportional to the product of edge weights. We show that the
partition function equals a Schur function of the edge weights. We then prove the
Law of Large Numbers (limit shape) and the Central Limit Theorem (convergence
to the Gaussian free field) for the corresponding height functions. We also show
that certain types of dimers near the turning corner converge in distribution to
the eigenvalues of Gaussian Unitary Ensemble, and that in the scaling limit when
each segment of the bottom boundary grows linearly with respect to the dimension
of the graph, the frozen boundary is a cloud curve with multiple tangent points
(depending on the period) along each horizontal boundary segment.

RESUME. Nous étudions les couplages parfaits de graphes, construits en pre-
nant, pour chaque ligne, une ligne soit du réseau carré, soit du réseau hexagonal.
Etant donnés des poids sur les arétes avec une période 1 xn, la fonction de partition
est une fonction de Schur dépendant des poids. Nous obtenons dans la limite des
grands systémes une loi des grands nombres (forme limite) et un théoréme central
limite (convergence vers le champ libre) pour la fonction de hauteur associée. La
distribution de certains dimeres pres du point de contact au bord converge vers
celle des valeurs propres de ’ensemble unitaire gaussien. De plus, dans la limite
d’échelle de systémes pour lesquels chaque segment du bord croit linéairement avec
la taille du graphe, le bord de la zone gelée est une courbe nuage avec des points de
contact sur chaque segment du bord inférieur dont le nombre dépend de la période.

1. Introduction

A perfect matching, or a dimer configuration, is a subset of edges of a
graph such that each vertex is incident to exactly one edge. We study the
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asymptotic behavior of periodically weighted random perfect matchings
on a class of domains called the contracting square hexagon lattice. Each
row of the lattice is either obtained from a row of a square grid or that
of a hexagon lattice; see Figure 2.6 for an example. On such a graph we
shall assign edge weights, satisfying the condition that the edge weights
are invariant under horizontal translations, while changing row by row. We
define a probability measure for dimer configurations on such a graph to
be proportional to the product of edge weights.

When all the edge weights are 1, the underlying probability measure is
the uniform measure. The uniform perfect matchings on a square grid or
a hexagonal lattice have been studied extensively in the past few decades;
see [15, 16, 42] for recent results about uniform perfect matchings on the
hexagonal lattice, and [8] for recent results about uniform perfect match-
ings on the square grid. These results are obtained by applying and re-
developing the recent techniques developed to study the Schur processes;
see [1, 2, 6, 7, 38, 40]. Dimer model on a more general graph, called the rail-
yard graph, may also be studied by techniques of Schur processes; see [5].

Among the problems concerning the asymptotic behavior of perfect
matchings on larger and larger graphs, two of them are of special inter-
est: the Law of Large Numbers and the Central Limit Theorem. More pre-
cisely, when the underlying finite graphs on which the dimer configurations
are defined become larger and larger whose rescaled version approximate a
certain domain in the plane, the rescaled height functions (which is a ran-
dom function defined on faces of the graph associated to each random per-
fect matching) are expected to converge to a deterministic function (limit
shape); and the non-rescaled height function is expected to have Gaussian
fluctuation. The limit shape behavior was first observed from the arctic cir-
cle phenomenon for dimer models on large Aztec diamond (which is a finite
subgraph of the square grid with certain boundary conditions); see [21, 23].
In each component outside the inscribed the circle, with probability expo-
nentially close to 1, all the present edges of the dimer configuration are
along the same direction. This is called the frozen region. Inside the circle,
the probability that an edge of any certain direction appears in the dimer
configuration is non-degenerate and lies in the open interval (0,1); this is
called the liquid region. The limit shape of non-uniform dimer models on
square grids, with more general boundary conditions, was studied in [10],
and the technique may be generalized to obtain a variational principle,
limit shape, and equation of frozen boundary for dimer models on general
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periodic bipartite graphs; see [27]. The Aztec diamond with 2 x 2 period
was studied in [9], with 2 X n period was studied in [11].

A square-hexagon lattice may be constructed row by row from either
a row of a square grid or a row of a hexagonal lattice. In this paper, we
assign positive weights to edges of the square-hexagon lattice in such a
way that the edge weights change row by row with a fixed finite period.
We then consider a special finite subgraph of the square-hexagon lattice,
called a contracting square-hexagon lattice. With the help of the branching
formula for the Schur function, we then show that the partition function
of dimer configurations on a contracting square hexagon lattice, can be
computed by a Schur function depending on edge weights.

Note that Markov chains for sampling those random dimer configura-
tions on finite square-hexagon lattices with certain boundary conditions
(i.e. random tilings of tower graphs) were studied in [4].

We then study the limit shape of the dimer configurations when the mesh
size of the graph goes to zero, and show that the height function converges
a deterministic function with an explicit formula. We then find the equation
of the frozen boundary, and show that the frozen boundary is again a cloud
curve (similar results was obtained in [27] for the hexagonal lattice, and
obtained in [8] for the square grid), whose number of tangent points to
the bottom boundary depend not only on the number of segments with
distinct boundary conditions on the bottom boundary, but also on the size
of the period of edge weights. In particular, given our assignments of edge
weights, the liquid region is a simply-connected domain, i.e. there are no
“floating bubbles” in the liquid region. We then study the fluctuations of
non-rescaled height function, and show that after a homeomorphism from
the liquid region to the upper half plane, the law of non-rescaled height
fluctuations are given in the limit by the Gaussian free field. This extends
the framework in which such a result is available for non-flat boundary
conditions. See [3, 12] for the first results of this type, and [13] for another
method to show that a large class of models have this kind of fluctuations.
We also study the distribution of present edges joining a row with odd index
to a row with even index above it, and show that near the top boundary,
these edges have the same distribution as the eigenvalues of a GUE random
matrix, which was established in [39] for plane partitions and in [22] for
the Aztec diamond. In [30, 31], the case when the periodic edge weights
decay polynomially with respect to the size of the graph is investigated, the
liquid region is proved to split to finitely many disconnected components,
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and the height fluctuation in each component of the liquid region is proved
to be an independent Gaussian free field in the scaling limit.

The organization of the paper is as follows. In Section 2, we define the
contracting square-hexagon lattice and prove the formula to compute the
partition function of dimer configurations on such a lattice via Schur func-
tions depending on edge weights. In Section 3, we prove an explicit formula
for the limit of the rescaled height function. In Section 4, we prove an ex-
plicit formula for the density of the limit counting measure associated to
the dimer configurations on each row of the contracting square-hexagon
lattice, and define the frozen region to be the region whenever the density
is 0 or 1. In Section 5, we prove an explicit formula for the frozen boundary
(the boundary of the frozen region) and show that the frozen boundary a
cloud curve. In Section 6, we show that the distribution of present edges
joining an row with odd index to a row with even index above it near the
top boundary is the same as that of eigenvalues of a GUE random matrix.
In Section 7, we show that the fluctuation of the non-rescaled height func-
tion is a homeomorphism of the Gaussian free field in the upper half plane.
In Section 8, we give simulations of the distribution of dimer models on the
contracting square-hexagon lattice, and draw pictures of the limit shape.
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2. Combinatorics

In this section, we define the contracting square-hexagon lattice on which
we shall study the perfect matching, or the dimer model. By an explicit
bijection between perfect matchings on the contracting square-hexagon lat-
tice and sequences of certain Young diagrams, we express the probability
measure on perfect matchings, in which the probability of each configura-
tion is proportional to product of edge weights, in terms of Schur functions.
As a result, the partition function of dimer configurations on such contract-
ing square-hexagon lattice can also be expressed in term of Schur functions.

ANNALES DE L’INSTITUT FOURIER
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This extends known results for the dimer model on the square grid [8] and
hexagonal lattice [6, 42], where the underlying measure is uniform or a
g-deformation of the uniform measure.

2.1. Square-hexagon Lattices

Consider a doubly-infinite binary sequence indexed by integers Z =
{...,—2,-1,0,1,2,...}.

d=0(...,a_9,a_1,a9,a1,as,...) € {0,1}%,

The whole-plane square-hexagon lattice associated with the sequence a,
is a bipartite plane graph SH(a) defined as follows. Each vertex of SH(a) is
either black or white, and we identify the vertices with points on the plane.
Its vertex set is a subset of % X %. For m € %, the vertices with ordinate
m correspond to the 2mth row of the graph. Vertices on even rows (for m
integer) are colored in black. Vertices on odd rows (for m half integer) are
colored in white.

e cach black vertex on the (2m)th row is adjacent to two white ver-
tices in the (2m + 1)th row; and
e if a,;, = 1, each white vertex on the (2m — 1)th row is adjacent to
exactly one black vertex in the (2m)th row; if a,, = 0, each white
vertex on the (2m — 1)th row is adjacent to two black vertices in
the (2m)th row.
See Figure 2.1. Such a graph is also related to the rail-yard graph; see [5].

We shall assign edge weights to the whole-plane square-hexagon lattice
SH(a) as follows.

ASSUMPTION 2.1. — For m > 1, we assign weight x.,,, > 0 to each NE-
SW edge joining the (2m)th row to the (2m + 1)th row of SH(a). We
assign weight y,, > 0 to each NE-SW edge joining the (2m — 1)th row to
the (2m)th row of SH(a), if such an edge exists. We assign weight 1 to all
the other edges.

It is straightforward to check the following lemma describing the faces
of a whole-plane square-hexagon lattice.

LEMMA 2.2. — Each face of SH(a) is either a square (degree-4 face) or
a hexagon (degree-6 face). Let m > 1 be a positive integer.

(1) There exists a degree-6 face including both black vertices in the
(2m)th row and black vertices in the (2m + 2)th row if and only if
Am+1 = 1.

TOME 71 (2021), FASCICULE 6
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(a) Structure of SH(d) between the (2m)th row and
the (2m + 1)th row

m

1 Ym Ym Ym Ym

m— 3

(b) Structure of SH(a) between the (2m — 1)th row
and the (2m)th row when a,, =0

L]

2

(c) Structure of SH(a) between the (2m — 1)th row
and the (2m)th row when a,, = 1

Figure 2.1. Graph structures of the square-hexagon lattice on the
(2m — 1)th, (2m)th, and (2m + 1)th rows depend on the values of
(am). Black vertices are along the (2m)th row, while white vertices
are along the (2m — 1)th and (2m + 1)th row.

(2) There exists a degree-4 face including both black vertices in the
(2m)th row and black vertices in the (2m + 2)th row if and only if
Amy1 = 0.

A contracting square-hexagon lattice is built from a whole-plane square-
hexagon lattice as follows:

DEFINITION 2.3. — Let N € N. Let Q = (Q4,...,Qx) be an N-tuple
of positive integers, such that 1 = Q; < Qs < --- < Qpn. Set m = Qny — N.
The contracting square-hexagon lattice R(€),a) is a subgraph of SH(a)
built of 2N or 2N + 1 rows. We shall now enumerate the rows of R(S, )
inductively, starting from the bottom as follows:

e The first row consists of vertices (i,j) with i = Qy — %, o Oy — %
and j = %. We call this row the boundary row of R(£,d).

e When k = 2s, for s =1,... N, the kth row consists of vertices (i, j)
with j = g and incident to at least one vertex in the (2s — 1)th
row of the whole-plane square-hexagon lattice SH(a) lying between
the leftmost vertex and rightmost vertex of the (2s — 1)th row of
R(Q, a)

ANNALES DE L’INSTITUT FOURIER
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e When k =2s+ 1, for s =1,...N, the kth row consists of vertices
(i,7) with j = % and incident to two vertices in the (2s)th row of

R(Q, ).

The transition from an odd row to the next even row in a contracting
square-hexagon lattice can be of two kinds depending on whether vertices
are connected to one or two vertices of the row above them. See Figures 2.4,
2.5, and 2.6 for examples of contracting square-hexagon lattices.

DEFINITION 2.4. — Let I (resp. I3) be the set of indices j such that
vertices of the (2j—1)th row are connected to one vertex (resp. two vertices)
of the (2j)th row. In terms of the sequence a,

L={ke{l,...,N}| ar=1}, L={ke{l,....N}|ay=0}

The sets I; and Iy form a partition of {1,..., N}, and we have |[;| =
N — | L.

2.2. Perfect Matching

DEFINITION 2.5. — A dimer configuration, or a perfect matching M of a
contracting square-hexagon lattice R(€2, ) is a set of edges ((i1, j1), (i2, j2)),
such that each vertex of R(£2,a) belongs to a unique edge in M.

The set of perfect matchings of R(§, &) is denoted by M(€,a).

DEFINITION 2.6. — Let M € M(Q, ) be a perfect matching of R(€2, a).
We call an edge e = ((i1,71), (i2,J2)) € M a V-edge if max{j1,jo} € N
(i.e. if its higher extremity is black) and we call it a A-edge otherwise.
In other words, the edges going upwards starting from an odd row are
V-edges and those ones starting from an even row are A-edges. We also
call the corresponding vertices-(i1, j1) and (iz, jo) V-vertices and A-vertices
accordingly.

LEMMA 2.7. — Let M € M(Q,a) be a perfect matching of R(2,a). For
each 1 < i < N, the number of V-edges joining the (2i — 1)th row and the
(2i)th row is one more than the number of V edges joining the (2i)th row
and the (2i + 1)th row.

Proof. — For j € {2i,2i+ 1}, let t; be the number of vertices in the jth
row of R(£2, @). From the construction of R(£2, &) in Definition 2.3, we have

(21) t2i+1 =t9; — 1.

TOME 71 (2021), FASCICULE 6
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Let s be the number of V-edges joining the (2i — 1)th row and (2i)th row.
Then there exists (t2; — s) A-edges joining the (2¢)th row to the (2i + 1)th
row. Hence there are (to; 11 — t2; + s) V-edges joining the (2 4+ 1)th row
and (2¢ + 2)th row. Then the lemma follows from (2.1). O

Example 2.8.

(1) If for each ¢ > 1, each vertex on the ith row of SH(a) is adjacent
to two vertices on the (i + 1)th row of SH(&), then the construction
in Definition 2.3 gives us the rectangular Aztec diamond studied
in [8].

(2) Foreachi > 1, each vertex on the (2i—1)th row of SH(a) is adjacent
to one vertex on the (2¢)th row of SH(d), then the construction in
Definition 2.3 gives us the contracting hexagonal lattice studied
in [7, 42].

2.3. Partitions and Young Diagrams

Following [8], we will use signatures to encode the perfect matchings of
the contracting square-hexagons.

DEFINITION 2.9. — A signature of length N is a sequence of nonincreas-
ing integers p = (u1 = po = -+ = un). Fach py is a part of the signature
w. The length N of the signature p is denoted by I(u). We say that p is
non-negative if uy > 0. The size of a non-negative signature p is

N
|l = Zur
i=1

GT x denotes the set of signatures of length N, and GT} is the subset of
non-negative signatures.

To the boundary row Q = (7 < --- < Qu) of a contracting square-
hexagon lattice is naturally associated a non-negative signature w of length
N by:

w:(QN—N,...,Ql —1).

Non-negative signatures are the convenient objects to talk about integer
partitions with a given number of zero parts. Most of the objects con-
structed from partitions are available for non-negative signatures, in par-
ticular Young diagrams, and interlacement relations which we recall now.

A graphic way to represent a non-negative signature p is through its
Young diagram Y, a collection of || boxes arranged on non-increasing

ANNALES DE L’INSTITUT FOURIER
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rows aligned on the left: with p; boxes on the first row, pus boxes on the
second row,...uy boxes on the Nth row. Some rows may be empty if the
corresponding puy is equal to 0. The correspondence between non-negative
signatures of length N and Young diagrams with N (possibly empty) rows
is a bijection.

If all the parts of a non-negative signature p are equal (say N parts equal
to m), the Young diagram Y, has a rectangular shape. We then say that p
is rectangular, and note p = N x m, and Yy x., for its Young diagram.

Young diagrams included in Yy, are those corresponding to non-
negative signatures of length N and parts bounded by m.

DEFINITION 2.10. — Let Y, W be two Young diagrams. We say that
Y C W differ by a horizontal strip if the collection of boxes in Z = W \Y
contains at most one box in every column. We say that they differ by a
vertical strip if Z contains at most one box in every row.

We say that two non-negative signatures \ and p interlace, and write
A < p if Y\ CY, differ by a horizontal strip. We say they co-interlace and
write X <’ p if Yy C 'Y, differ by a vertical strip.

Another way to graphically represent signatures is to use Maya dia-
grams, which usually represent a collection of white and black particles
(here squares [J, W) on the 1-dimensional lattice Z. For our purposes, since
we will work with non-negative signatures with Young diagram included in
a rectangle of a given size, we will need finite version of Maya diagrams,
defined below.

DEFINITION 2.11. — A finite Maya diagram m of length n is an element
of {00, M}™. The origin of the Maya diagram is a position between two
successive elements of the sequence, such that the number of elements on
the left (resp. on the right) of this position is equal to the number of B
(resp. O) particles.

Non-negative signatures p of length N with parts bounded by m corre-
sponds bijectively to finite Maya diagrams m,, of length NV +m and exactly
N Dblack particles, by the following coding of the non trivial part of the
boundary of Y}, seen as a lattice path of length IV + m connecting two op-
posite corners of Yy «m. A vertical step corresponds to a B and a horizontal
step corresponds to a [J. See Figure 2.2.

This way, the signature of length N with all parts equal to 0 (resp. equal
to m) corresponds to the Maya diagram where the N black particles are
on the left (resp. on the right) of the m white particles.

TOME 71 (2021), FASCICULE 6
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- = = = = —— -

Figure 2.2. Top: the Young diagram of (5,4, 4,4,2,0,0), seen as a non-
negative signature with 6 parts, all bounded by 6 (left); the same
Young diagram included in the rectangle 6 x 6 and the path repre-
senting the boundary of the Young diagram from the lower left to the
upper right corner (middle), the encoding of the steps of path with
black and particles. Bottom, the actual finite Maya diagram of size
6 + 6.

We shall associate to each perfect matching in M(,d) a sequence of
non-negative signatures, one for each row of the graph.

ANNALES DE L’INSTITUT FOURIER
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Construction 2.12. — Let j € {1,...,2N + 1}. Assume that the jth row
of R(§,a) has n; V-vertices and m; A-vertices. Then we first associate a
finite Maya diagram of length n; + m; with n; black particles: every A-
vertex (resp. V-vertex) is mapped to a white (resp. black) particle. This
Maya diagram corresponds then to a Young diagram of a non-negative
signature of length n; and parts bounded by m;j, which in turn has a
Young diagram Yj fitting in a n; X m; rectangle.

Note that to perform this construction for the boundary row (i.e. j = 1),
vertices with coordinates between ; and Q,, which are not present in
the graph are considered a (virtual) A-vertices, and should be taken into
account to compute nq and m;.

The encoding of dimer configurations of finite contracting square-hexagon
graphs with Maya diagrams allows then for a bijective correspondence with
sequences of interlaces signatures. More precisely:

THEOREM 2.13 ([8, Theorem 2.9], [5]). — For given Q, a, let w be the
signature associated to ). Then the construction 2.12 defines a bijection
between the set of perfect matchings M(Q,a) and the set S(w,a) of se-
quences of non-negative signatures

(™), ™) 00

where the signatures satisfy the following properties:

o All the parts of (9 are equal to 0;
e The signature pv)
e The signatures satisfy the following (co)interlacement relations:

is equal to w;

pN) Ly (N) (N1 () (1) (0),

Moreover, if a,, = 1, then pN+t1=k) = p(N+1-k)

Remark 2.14. — The interlacing relations have the following implications
on the signatures and their Young diagrams:
o for all i, [(u®) = 1(v¥) = 4;
e for all i, parts of u(? (resp. v(9) are all bounded by Qy + i — t(i)
(resp. Qn —t(i + 1)+ i+ 1).
where
t(i) = #(INn{1,...,i—1})
is the number of odd rows below with ordinate less than i, where vertices
are connected to a single vertex of the row above them.

The following lemma relates the size of the signatures associated to rows
of the graph with the number of NE-SW dimers connecting these rows:

TOME 71 (2021), FASCICULE 6
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LEMMA 2.15. — Let 1 <7< N.

(1) If in the (2i)th row of R(Q,a), the dimer configuration is given
by the signature v(N=*1); and in the (2i + 1)th row, the dimer
configuration is given by the signature pN=%) then the number of
present NE-SW edges joining the (2i)th row to the (2i + 1)th row
is |V(N7i+1)| _ |M(N7i)|‘

(2) Assume that each vertex in the (2i — 1)th row of RH(a) is adjacent
to two vertices in the (2i)th row. If in the (2¢ —1)th row of R(£2, a),
the dimer configuration is given by the signature pN=*t1; and in
the (2i)th row, the dimer configuration is given by the signature
v(N=i+1) " then the number of present NE-SW edges joining the
(2i — 1)th row to the (2i)th row is [N =11 | — | (V=141

Proof. — Edges present in a dimer configuration between rows 2:¢ and
21 + 1 are A-edges, connecting A-vertices which in terms of Maya diagram
are [-particles.

Let M, ; (resp. M, ;) be Maya diagrams corresponding to v(V+1=%) and
pN=9_ Note that M, ; (resp. M,, ;) has exactly N+1—i (resp. N —i) boxes
to the left of its origin, and both M, ; and M, ; have the same number of
boxes to the right or their origins. This follows from the fact that M, ;
(resp. M, ;) has N+1—1i (resp. N —1i) black squares, while both M, ; and
M, ; have the same number of white squares; see Definition 2.11. If we look
at the M, ; and M, ; with their origin aligned, the presence of a NE-SW
edge corresponds to a [-particle in M, ; jumping to the right by one step
in M, ; (whereas a NW-SE edge would correspond to a O-particle staying
at the same place in both M, ; and M, ;; see Figure 2.3.

The number of NE-SW edges between these two rows is thus the total
displacement of O-particles. Since in a Maya diagram, moving a O-particle
to the right corresponds to removing a box in the Young diagram, thus de-
creasing the size of the partition by 1, it follows that the total displacement
of the O-particles is equal to [pV+1=9| — | (N=9)],

The second part is proved analogously. O

A simple and direct consequence of Lemma 2.15 is the following:

COROLLARY 2.16. — The total number of NE-SW edges in a perfect
matching of R(),d) is equal to |w|, the size of the non-negative signature
corresponding to the boundary row ).

ANNALES DE L’INSTITUT FOURIER
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. “//\/\/\

=R ERER=SE

Figure 2.3. The top graph represents part of a dimer configuration
of a square-hexagon lattice, more precisely, the configuration of edges
between the 2ith row and the (2i+1)th row. Present edges in the figure
are A-edges. Endpoints of present edges in the figure are A-vertices;
all the other vertices are V-vertices. The mid-left graph is the Young
diagram associated to the (2¢ + 1)th row; and the bottom-left graph
is the Young diagram associated to the 2ith row. The mid-right graph
is the Maya diagram corresponding to the (2¢ + 1)th row; and the
bottom-right graph is the Maya diagram associated to the 2:th row.

2.4. Schur Functions and Partition Function of Perfect
Matchings

Recall that the partition function of the dimer model of a finite graph G
with edge weights (we)cep(q) is given by

z= % Il we
MeMeeM

where M is the set of all perfect matchings of G. The Boltzmann dimer
probability measure on M induced by the weights w is thus defined by
declaring that probability of a perfect matching is equal to

1
E H We.
eeM

In this section, we prove a formula which express the partition function
of perfect matchings on a contracting square-hexagon lattice R(Q, ) as a

TOME 71 (2021), FASCICULE 6
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Schur function depending on the boundary configuration 2 and the edge
weights.

DEFINITION 2.17. — Let A\ € GTy. The rational Schur function sy
associated to A is the homogeneous symmetric function of degree |A| in N
variables defined by:

ANi+N—j
_detijor o (w )

H1<i<j<N(“i —uy)

Sk(uly"'auN)

Let pu,v € GT;" be two non-negative signature of length n. It is well-
known that Schur functions form a basis for the algebra of symmetric
functions. Let 8 = (f1,...,08,) € C™. We define as in [8] the coeflicients
stg (1 — v) and pry (A® — pi=1) as follows:

[V[=|A] sA(B2;,:--,8n)

if A <
(2.2) prﬂ(y —A) = 1 50 BrriBn) ! v
0 otherwise,
and
1 s5x(B1,.-,8n) if /
(2.3) sto(i— A) = & [ 0F8) 5 Buf B 1 <A
0 otherwise.

By the branching formula for Schur polynomials, and the same argument
as [8, Lemma 2.12] we have the following identities

Sp(ur, ..., up) 2 (14uy) satugy ..oy un)

(2.4) S/L(ﬁl""’ﬂ")g(lJrﬁj)_)\%nsw(’u%)\>7’9)‘(51""’6")7
Su(B1yug, .. Up) salug,y .. up)
) = rp (v — \) 2R
29 S Rl DR A de PR owwwe

from which we deduce that the following holds:

> prg(v = A) =1, D sta(p—v) = 1.

A<v v
For i € {1,2,...,i}, define

(2.6) Ci = (i, Tig1,. .., xy) € RN 7L

and for ¢ € I, define

(2.7) B; = yiC;y = (yii, yiwiy1 - .., yiwn) € RV

By homogeneity of the Schur functions, for each ¢ € Is, and A € GTE_ i
we have

(2.8) x(By) = (y:)M 5x(Cy).
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For ¢ € I, define

N

(2.9) L= [ Q+wz).

t=i+1

Recall that SY (&), as defined in Theorem 2.13, is the set of all the se-
quences of partitions in bijection with the set M (€, d), which consists of
all the perfect matchings on the contracting square-hexagon lattice with
bottom boundary condition 2 and structures on rows given by a. We now
define a probability measure on S2Y () as follows:

=limm—wy H stp, (M(N—J'H) N V(N—j+1))
JEI2

N
X Hprci (I/(N_H'l) — M(N_i)> .
i=1

The following proposition connects this measure with the Boltzmann
measure on dimers configurations of the associated contracting square-
hexagon graph:

PRrOPOSITION 2.18. — The bijection described in Theorem 2.13 trans-
ports the probability measure (2.10) on SY (&) to a Boltzmann dimer mea-
sure on the perfect matchings of R(S),d), with the following weights

e cach NE-SW edge joining the (2i)th row to the (2i + 1)th row has
weight x;; and

e cach NE-SW edge joining the (2i — 1)th row to the 2ith row has
weight y;, if such an edge exists;

e All the other edges have weight 1.

Moreover, the dimer partition function on R(2,d) for these weights is
given by

7 =

H ]-—‘z‘| sw(wlv"'axN)

i€l

where w is the N-tuple corresponding to the boundary row of R(£2, &), and
I'; is defined as in (2.9).
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Proof. — By (2.10), (2.2), (2.3) and (2.8), we have
(2.11) PV (M(N%V(N)“._7u(1>7y<1>7u<o>)

(N—i+1)|_
Hie[z[(yi)lu |

|,/(N7j+1)|_|u(1\7*j)|

WN’””\}

vaﬂ[(xy)
[Hielz Fz‘] Sw(T1, .-, TN)

When p™) = w, the numerator of (2.11) is exactly by Lemma 2.15 the
product of weights of present edges in the perfect matching corresponding

=Ll{um=w)

to the sequence of non-negative signatures

(u(N), IR O M(O)>

Then the proposition follows. O

2.5. Examples

In this section, we provide a few examples of contracting square-hexagon
lattices, compute the partition functions of dimer configurations on these
graphs explicitly, and verify that these partition functions are equal to the
formula given by Proposition 2.18.

2.5.1. Square Grid

Consider perfect matchings on a square grid with edge weights assigned
as in the Figure 2.4.

COROLLARY 2.19. — Let R(f2,d) be a contracting square grid, with
edge weights x1,x3,..., on NE-SW edges; a; =0 for all i > 1; and () is an
N-tuple of integers. Then the partition function for perfect matchings on
R(£,0) is given by

N N
7 = HH(1+yil‘j) Sw(Z1y. ey ZN)

i=1j=i
where w is the N-tuple corresponding to the boundary row of R(£2,0), and
TI'; is defined as in (2.9).

Proof. — Note that when a = 0, the graph is a square grid. When (2 is
an N-tuple of integers, we have Iy = {1,2,..., N}. Corollary 2.19 follows
from Proposition 2.18. g

The case when all z; and y; are 1 is the one covered by [8].
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Figure 2.4. Rectangular Aztec diamond with N = 4, m = 2, Q =
(1,3,5,6), and a; = 0.

2.5.2. Hexagon Lattice

COROLLARY 2.20. — Let R(),d) be a contracting hexagonal lattice
such that a; = 1 for all i > 1 and 2 is an N-tuple of integers, with edge
weights x1, 2, . .., on NE-SW edges. Then the partition function for perfect
matchings on R(, 1) is given by

Zzsw(xla'-'axN)

where w is the N-tuple corresponding to the boundary row of R(N,Q, m),
and T'; is defined as in (2.9).

Proof. — Note that when & = 1, the graph is a hexagon lattice. When
is an N-tuple of integers, we have I = (). The Corollary 2.20 follows from
Proposition 2.18. (]

The case when all the weights z; are equal to 1 is the context of [42],
although the results there were obtained through a g-deformation of the
measure by setting z; = ¢~* and taking the limit ¢ — 1.
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Figure 2.5. Contracting hexagon lattice with N = 4, m = 2, Q =
(1,2,4,6), and a; = 1.

2.5.3. A Square-Hexagon Lattice

Example 2.21. — The partition function of dimer configurations on a
square-hexagon lattice as illustrated in Figure 2.6 is

(212)  Z = (1+ yax2)(1 + yous)
X [x‘fxg + I%’Eg + xlxg + :clzg + zgxg + osgxg
+ zia3 + 27} + 2325 + 2320wz (21 + T2 + 23)].
Indeed, in the graph shown in Figure 2.6, we have I = {2} and the bound-
ary signature is w = (3,1, 0). Then the partition function can be computed
by applying Proposition 2.18. More precisely
7 = (1 + ygmg)(l + y2$3)8w($1, 2, .’Eg).
Expanding s, (x1,x2,x3), we obtain exactly (2.12).

For this case, as well as the previous cases, an alternative way to derive
the partition function would be to apply Kasteleyn—Percus theory [24, 41]
and write it as the determinant of a sign twisted, weighted, bipartite adja-
cency matrix of the graph, and get the same polynomials. But for this class

of graphs, the machinery of symmetric functions gives a shorter derivation
of the partition function.
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Figure 2.6. Contracting square-hexagon lattice with N = 3, m = 3,
Q = (1, 3, 6), (al,ag,ag) = (1,0, 1)

2.6. Convergence of the free energy

We state now a result about the asymptotic behavior of the partition
function Z of the dimer model on contracting square-hexagon graphs (de-
fined in Proposition 2.18), subject to some regularity for the sequence of
signatures describing the boundary of the graph. This partition function
then grows exponentially with N2, where N is the size of the graph, and
the exponential growth rate

1
lim —logZ
Ngnoo N2 8
is called the free energy.
Let us introduce first some definition to state the hypotheses for the
convergence result:
Let A € GTx be a non-negative signature. We define the counting mea-

sure m(A) corresponding to A as follows:

=% o0 (),

Let p be a probability measure on the set GTy of all signatures. The
push-forward of p with respect to the map A — m()) defines a random
probability measure on R denoted by m(p).
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One natural setting for which one can prove that the free energy exists
is when the corresponding sequence of signatures describing the boundary
of our sequence of contracting square-hexagon graphs is regular [16], in the
following sense:

DEFINITION 2.22 ([16]). — A sequence of signatures A(N) € GTy is
called regular, if there exists a piecewise continuous function f(t) and a
constant C' > 0 such that

(3«

N

. 1
dm >

Jj=1

and sup
1N

Since the renormalized logarithm of the I'; factors have a simple limit,
the existence and the value of the free energy is determined by the existence
of the logarithm of the renormalized Schur function.

For any positive integer j € N, let 7 = j mod n.

PRrOPOSITION 2.23 (Existence of the normalized free energy in the peri-
odic case). — Suppose that the following two conditions hold:

o {A(N)}nen Is a regular sequence of signatures,
e as N — 0o, m(A(IV)) converges weakly to a probability measure m
on R.
Then:
(1) For each N, syn)(1,...,1) > 1.
(2) For any 8 = (B1,...,0,) € R", and any sequence (V) = ((B;N),

e fLN)))N converging to f3, the limit

1 SA(N) (5§N)7...,5%V))
(2.13) lim — log
S)\(N)(l, 1)

N-—oo N2
exists, and depends only on the limit 5. In particular,

SA(N) (5%1\]),...,@%\[))

S)\(N)(l,...,l)

. 1

~ lim 1 log sa(v)(Bs - -5 By)

N—oo N2 5/\(N)(17~-~71)

Proof. — By Corollary 2.20, sy(n)(1,...,1) is the total number of dimer
configurations on a contracting hexagonal lattice, in which the boundary
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configuration is given by A(N). Since there exists at least one dimer con-
figuration on each such lattice, we obtain the first part.

The existence of the limit is a consequence of the successive application
of two lemmas stated below: first Lemma 2.24 expressing the Schur function
as a matrix integral, then Lemma 2.25 about limit of normalized logarithms
of these integrals.

The convergence condition (2) implies that the empirical measures

1 1 &
ﬁZlaﬂéN) and N;éﬁz

converge to the same measure. Thus by Lemma 2.25, the renormalized
logarithms of matrix integrals, and hence Schur functions, converge and
have the same limit. O

Here are the two lemmas needed to conclude the proof of the previous
proposition. The first one represents the Schur function as a matrix inte-
gral over the unitary group, the so-called Harish-Chandra—Itzykson—Zuber
integral:

LEMMA 2.24 ([19, 20]). — Let A € GT be a non-negative signature,
and let B be an N x N diagonal matrix given by

B=diaglM +N—-1,...,0;+N—j,...,An + N = N]

Let (a1, as,...,an) € CN, and let A be an N x N diagonal matrix given
by
A = diaglay,...,an].

Then,

(2.15) M = 1] %/ (THUTAUB) g1
sa(l,-.51) 1<icjen € T €7 Jumn

where dU is the Haar probability measure on the unitary group U(N).

Note that Lemma 2.24 was originally proved when A is a Hermitian
matrix with eigenvalues ay, as, ..., ax, hence (a1, as,...,ay) € RY. Since
the right hand side of (2.15) depends only on the eigenvalues of A when A is
a Hermitian matrix, the identity (2.15) is then true for A = diagfay,...,an]
with complex entries as well since both the left hand side and the right hand
side in (2.15) are entire functions in aq,...,aN.

The second lemma is about the convergence of the normalized logarithms
of these integrals:
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LEMMA 2.25 ([18, Theorem 1.1]). — For an N x N Hermitian matrix
A with eigenvalues (a1, ...,an), we denote by

1 N
mJX = Nz(sai.
i=1

the spectral measure for A. Let {Dn}nen, {EN}nNen be two sequences of
diagonal, real-entry matrices, such that the three following conditions are
satisfied:

e there exists a compact subset F C R such that supp mgN C F for

all N e N;
° fodmgN is uniformly bounded with a bound independent of N;
N N

e my and mp converge weakly towards pg and pp, respectively.

Then as N — oo,

% IOg/GNtr(UDNU*EN)dU,

has a limit depending only on pg and pp.
By Weyl’s formula,
)\i N)—12)— (M:(N 7‘7'
saxavy(1,...,1) = H (Ai(N) — i) — (A;(NV) )

11 J—i
1<i<j<N

From Proposition 2.23 we obtain that the existence of the free energy
i L (N) (N)
J\}E)noo mlOgs)\(N) (ﬂi Yoo 7ﬁ1v )
under the assumption of Proposition 2.23 depends on the existence of
11 (Ai(N) =) = (A (V) = J)

j—i

) 1

lim e log ,
1<i<j<N

which exists when the sequence of signatures is regular, and is given by the

following integral

Sl e )y

3. Existence of Limit Shape

In this section, we study the convergence of the counting measure for
the signature corresponding to the random dimer configuration on each
row of the contracting square-hexagon lattice. We prove that the (random)
moments of the counting measure converge to deterministic quantities, for
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which we give an explicit formula. This implies that the rescaled height
function associated to the random perfect matching satisfies certain law of
large numbers, and converges to a deterministic shape in the limit. This
limit shape is also the solution of a variational problem, i.e., the unique
deterministic function that maximizes the entropy; see [10].

We will need a more refined convergence, at order % instead of #
for the free energy, and where a finite number of arguments of the Schur
function (2.13) are allowed to vary.

If (A(IV)) is a regular sequence of signatures, then the sequence of count-
ing measures m(A(N)) converges weakly to a measure m with compact
support. When the ;s are equal to 1, we have by Theorem 3.6 of [8] that
there exists an explicit function Hy,, analytic in a neighborhood of 1, de-
pending on the weak limit m such that

o1 savy (U, - ug, 1,..0,1)
3.1) 1 —1 =H o+ H
(3-1) Nl—I>r<l>oN Og( SA(N)(l,...,l) m(u1)+- -+ Hm(ug),
and the convergence is uniform when (uq,...,u) is in a neighborhood

of (1,...,1). Precisely, Hy, is constructed as follows: let Sm(z) = z +
> he, My (m)z**1 be the moment generating function of the measure m,

where M,(m) = [z*dm(z), and S be its inverse for the composition.
Let Rm(z) be the Voiculescu R-transform of m defined as

1 1
Rm(z) = ———— — =,
MG R

Then
(3.2) Hn () = /O " () dt - In (uln_ul) .

In particular, Hy,(1) = 0, and

1 1
uSh 1)(lnu) u—1
PROPOSITION 3.1. — Assume that (A(N) € GTy, N = 1,2,...) is a

regular sequence of signatures, such that

A}iinoo m(A(N)) = m.

Hip(u) =

Let BWV) = (6§N),B§N), ey B,(LN)) € R™, such that one of the two fol-
lowing conditions holds:

(1) there exists a positive constant « > 0 satisfying

(3.3) lim max {‘BZ(N) — 1‘} eNe =,
N—o0 1<i<N
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(2) there exists a constant C' > 0 such that

(3.4) (M) < Cs and lim  masx {‘BZ?N)—1‘}N:0

N—oo 1<i<KN
for each 1 < i < n.

Then for each fixed k € N, there is a small open complex neighborhood

of (1,...,1) € C¥, such that for N large enough, SA(N) (ul, .. .,uk,ﬁ%,
. ,ﬁ%v)) is non-zero for (uy, . .., ux) in this neighborhood, and the follow-
ing convergence occurs uniformly in this neighborhood:
I 1 1 SA(N) (ulw"aukvﬁk_‘_la"wﬁN))
im — log ~ o
N—oco N SAWY) (Bé )""7ﬂﬁ ))

=Hm(u1) + -+ Hm(ug).

Proof. — To simplify notation, we will simply write sx(u, 1) or sx(u, 3)

for the following quantities sy(n)(u1,...,ug, 1,...,1) or sy U1, ..., ug,

N
B BYY).

Note that
sa(u,
log(sf\\gﬂ,g;) =Dnj1+ Dy + Dy,
where
1
Dy1= 10g<8)\((u’ f;), Dyg2 = log<8/\(l(l’1)>>a
sa(u, s

(3.5) A A

DN‘”"k’g( 2E8)

By Theorem 3.6 of [8], we have
1
A NDN 2= Hm(u1) + -+ Hm(ug),

and the convergence is uniform in an open complex neighborhood of
(1,...,1). Let us first consider the term Dy 3, where there is no dependency
in u. Writing that the Schur function sy is a sum of s»(1) homogeneous
monomials of degree |A|, we obtain that

Al
Isx(B) — sx(1)] < C|A| (sup|ﬂj(,N)|) A max|5(N) 1.

When Hypothesis (3.3) is satisfied, one has |\| = O(N?) and |ﬁi(N) -1 =
O(e=N) = o(N~2) Therefore, the ratio sx(8)/sx(1) goes to 1 if Bj(-N)
1+ o(N~?) (uniformly in j) and || = O(N~2), which is the case under

ANNALES DE L’INSTITUT FOURIER



PERFECT MATCHINGS ON SQUARE-HEXAGON LATTICES 2329

Hypothesis (3.3). Therefore its logarithm converges to 0. The conclusion
can be checked in a similar fashion for the second hypothesis (3.4).

The convergence for Dy ; requires a better control of the BJ(N). Let us
show that uniformly for u = (u1,...,u;) in a small enough open neighbor-
hood of 1, the ratio

sx(u, B) — sa(u,1)
S)\(l, 1)
converges to 0 as N goes to infinity under the hypothesis (3.3). The case (3.4)
is similar.
We use the following formula for Schur functions:

s B) = su(ws,(8)

n=A

to write

SA(uaﬁ) - SA(uv 1) = ZS#(U) (SA\M(IB) - Sz\\u(l))

Since s, has only k parameters, the only signatures p contributing to
the sum have at most k parts, which are at most equal to A(N); < ¢N for
some constant ¢ > 0.

Fix such a signature p. The skew Schur function sy\, is the sum of
monomials indexed by skew semi-standard Young tableaux of shape A\ p.
There are precisely sy, (1) of them. And each such monomial has degree
A\ u|. Since all the ﬁ;N) are at distance at most O(e~*) of 1, then
the difference of each such monomial between its evaluation at 1 and at

B can be bounded in absolute value, for some positive constant C uniform
in N, by

CIM\ plexp (CIA\ ple*M)emoN = O(NZe™N)

uniformly in N and p. Moreover, |s,(u)| < s,(|ul). Putting these pieces
together, we have

sx(u, B) — sa(u, 1) ’ N sau(1) 2_—aN 2 _—aN

< Vs, (1) ——~CN*e " <CN?%e .
(1) D (TR Y

By [8, Theorem 3.6], the module of the ratio sx(u,1)/sx(|ul,1) is bounded

from below uniformly in N by e~ for some A > 0, which tends to 0 as

the radius r of the neighborhood around 1 goes to 0. Therefore, this radius

r can be chosen close enough to 1 so that

s,\(u,,B) — S>\(11, 1)
sa(u, 1)
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tends to his quantity goes to 0. Adding 1 and taking the logarithm gives
exactly the quantity Dy ; which thus also tends to 0 as IV goes to co. [0

3.1. The Schur generating function and moments of counting

measures
Let
V(ul,...,uN): H (ui—uj)
1<i<j<N
be the Vandermonde determinant with respect to variables uy,...,uyn. In-
troduce the family (Dy) of differential operators acting on symmetric func-
tions f with variables uq,...,uy as follows:
A o\ *
3.6 Dif == i — V).
(36) of v@(“am) )( 13
For every A € GTy, the Schur function sy(u1,...,uy) is an eigenfunc-

tion of Dy, associated with the eigenvalue Y_,(A\; + N — i), see [6, Propo-
sition 4.3].

Therefore, one can use, in analogy with monomials for integer-valued
random variables, a generating function which would give, by application of
these differential operators, information about the moments of our random
distribution of dimers on a given row of the graph. We thus adapt slightly
the definition of Schur generating functions, introduced by Bufetov and
Gorin [6] to fit our needs:

DEFINITION 3.2. — Let B = (B1,...,8x) € CV. Let p be a probability

measure on GTy. The Schur generating function S, g(u1,...,un) with
respect to parameters B is the symmetric Laurent series in (uq,...,un)
given by

Spmlun, . un) = Y p(y )
ACGTy S)\(ﬁl,...,ﬁN)
When B = (1,...,1), this definition is the one found in Definition 4.4
of [6] and Definition 3.1 of [8].
The following result states that asymptotic behavior of the Schur gener-
ating function for random signatures implies the convergence for the asso-
ciated random counting measures, in the same line as [8].

)

LEMMA 3.3 ([6, Theorem 5.1]). — Suppose tbatB<N>:( ™ ,(VM)

satisfies the condition described in (3.3). Let (pn)n>1 be a sequence of mea-
sures such that for each N, py is a probability measure on GTy, and for
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every j, the following convergence holds uniformly in a complex neighbor-
hood of (1,...,1) € CJ

!
(3.7)  Jim < logS, s (ulujﬁ%ﬂ%v))
=Q(u1) + - + Qu ),

with @ an analytic function in a neighborhood of 1. Then the sequence of
random measures (m(pn))n>1 converges as N — oo in probability in the
sense of moments to a deterministic measure m on R, whose moments are
given by

J dz) = d j! o' iy j—1
/R”“" m( ‘”)_;umn!(jw! FASAAM

u=1

Proof. — The proof is a direct adaption of the proof of Theorem 5.1
of [6]. The fact that Schur functions are eigenfunctions of the differential
operators Dy, allows one to rewrite the moments of the (random) moments
of the counting measure associated to a random signature with distribution
p on GTy with Schur generating function S, g as follows:

B ([ o))

1 m
= Nmkt1) (D)™ SpB (U1, -, UN)| (s ccun)=(B1 1B )-

The key is then to notice that since the convergence is uniform and
is analytic, then necessarily, @Q(1) = 0, as one can readily check from (3.7)
for j = 1. O

The Boltzmann probability measure from Proposition 2.18 on the set of
perfect matchings of a contracting square-hexagon lattice R(2, @) induces
a measure on the set of all possible configurations of N — L%j V-edges
in the k-th row, for k = 1,...2N, counting from the bottom. We can also
think of it as a measure p* on the signatures A € GT No| Bl

LEMMA 3.4. — We have the following expressions for the measures p*,
depending on the parity of k:
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(1) Assume that k =2t+1, fort =0,1,..., N —1, then for A € GTn_;

pk()\> — Z H stg, (N(N_H_l) N V(N—i+1))

(D E€GT,,(N—t+1<a<N); 1€120{1,2,...,t}
p® eGTy,(N—t+1<b<N—1)

% {pr o, (VNI (N

t
)

J

where (V) = w, and pN= = \.
(2) Assume that k =2t+2, fort =0,1,..., N —1, then for A € GTy_;
(a) Ift+ 1 € I, then

PPN = Y PN ) st (WD o ).
pN=eGTN_

(b) Ift 4+ 1 ¢ I, then p*(\) = pF=1(\).

Proof. — In Part (1), the expression for p* is obtained by taking the
formula for the probability of a configuration (2.10) and summing over all
the intermediate signatures corresponding to rows below or above the kth
one. The Markovian structure of the probability measure implies that when
fixing the kth signature, the parts below and above are independent. But,
when we fix the kth row to correspond to a signature A, all the signatures
above correspond to a contracting square hexagon lattice with a boundary
row given by A. Thus the sum over the signatures above level k is equal
to 1. Part (2) follows from the definition of st and p*. O

In order to study the limit shape, we make the following assumption of
periodicity for the graph:

ASSUMPTION 3.5. — The square-hexagonal lattice SH(a) is periodic
with period 2n. More precisely, for any integer i,j € N, the jth row and
the (j + 2ni)th row in SH(a) coincides and have the same edge weights.

Under the periodic assumption 3.5, the sets I; and Is defined in Def-
inition 2.4 are periodic, so m € Iy if and only if m(:= m mod n) € Is.
Moreover, all the independent edge weights are the x;’s for ¢ = 1,... n,
for the NE-SW edges joining the 2ith and (2¢ 4 1)th row (mod 2n) and the
Ym, for m € IL,N{1,2,...,n}, for the NE-SW edges, joining the (2i — 1)th
and (2i) rows. See Figure 2.6. Obviously m € I if and only if m € L.

LEMMA 3.6. — For any k between 0 and 2N — 1, define t = | k/2|, and
let

XV = (g, ...,2y), and Y = (z1,...,27).
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Then the generating Schur function S,k x -+ Is given by:
Spk,X(N*t) (ul, cen ,uN_t)

Sw <u17'-'7uN7t7Y(t)) i 1+y7,u]
B Sw(X(N)) H H

1€{1,...,t}NI5 j=1 1+ yz t+j

Proof. — We prove the case when k = 2t + 1 is odd here; the case when
k is even can be proved similarly.

Notice that for 1 <i < N, prg,(-) = prg, (), by the expression (2.2) of
pr, and the expression of (2.7), (2.6) for B;, C;, respectively.

By Definition 3.2, we have

Saxl\Ury..., UN—
(38)  Spxwv-o(ur,...,un—)= > pFN) (1 N-t)
sx(Tzg, - TN)

AEGTN t+1 N

Plugging the expression of p*(\) in Lemma 3.4 (1) into (3.8), and apply-
ing (2.4), (2.5), and the previous remark about pry, = prp, sequentially,

we obtain the lemma. O
PROPOSITION 3.7. — Assume that the sequence of signatures (w(N))n
corresponding the first row is regular, and limy_ o, m{w(N)] = m,,. As-

sume that the edge weights y; for i € {1,...,n} NIy are independent of N,
while the edge weights ac( ), éN),. x,(z satisty (3.3) or (3.4). Let (kn)
be a sequence of nonnegatwe integers such that limpy_, o Q—N =k € [0,1].
Then, the sequence of random measures m(p*~ (N)) converges as N — oo
in probability, in the sense of moments to a deterministic measure m" in
R, whose moments are given by

. 1 dz z '
[rmean=giima b5 (00 )
where

1 K 14+ yu

12, ik L+u

and the integration goes over a small positively oriented contour around 1.

Proof. — From Proposition 3.1 it follows that

1 SW(N) ('LLl,,, UJ,.’,L'EN)7.' (N) )
lim — log

N—oco N (N)
sy (425

Hn, (1) + - + Hun, ().

w
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Let us look at what is happening in the kth row, for k = kE(N) = 2N (k+
0(1)). Let pk be the probability measure of perfect matchings along the
kth row, given that the first row has a configuration w(N). The kth row
has (N —t) = (N — |%51]) V-squares. By Lemma 3.6, we have

. 1 (N) (N)
(3.10)  lim mk’g(é‘px R ),

N—o0
= lim og
N—oo (1 — K)N Sw(N)(ng),--w%%V))
J 1+yu
l 7
<
1€{1,2,.t/t41}NL =1 L T yl ]H
J
1 K 1+ yu;
=3 Y ()
i=1 (1 -k (1 —r)n 1={1,2,....n}NI L+u
J
=2 _Quw)

where in the last identity we use the assumption (3.3) or (3.4), and n is a
fixed finite positive integer relating to the size of the fundamental domain.

Then the proposition follows from Lemma 3.3 and [8, (3.14)]. The link
between the expression of moments in Lemma 3.3 and this proposition is
obtained by an explicit evaluation of the integral by residues. O

3.2. Height function

Let R(Q(N), d) be a contracting square-hexagon lattice.

As for any bipartite planar graph, dimer configurations can be encoded
by a height function with values on the faces of the graph. A convenient
way to construct a height function (which will help also for the matter of
discussing the scaling limit for these graphs), is to see a contracting square-
hexagon lattice, as in fact a subgraph of the square lattice, by drawing
the vertical edges of the hexagonal rows as diagonal NW-SE (the missing
diagonal NE-SW diagonal on these rows correspond to the fusion of two unit
squares to make hexagonal faces). The vertices of the contracting square-
hexagon graph are thus on the sublattice %Z X %Z with coordinates (i, j)
satisfying i + j € Z.
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The height function we will consider is then defined on the sublattice
where i + j € % + Z, applying the same rule as for domino tilings [44]: the
height increases (resp. decreases) by 1 when going counterclockwise around
a white vertex (resp. black vertex), i.e., for j half-integer (resp. integer) as
long as a dimer is not crossed. For deﬁniteness, we fix the height to be 0
at the square face ( 0). When keeping i = and increasing j by one, we
jump over a black vertex with two edges, w1th only one of them being a
dimer. Then the height increases by 2. See Figure 3.1. Note that the height
function under this definition is a constant multiple of the height function
under the classical definition in [28].

/0N
/\\\\ O
rNY o NN

Figure 3.1. Two representations of a dimer configuration on a contract-
ing square hexagon graph. Left: usual embedding, with the bipartite
coloring of vertices. Right: as a subgraph of the square lattice, with the
associated height function, and particles associated to Maya diagrams

3
4 2
\ .
4\?

NN
/'.7'

7f

encoding each row.

The value of the height function can be related directly to the counting
measures of the signatures associated to rows of the graph: the height at
position (4, 7) is given by the following formula:

h(i,j) = 2j — 14 2 Card{M at the left of i} — 2 Card{[J at the left of i}.

If X\ is the signature of the 2jth row (with ordinate j), the numbers
A — k+ N —2j + 1 are the positions of the B, which is (up to a small
shift), N —2|j] times the atoms of the counting measure for this signature.

Therefore, if we define Nj = N — |j], for j-half integer, the height along
the 2jth row, encoded by the signature (i), is given by the following
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formula:

h(i,§) = 2j — 1+ 2N; (2dm(pND) — da).
The convergence of the counting measures from Proposition 3.7 implies
directly the following theorem about the convergence in probability of the
rescaled height:

THEOREM 3.8 (Law of large numbers for the height function). — Con-
sider N — oo asymptotics such that all the dimensions of a contracting
square-hexagon lattice R(Q(N), &) linearly grow with N. Assume that

e the sequence of signatures (w(N)) corresponding to the first row is
regular, and

I\}iinoo m[w(N)] = m,,

in the weak sense; and
e the edge weights are assigned as in Assumption 2.1 (see Figure 2.6
for an example) and satisfy the Assumption 3.5 of periodicity, such
that for each 1 <1i < nandi € I, y; > 0 are fixed and independent
of N, while for 1 <i<n xEN) > 0 satisfies (3.3) or (3.4).
Let p’fv be the measure on the configurations of the kth row, and let
k € (0,1), such that j = [kN] + 1, Then m(p%) converges to m* in
probability as N — oo, and the moments of m” is given by Proposition 3.7.
Define

h(x, k) =2k —2x +4(1 — m)/liﬁ dm”.
0

Then the random height function hj; associated to a random perfect match-
ing M, satisfies the following law of large numbers: as N goes to infinity,
its scaling by a factor N—!
hat (XN, [kN] + 3)

N

converges uniformly, in probability, to the deterministic function h(x, k),

(X, k) —

where x, k are new continuous parameters of the domain.

Remark 3.9. — The continuous variables (x, ) lie in a region R of the
plane obtained from R(Q(N),d) by translating each row from the second
to the left such that the leftmost vertex of each row are on the same vertical
line; then rescaled by 4, and taking the limit as N — co. When R(Q(N), &)
is a square grid, R is a rectangle; otherwise R is a trapezoid with two right
angles on the left.
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The convergence also occurs on the other sublattice, when j is integer,
and ¢ half integer, due to the fact that the discrete height function is Lip-
schitz.

4. Density of the Limit Measure

We work in this section with the same hypotheses as in Theorem 3.8. We
obtain an explicit formula to compute the density of the limit of the ran-
dom counting measure corresponding to the random signatures for dimer
configurations on a row of the contracting square-hexagon lattice. This for-
mula for the density of limit measure will be used in the next section to
obtain the frozen boundary, i.e., the frontier between frozen regions where
the density of the limit measure is 0 or 1, and a temperate region where
the density lies strictly between 0 and 1.

Under the assumptions above, it is not hard to check that all the mea-
sures m”, k € (0,1) have compact support, and that they is absolutely
continuous with respect to the Lebesgue measure on R with a density tak-
ing values in [0, 1].

Recall that the Stieltjes transform of a compactly supported measure m
is defined by
(4.1) St () = [ 24

R t—s
for t € C\ Support(m), which has an expansion as a series in ¢ in a neigh-
borhood of infinity whose coefficients are the moments of the measure m:
if the M;(m) is jth moment of m, then for ¢ large enough:

Stm(t) = i M;(m)t—7 1,

By Proposition 3.7, we know in principle for any x € (0,1), all the
moments of the limiting measure m", expressed in terms of the function @
from Equation (3.9), so we can have an expression of the Stieltjes transform
of m". However, () depends on Hy,, which is itself expressed in terms of
the Stieltjes transform m,,. Indeed, for any measure m, the function Hy,
is related to the Stieltjes transform of m by the following relation:

st V(og(z) 1
o z z—1

Hyo(2)

See also Equation (3.2).
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Introducing an additional variable ¢ such that Sty () = log(z), one can
then write for x € (0,1):

(4.2) Fu(z,t) :==2Q'(2) + po

z t 1 K Yi z
T 1-—k z_z—1+n, Z 1+ yz +z—1'
1€l>2N{1,2,...,n}

As a consequence, injecting the expression of the moments of the limiting
measure into the definition of the Stieltjes transform, one gets an implicit
equation to be solved: for any x € C, finding (z,f) € (C\R_) x (C\
Support(m,,)) such that

(4.3) {Fm(z,t) =z

Stm,, (t) = log(z),

allows one to express Sty«: let 2 — 2"(x) be the composite inverse of
u:z+— Fy (z, StE;wl)(log z)) .

Note that z"(z) is a uniformly convergent Laurent series in 2 when x is in
a neighborhood of infinity, and

2" (FN (z, St;:)(log z))) =z

See [8, Section 4.1].
The following identity holds when x is in a neighborhood of infinity

(4.4) Stm= (z) = log(z"(x)).

Indeed, by Proposition 3.7, the j-th moment of m* is given by

M) = g f IR 6D o )P
where the integral is along a small counterclockwise contour winding once
around 1. Then the identity (4.4) follows from the same computation as in
the proof of Lemma 4.1 in [8], by performing an integration by parts and
a change of variable from z to u.
The first equation of the system (4.3) with F, from (4.2) is linear in ¢
for given x and z, which gives with ¢; = 1711 the value of ¢, as a function of
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z, k, and x:

Kz Kz 1
(4.5) t=t(z,k,x) = x( Ii)—l—Zil | Z P

i€l>N{1,2,...,n}
T 1 1 Ci
= 1— — R _
x( fﬁ)+/¢n+ff z—1+n, Z el
i€lan{l,...,n}

where
(4.6) r =n — Card(l2) = Card{1,...,n} N I;.

For a given value y € R, and fixed = (and k), we investigate properties of
the complex numbers z such that t(z, k,z) = y. In particular, we have the
following:

LEMMA 4.1. — Let ¢; > 0, fori € Is,N{1,2,...,n}. Let k € (0,1), and
x,y € R. Then the following equation in z

(4.7) t(z,k,2) =y

has m + 1 roots on the Riemann sphere C U {oco}, where m is the number
of distinct values of ¢;, and all these roots are real and simple.

Proof. — Let 0 < 71 < -+ < 7, be all the possible distinct values for the

¢;, and ny,...,n, be their respective multiplicities among the ¢;’s. Define
48)  H(zz,y) = (2 K, 2) K+ L1 §m et
. zix,y) =t(z,k,x) —y = K| — 4+ — —
Y Y z—1 n o + 5

where K = x(1 — k) —y + &7, with r as in Equation (4.6). When writing
H(z;x,y) as a single rational fraction by bringing all the terms onto the
same polynomial denominator (of degree m + 1), the polynomial on the
numerator has degree at most m + 1. So there are at most m+ 1 roots in C
(and exactly m+1 if we add roots at infinity). Notice that the denominator
does not depend on x and y, but just on the «;’s.

Moreover, each factor of the form Zib with b = —v; or 1 is a decreasing
function of z on any interval where it is defined. As a consequence, on each

of the intervals (—v;41,—7;), J = 1,...,m — 1 and (—v1,1), H realizes a
bijection with R. In particular, the equation H(z; z, y) has a unique solution
in every such interval. It is also decreasing on (0o, —7,,,) and (1, +00). Since
the limits of H(z;x,y) when z goes to £oo coincide, and

lim H(zx,y) =400, lim H(z;z,y) = —o0,

z—1+ 2= —Ym
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the equation H (z; x,y) = 0 has a unique solution in (—o0, —7,,)U(1, +00)U
{00}, which is in fact infinite if and only if the limits of H at infinity is
zero, that is, when K = 0. This gives thus m + 1 real roots (with possibly
one at infinity). O

Remark 4.2. — Increasing the value of y translates downward the graph
of the function z € R — H(z;z,y). Since H(z;z,y) is decreasing in any
interval of definition, the roots present in the bounded intervals decrease.
The one in (—00, —ym) U (1, 4+00) U {oo} moves also to the left, and if it
started in R_, when it reaches —oo, it jumps to the right part of (1, +o0)
and then continues to decrease. In particular, it means that if y < ¢/, the
respective roots z; < -+ < Zm41 and 2] < --- < 2], are interlaced:

eify<y <z(l-kr)+=,

2 <2 < =Y <25 <22 < —Yme1 < 0 < =1 < Zhpgq < Zmgr < 1,
e ify<az(l—r)+5 <y,

21 < =Y <2 <22 < Yot < < =1 < 2y < Zmyr < 1< 200,
e ifa(l—r)+5 <y<y,

—Ym < 2] <21 < —Ymo1 < 25 < 22 < —Ymo1 < - <1< 2001 < Zmyt,

K

The limiting case when y or 3’ is equal to 2(1 — ) 4+ - is obtained by
sending the corresponding root in (—oo, —7v,,) U (1, +00) to oo.

Rational fractions where zeros of the numerator and denominator in-
terlace have interesting monotonicity properties, already used for example
in [40], which are straightforwardly checked by induction using the decom-
position of R(z) into the sum of simple fractions:

LEMMA 4.3. — Let

(z—u1)(z —u2)...(z —us)
(z—wv1)(z—v2)...(z —wg)’

R(z) =
where {u;} and {v;} are two sets of real numbers.
o If{u;} and {v;} satisfy
V1 <UL <V < U <+ < Vg < Ug.

Then R(z) is monotone increasing in each one of the following in-
tervals

(=00, v1), (V1,v2),. .., (Vs—1,0s), (v, 00).
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o If{u;} and {v;} satisfy
U <V <Uy <V < -0 < Ug < Vg,

Then R(z) is monotone decreasing in each one of the following
intervals

(—007 Ul)v (vh ’U2)7 ey (/Usfla vs)7 (vsv OO)
The monotonicity on each interval of definition is still true if R has the
form:
(z—u1)...(z —us—1)
(z—=v1)...(2 —vs)

R(z) = with v1 <up < -+ <us—1 < Vs

or

(z—u1)... (2 —ust1)
(z—v1)...(2 —vs)

R(z) = with up < v < -+ < Vg < Ugp1.
This is helpful to determine the number of solutions of Equation (4.3),
as shown in the following lemma.:

LEMMA 4.4. — Suppose that m,, is a measure with a density with re-
spect to the Lebesgue measure equal to the indicator of a union of intervals
Ule[ai, bz], with

a1 <bp <as<by<---<as<bs and Z(bi—ai)zl.
i=1

Then the system of equations (4.3) has at most one pair of complex (non
real) conjugate solutions. Moreover,
o ifb; #x(1 —k)+ =5, for all 1 < i < s, then for each fixed v € R,
(4.3) has at least (m + 1)s — 1 distinct real roots;
o ifb; =x(1 — k) + = for some i in {1,2,...,s}, then for each fixed
x € R, (4.3) has at least (m + 1)s — 2 distinct real roots.

where m is the number of distinct ¢;s.

Proof. — The Stieltjes transform can be computed explicitly from the

definition:
S

Stm, (t) =log [ |
=1

We use the second expression from (4.5) to substitute ¢(z, k, z) in the second
equation of (4.3), to get (after exponentiation)

(4.9) Z:Ilggﬁﬁ@.

LL—CLfL'
t—b;
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Let us suppose that none of the a;’s or b;’s is equal to z(1 — k) + 2=, The
rational fractions [[ H(z;z,a;) and [ H(z; z, b;) have the same poles m+1
poles (of same order s) and according to Lemma 4.1 have s(m+ 1) distinct
real roots, which by Remark 4.2, interlace. Therefore, the ratio:

H(z;z,a;)

Hsz

is a rational fraction of the forrn descrlbed in the hypotheses of Lemma 4.3.
Therefore, on each bounded interval between two consecutive poles, by
monotonicity, the graph of the rational fraction will cross the first diagonal
at least once and there are (m + 1)s — 1 such intervals.

If (no b;, and exactly) one a; is equal to 2(1 —x)+ %", the same argument
is applicable. The only difference is that the rational fraction on the right
hand side of Equation 4.9 has only (s—1)(m+1)+m = s(m+1) — 1 zeros,
but still s(m—+1) poles. Therefore we still get the same number s(m+1)—1
of intersection with the first diagonal, one on each finite interval between
two consecutive poles.

If (no a; and exactly) one b; is equal to 2(1 — x) + =, then this time the
rational fraction has s(m + 1) — 1 finite real poles. Therefore, there is only
s(m+1)—2 roots found by this approach between two successive poles. [

Remark 4.5. — Note that when rewriting Equation 4.9 as a polynomial
equation in z, it has degree

s(m+1)+1 when no b; equals (1 — k) + =~
s(m+1) when a b; is equal to (1 — ) + =-.

Indeed, in the last case, the leading coefficients of the numerator and de-
nominator of the rational fraction are distinct, thus there is no cancellation
of the monomials of higher degree when multiplying both sides by the de-
nominator. In both case, it is exactly the number of real roots we found
plus 2. Which means that Equation 4.9, and thus Equation 4.3 has at most
a pair of complex conjugated roots.

When there are complex conjugated roots, the density of the counting
measure is given by their the normalized argument as stated in the Theo-
rem 4.8 below. In order to prove it, we need two additional lemmas, which
are minor adaptations of the ones of [8] adapted to our context:

LEMMA 4.6. — Let 29 € R be such that Equation (4.3) has a pair of
complex roots. Let zj(xo) be the jth smallest real root of (4.3). Let U be a
small complex neighborhood of xq. Let z;(x) be the root of (4.3) approx-
imating z;(zo), when x — xo (which is well defined if U is small enough).
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Then the derivative of z;(x) with respect to x at x is non-negative. More-
over, it is equal to 0 if and only if z;(xg) = 1.

Proof. — Write

Glz,x) = f[ H(z;z,a;) _ Hf:l(if(l —RK)+ 5 -5 7;1 chi —a;)
T H G ) T T ) B - )

then follow the same argument as in the proof of Lemma 4.5 of [8] to show
G!.(z(x0), o) < 0 and G/, (2(xg),zp) > 1. Then the lemma follows. O

LEMMA 4.7. — Let m,, be a measure as described in Lemma 4.4. Let
Z"(x) = exp(Stm-~ (2)),

where x € C\ Support(m®). Then Z"(x) is a solution of (4.3). Let zo be
such that (4.3) has exactly one pair of non-real solutions. Then
lime_,04 Z*(xo + i€) coincides with the unique non-real root with negative
imaginary part of (4.3) when x = xg.

Proof. — The fact that Z"(z) solves (4.3) follows from Equation (4.4).
The limit lim,_, 04 Z"(z¢ + i€) has strictly negative imaginary part follows
from the analysis of [8, p. 24], by applying Lemma 4.6. O

Here is the main theorem to be proved in this section.
THEOREM 4.8. — The density of m* is given by
1
dm"(z) = — Arg(2 (z)),
T

where z'; (x) is the unique complex root of the system of equations (4.3)
which lies in the upper half plane. If such a complex root does not exist,
the density is equal to 0 or 1.

Proof. — First we assume that m,, is a uniform measure with density
one on a sequence of intervals, as described in Lemma 4.4. In this case, the
theorem follows from Lemma 4.7, and from the classical fact about Stieltjes
transform that if a measure p has a continuous density f with respect to
the Lebesgue measure then one can reconstruct f by the following identity
(See e.g. [8, Lemma 4.2]):

(4.10) flz)=— el—i>r(I)1+ %S(St#(x + i€)),
where $ denote the imaginary part of a complex number.

In the general case of a measure m,,, there exists a sequence of measures
{pi} converging weakly to m,,, where each y; is a measure with the form
as described in Lemma 4.4. Passing to the limit we obtain the theorem. [
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5. Frozen Boundary

In this section, we study the frozen boundary, which is the curve sep-
arating the “liquid region” and the “frozen region” in the scaling limit of
dimer models on a contracting square-hexagon lattice. We prove an explicit
formula for the frozen boundary under the assumption that each segment of
the boundary row of the square-hexagon lattice grows linearly with respect
the dimension of the graph. We then prove that the frozen boundary is a
curve of a certain type, more precisely, a cloud curve whose class depends
on the size of the fundamental domain and the number of segments of the
boundary row. Similar results for dimer configurations on the square grid
or the hexagonal lattice with uniform measure or a g-deformation of the
uniform measure was obtained in [8, 27].

We consider special sequences of contracting square-hexagon lattices
R(Q, a) with

(5.1) Q=(A1,A1+1,...,B1—1,B1,As, Ay+1,...,Ba,..., As, As+1, ..., By),

where
S

> (Bi—A;i+1)=N.
i=1
In other words, €2 is an N-tuple of integers whose entries take values of all
the integers in Uj_, [A;, B;].
We shall consider Q(N) changing with N, and discuss the asymptotics
of the frozen boundary as N — co.
Suppose that for each N, 2(N) has corresponding A;(N), B;(N), for
a fixed s. Assume also that A;(N), B;(N),Q(N)ny — N have the following
asymptotic growth:

A;(N) =a;N + o(N), Bl(N) = biN-l-O(N),

(5:2) Q(N)y — N = uN + o(N)

where a1 < by < --- < as < bs are new parameters such that

S

Z(bl — ai) =1.

i=1

DEFINITION 5.1. — Let L be the set of (x, k) inside R such that the

density dm” (ﬁ) is not equal to 0 or 1. Then L is called the liquid region.

Its boundary OL is called the frozen boundary.
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THEOREM 5.2. — The frozen boundary 0L of the limit of a contracting
square-hexagon lattice satisfying (5.1), (5.2) is a rational algebraic curve
C' with an explicit parametrization (x(t), x(t)) defined as follows:

J(t) 1
f=t— 2 t) =
M= Ty MO Ty

where

and
(t—a)(t—az)...(t—as)
(t—0b1)(t—ba)...(t—bs)

Proof. — According to the discussions in Section 4, the frozen boundary
is given by the condition that the following equation in the unknown z has

o, (t) =

a double root:

(5.4) G (z - X K) =z

where

(5.5) G( 1_K) HH e ;

71,{71

and H(z;x,y) is defined by Equation (4.8).
We can also rewrite the system of equations (4.3) as follows:

o, (t) =z
(1= K)Fu(2) tn(;+zl+iw> =

-1 — 2t

J(t)
We plug the expression of z from the first equation into the second equation,
and note that the condition that the resulting equation has a double root
is equivalent to the following system of equations

X=t- K/J(t)7
L= kJ'(8).

where J(t) is defined by (5.3). Then the parametrization of the frozen
boundary follows. O
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The algebraic curve we obtain for the frozen boundary has special prop-
erties, that can be read from its dual curve, as described in the definition
and the proposition below:

DEFINITION 5.3 ([27]). — A degree d real algebraic curve C C RP? is
winding if the following two conditions hold:

(1) it intersects every line L C RP? in at least d — 2 points counting
multiplicity,

(2) there exists a point pg € RP? called center, such that every line
through pq intersects C' in d points.

The dual curve of a winding curve is called a cloud curve.

PROPOSITION 5.4. — The frozen boundary C' is a cloud curve of class
(m + 1)s, where s is the number of segments, and m is the number of
distinct values of ¢; = yi in one period. Moreover, the curve C is tangent

to the following lines in the (x, k) coordinates:
L={x=a;]i=1,...;8}U{x+rk—b;=0|1<i<s}U{k =0} U{x =1}.

So the proposition states that the dual curve is winding of degree (m+1)s,
and passes through the points (—a%, 0) and (—b%, — b))

The result about the frozen boundary being a cloud curve extends the
result of Kenyon and Okounkov [27] for the uniform measure of rhombus
tilings of polygonal domains, and Bufetov and Knizel [8] for Aztec rectan-

gles.

Proof. — We recall that the class of a curve is the degree of its dual
curve. So we need to show that the dual curve C'V has degree (m+1)s and
is winding.

We apply the classical formula to obtain from a parametrization
(x(t),y(t)) of the curve C' defining the frozen boundary, another one for
its dual CV, (zV(¢),y" (t)):

v’ = % y' = —#-
yr' —xy yr' — xy

and obtain that the dual curve CV is given in the following parametric
form:

(5.6) cvz{(—i,—‘]i’f))‘tem{m}}.

from which we can read that its degree is (m + 1)s. To show that CV is
winding, we need to look at real intersections with straight lines.
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First, from Equation (5.6), one sees that the first coordinate = of the
dual curve CV and the parameter ¢ are linked by the simple relation
xVt = —1.

Using this relation to eliminate ¢ from the expression of the second co-
ordinate, we obtain that the points (zV,t) on the dual curve satisfy the

following implicit equation:
-1
VooV

The points of intersection (zV(t),y" (¢)) of the dual curve with a straight
line of the form yV = cxV + d have a parameter ¢ satisfying:

(5.7) (c— dt) = J(t)

but since J is the composition of two rational fractions &, and an affine
transformation of H, with interlacing poles and zeros, with degrees s and
m + 1 respectively, the exact same argument as in Lemma 4.6 (but with
the role of s and (m + 1) exchanged) shows that Equation 5.7 has at least
(m+1)s—2 distinct real solutions, yielding (m+ 1)s — 2 points of intersec-
tions for the dual curve and the line yV = cz¥ + d. Moreover, if t; doesn’t
lie in a compact interval containing all the zeros of J, then any non vertical
straight line passing through (¢g,0) will have (m+1)s—1 intersections with
the graph of J. See Figure 5.1 for the graph of J(¢). This means that for
xy in some closed interval, there are at least (m +1)s — 1 real intersections
of the dual curve with a line y¥ = czV + d passing through (z,vY), thus
exactly (m 4+ 1)s real intersections, since there cannot be a single complex
one. Such points (z,yy ) are candidates to be the center of the dual curve.

To consider the vertical lines 2V = d, we rewrite the equations in homo-
geneous coordinates [zV : yV : 2V] and get that the line zV = dzV intersects
the curve at the point [0 : 1 : 0] with multiplicity (m+ 1)s — 1, so again, by
the same argument as above, (m + 1)s real intersections. The case of the
line 2V = 0 is similar.

Recall that each point on the dual curve C'V corresponds to a tangent line
of C. The points (z,y) = (—a%,O) belong to CV. Indeed, they correspond

to t = a; which is a zero of @, and thus of J, by (5.3). Similarly, (z,y) =

(—b%_, —ani) are also points of C'V, since they correspond to t = b; which

is a pole of ®,, and thus J(b;) = =, again by (5.3).

These families of points correspond to the families of tangent lines
({x = ai})icics and ({x + =& — b; = 0})1<ics. The former are vertical
lines passing through (a;,0), and the latter are lines passing through (b;,0)
with slope —*.
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N
T

Figure 5.1. A plot of the graph of the function J, for the parameters
T = la n = 5a s = 2; m = 37 (n17n27n3) = (27171)a (7177%73) =
(0.7,0.4,0.2) and (a1,a2) = (3,8), (b1,b2) = (6,10).

The point (zV,yY) = (0,—1) € CV corresponds to the tangent line x = 1
of C. By the parametrization of C given in Theorem 5.2, the roots of

(- (3) )M (- () +)

correspond to (m+1)s—1 points of tangency of C with the line k = 0. O

6. Positions of V-edges in a row and eigenvalues of GUE
random matrix

In this section, we prove that near a turning point of the frozen bound-
ary, the present V-edges in a random perfect matching of the contracting
square-hexagon lattice are distributed like the eigenvalues of a random Her-
mitian matrix from the Gaussian Unitary Ensemble (GUE).

A matrix of the GUE of size k is diagonalizable with real eigenvalues
€1 = € = -+ = €, whose distribution Pgyg, on R* has a density with
respect to the Lebesgue measure on R¥ proportional to:

k
H (€ —€j)* exp (—Zef) ,

1<i<j<k

See [34, Theorem 3.3.1]. Here is the main theorem we prove in this section.
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THEOREM 6.1. — Let R(Q(N), a) be a contracting square-hexagon lat-

tice, such that

e On = (N (N),...,Qn(N)) is an N-tuple of integers denoting the

location of vertices on the first row,

o the edge weights are assigned as in Assumptions 2.1 and 3.5,

o for every i, z; = 1+ o(N~2),
Let A\*(N) be the signature corresponding to the dimer configuration in-
cident to the (N — k + 1)th row of white vertices in R(2(N), a), and for
1<i<k

7

by = A(N)+ N —1.

1/)1 :/xdml, 1/)22/$2dm1,
R R

where m* is the limit counting measure of signatures on the top of
R(Q(N),a). Let

Let

1

) L i
3 _ N~ VN (1/)1 — 3t a2 icnnii..n} lgl{y)
T

1<I<k

b

2 L1 __Yi
(> 7/’1 12 + n Zie]20{1,2,...,n} (14y:)2

- k
Then, for any fixed k, the distribution of (b,(flv)) converges weakly to

HDGU]Ek as N — oo. =

The convergence of the distribution of certain present edges near the
boundary to the GUE minor process was proved in [22] in the case of uni-
form perfect matching on the Aztec diamond, and in [39] for plane parti-
tions. In the case of the uniform perfect matching on a hexagon lattice, the
result was proved in [16, 36]. In the case of ¢-distributed perfect matching

on a hexagon lattice with ¢ = e ™ , the result was proved in [35].
Proof of Theorem 6.1. — In order to prove Theorem 6.1, we shall apply

the following characterization of Pgyg,, which follows directly from the
definition. See e.g. [16, 36].

LEMMA 6.2. — Let (q1,...,q1) € R* be a random vector with distri-
bution P and Q = diag|q, ..., qx] the k x k diagonal matrix obtained by
putting the q; on the diagonal.

Then P is Pgug, if and only if for any matrix P,

E/ exp[Tr(PUQU™)|dU = exp (1 Tr P2> :
U(k) 2

It is in fact enough to check the case when P is diagonal, with real coefhi-
cients.
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Let
P, = diag (v, ..., vx], §€N) = diag {bg),...,bg)} .
By Lemma 2.24, we have for any k:
(6.1)
Vi—e% | s evl, ..., ev
/ eXP[TT<PkUQ,(€N)U*)}dU = H € e | sxr(y( )
v 1<i<j<k Vi — Y5 Sxk(N)(l,..., 1)

Let p% be the distribution of dimer configurations restricted on the
(N + k — 1)th row of white vertices on R(Q2(NV),a), and let

X = (2 ).
Then
(6.2) Z pfv()\k(N))/ exp L/lﬁ Tr (PkUQ,({N)U*)] dU
Ae(N)EGT; U(k)
_ H [\/Nevi/ﬁ_ evj/W]
1<i<j<k Vi)

”1/‘/ﬁ7...e“k/\/ﬁ)

X kO (N S)"“(N)(e
3 (V) )

Ak(N)
vi/\/ﬁ_ U/\/N
= H [\/Ne ¢’ ] X Spk x () (evl/\/ﬁ, ceey evk/\/ﬁ)
- Uy — Uy N>k
1<i<j<k

Z pk: ()\k(N)>S*k(N)(evl/\/N,‘..e”k/\/ﬁ)
X A(N) PN Sxp () (Lo 1)

k SA ‘(N)(e"’l/\/ﬁ"uevk/\/ﬁ) ’
ZAI«(N) pN()‘k(N)) . Sap(N) (150 5Tk)

the denominator of the last fraction being exactly Spk X(N)(evl/‘/ﬁ, e,
Nk

evs/ ‘/ﬁ) by Definition 3.2. First, this fraction is converging to 1 as N
goes to infinity. Indeed, all partitions A\ (N) € GT} that contribute to the
sum must have parts bounded by a constant times N by hypothesis. Since
|z; — 1] = o(N~2), one has:

Sae(V) (@15 k) = Sxa (L, .., 1)
S)\k(N)(l,...,l)

-2

< Co(N=2) A (W) 0oV I = o(1)
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uniformly in Ag(V), which implies that the difference between the fraction
and 1 is negligible as N goes to co.
We then use Lemma 3.6 to re-express the Schur generating function:

(63) SPIX,’X(N)(CM"-aCk)

:Sw (x%N),...,z%,Cl,...,Ck) H < 1—|—y;<i >

Sw (x% )7,37%)) 1<i<k 1+ijka+z
jeln{1,2,....N—k}

where w = (w1 Zwe 2 -+ 2 wy) € G']I‘; is the signature corresponding to
the first row.

The same estimate for Schur functions we used before to compare sy, (n)
evaluated at (1,...,1) and (x(lN),. x,gN)) can be used this time for s,
using the fact that |w| = O(N?) by hypothesis. We have then that

(N) (N)y _ _
() i ) f)““"“’” < (N)N 2| CIMIN T — (),
so(l,...,

with limy_, €(N) = 0, so we can, up to a negligible correction, replace in
the denominator sw(:cgN), e xg\l,v)) by s, (1,...,1) in Equation (6.3).

This ratio of Schur functions appears also when using again Lemma 2.24
to rewrite the matrix integral over U(N) this time. More precisely, let

Ry = diag [vl,...,vk,t%N),...,tE\JrV)k

QN:diag[w1+N—1,w2+N—2...,wN].

wheret \/>log{ }fol<z\n.For1<i<k,1et§i:e%.
Then,
6.4 Sw (-fLéN)a x\[)kvcla"'ack>
(6.4) sw(l,...,l)
v -1
1 TR _evN
:/ exp [TY(RNUQNU*)} x| [ vWE—=E
U(N) \/N 1<i<j<k Vi =Y
—-1
eV _ ) 2N <N> -t
- J I
* H VN () H \Ft(N) t(N)
1<i<k Ui J 1<i<j<N—k
1<jSN—k
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Plugging the modified version of Equation (6.3) and (6.4) into (6.2), one
gets:

og > ph((AV)) /U P [1 Tr (PkUQ;MU*ﬂ au

A (N)EGT \/N
1 evi/ VN _ gt /[VN
:log/ exp[Tr(RNUQNU*)}dU S log —tj
U(N) VN 1<i<k ﬁ_ﬁ
1<G<N—k
t \/7 et]‘\/ﬁ
_ Z log —tj
1<i<j<N—k VvN VN
1 VN
+ Z log +yje + O(N?™).

otN—kti/VN
1<i<k L +yje
jelLN{1,...,.N—k}

2
Expand the sums using the two expansions log & =utv g (u—v)

u—v 2 24
O(Jul? +|v[*), and log( 13_’; ) = WUJF 2(1+y)2v 24+ 0(|v|?) as u and v tend
to 0, to get that:

evi/\/ﬁfetj/\/ﬁ-
Z log T, 45 =o(1),
1<i<k vN VN
1<GSN—k
tf_etj\/ﬁ_ k 02 5
3 tom| S | = (VR X (G iy OV ),
1<i<j<N-—-k VN vN i=1
14y eviVN
Y g5
1<i<k 1+ye v~

JELN{L,..,N—k}

_ Z Yj Ui + Yj

; )2
JELN{L,...N—k} i=1 1+y; VN = (1+y;)?2N

2

O(N~3).

Then we use Lemma 6.3 below to get the asymptotic behavior of the
integral over U(N), to obtain that

1
1og/ exp [ Tr (RNUQNU™ } dU
. ~ T (BNUQNUY)

k 5 [ k
=11 (sz) e ;wl (Zﬁ) +o(1),

=1
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where 11 and ), are respectively the first and second moments of the
limiting measure m,,, as N goes to infinity. Bringing all the pieces together,
and defining

1 1 Y; 1 1 Y;
USRS BRI WG
2 n jeln{l,....n} I+y; 12 jElN{1,...,n} I+y;

one finally obtain that
1 (M)
exp |—=Tr (PUQ, 'U* ]dU
/U(k) {\/ N ( k )

= exp (\/NAZ’UZ'—I- ;Bva—l—o(l)) .

Therefore, according to Lemma 6.2, the distribution of the diagonal coeffi-
cients of

\/NB( k k)

which are exactly the EI(CIIV), converges to Pgug,, - O

LEMMA 6.3. — Let k € N be fixed. For any N, let w(N) € GT}; and
qZ(N):wZ—(N)—I-N—i, Qn = diag [q%N),...,q%],

Py = diag [vl, ey Uk, log(x%N)) yeee ,log(x%ﬂ .
Assume that

o (W(N))yen Is a regular sequence of signatures,
e as N — oo, the counting measures m,, () converge weakly to m,,,

e there exists a fixed positive integer n, such that for 1 <1 < N — k,

ng) :xz(]jn)od n’ and

vi<j<n Jim |2~ 1| N2 0.

N—o00

Then as N — oo, we have the following asymptotic expansion
1
(6.5) log/ exp [ TY(PNUQNU*)} dU
U(N) VN

K.
= Klpl(vl,...,vk)N1/2 + 27'2]72(’01,...,’[}]@) -‘rO(l)

where K4 is (d — 1)! multiplying the dth free cumulant of the measure m,,
(in particular we have K1 = 11, Ko = 13 —1?) and the p, is the dth power
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sum:

pa(vi, ..., v5) = Zuf.

Proof. — We write Py as P$ + Py, where Py = diag(vy, .. .,v,0,...,0)
and Py is diagonal, with the first k coefficients equal to 0 and the others
are the xz;s.

From [36, Corollary 6] (see also [17]), there is an asymptotic expansion
(at any order) of the left hand side of (6.5)

1 Ky a
log/ exp [ Tr (PYUQN U*] dU ~ Y =Zpy(vy,...,v05) N2,
U(N) VN ( N ) ; d!
the first two orders giving the right hand side of (6.5).
We now show that the additional perturbation coming from P}, does not
change the first two orders as long as the x;s are close enough to 1. For
this, we rewrite the trace of P, UQU* as:

LAY = 3 > logag™0, P
i=k+1 j=1
Then |log(z; )| = o(N72), q](-N) = O(N) uniformly in ¢ and j, and the
sum ) |Um| is equal to 1, as U is unitary. Therefore, this trace is o(1),
and

xp (= THAUQNU)) = 1+ ),

uniformly in U. Thus the correction induced by Py to the integral is of
lower order than the two first terms of the asymptotic expansion above,
thus yielding the result. O

7. Gaussian Free Field

In this section, we show that under a homeomorphism from the liquid
region to the upper half plane, the (non-rescaled) height function of the
dimer configurations on a contracting square-hexagon lattice converges to
the Gaussian free field (GFF). The relationship between the dimer height
function and GFF has been studied extensively in the past few decades.
Here is an incomplete list of contributions to this question: the convergence
of height functions to GFF in distribution for uniform perfect matchings on
a simply-connected domain with Temperley boundary condition was proved
n [25, 26]; for random perfect matchings on the isoradial double graph
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with an analogous Temperley boundary condition was proved in [29]; for
uniform perfect matchings on a hexagonal lattice with sawtooth boundary
was proved in [3, 42]; for uniform perfect matchings on a square grid with
sawtooth boundary (rectangular Aztec diamond) was proved in [8]; for
interacting particle systems with non-flat boundary was proved in [12, 13].

7.1. Mapping from the liquid region to the upper half plane

By Theorem 4.8 and Definition 5.1, (x, ) is in the liquid region if and
only if the following system of equations

{F,{(m) = X
Stm,, (t) = log(z)

has non-real roots, where

z t 1 K 1 z
Fi(z,t) = - - — .
(z,1) 1—-rk\ 2z z—1+nv Z zZ4c +z—1
i€loN{1,2,....,n}
By explicit computation, one obtains the following:
LEMMA 7.1. — Let t € H, where H is the upper half plane. Then (z(t), t)

is the solution of (4.3) if and only if the following equation holds

(7.1)  p¥"(t)

i 1 n 1 Z 1
=x— K =
exp(— Stm,, (t))—1 M et S exp(— Stm,, (t))+1

=0
Note that there exists a unique solution ¢ € H of (7.1). Let S(¢t) :=
St (t).
PROPOSITION 7.2. — Let L denote the liquid region, and T, the map-
ping
Tr: L—H
sending (x, k) € L to the corresponding unique root of (7.1) in H. Then, T
is a homeomorphism with inverse t — (x(t), kc(t)) for all t € H, given by

(t —1)¢®)

(7.2) Xe(t) =t— ROE0)
t—1t
(7.3) ke (t) = BOEE0R
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where

_ ep(S) | exp(S(h) L
0= apsm) -1 " NGOl

iEIQﬂ{l,...,n}

Proof. — The proof is an adaptation of Proposition 6.2 of [8]; see also
Theorem 2.1 of [14].
It suffices to show all the following statements:
(1) £ is nonempty.
(2) L is open.
(3) Tz : £L — H is continuous.
(4) Tz : £ — H is injective.
(5) Tz : L — T (L) has continuous inverse for all ¢ € Tz (L).
6) To(0) = B
We first prove (1). Explicit computations show that (xc(t), xkc(t)) satis-
fies (7.1). Since my, is a measure on R with compact support, assume that
Support(m,,) C [a,b] where a,b € R. The Stieltjes transform satisfies

1
S =1+ %+ 2o,

where « and (3 are the first two moments of the measure my,,:

b b
@ :/ rmy,(dz), B= [ z°m,(dz).
a a
After computations we have

1 1 1
—a— =+ = E s
X=«a 2 n 1+ (I1t7),

1 1 1 1
=1 -0 == — t 5 2l — +o(t|?).
k=14 |-p 0 Z (1+C¢)2+12+a |t|2+ (1t17°)
i€l>2N{1,2,...,n}
Let A be the Lebesgue measure on R. Recall that m, is a probabil-
ity measure supported in the interval [a,b] and m, < A. Hence we have
b—a > 1. Then we infer

1 a+1 b 1
a—|—f=/ xdxgozé/ zdr =b— —.
2 a b—1 2

1t 9 1
> = - = .
2/0 /o (x —y)°dady B

As aresult, (x, k) € (a + %7 b— %) x (0,1) whenever |¢| is sufficiently large.
Then (1) follows.

Similarly,
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The facts (2) and (3) follow from Rouché’s theorem by the same ar-
guments as in the proof of Proposition 6.2 in [8]. The facts (4)—(6) can
also be obtained by the same arguments as in the proof of Proposition 6.2
in [8]. O

7.2. Gaussian Free Field

Let C§° be the space of smooth real-valued functions with compact sup-
port in the upper half plane H. The Gaussian free field (GFF) E on H with
the zero boundary condition is a collection of Gaussian random variables
{Ef}recse indexed by functions in C§°, such that the covariance of two
Gaussian random variables Zy,, Zy, is given by

10 CovEnZn) = [ [ AERwGE ),

where
1

Gu(z,w) = ——1

m(z,w) 5o 0
is the Green’s function of the Laplacian operator on H with the Dirichlet
boundary condition. The Gaussian free field = can also be considered as a

random distribution on C§°, such that for any f € C§°, we have

=)= [ FEREE = g

Here Z(f) is the Gaussian random variable with respect to f, which has
mean 0 and variance given by (7.4)) with f; and f, replaced by f. See [43]
for more about the GFF.

Consider a contracting square-hexagon lattice R(€,d). Let w be a sig-

Z—Ww

, z,we H
z— W

nature corresponding to the boundary row.
By (2.10), we defined a probability measure on the set of signatures

SN = (™), (N W) )y,

By Proposition 2.18, this measure is exactly the probability measure on
dimer configurations such that the probability of a perfect matching is
proportional to the product of weights of present edges.

Define a function AN on R>o X Rxp x & — N as follows

AN @y, (1,0 @) 0))
— VAL < s <N = [y) T (V= ) — s > 2]
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This is, up to a deterministic shift, and an affine transformation, the height
function defined in Section 3.2, extended to a piecewise constant function.

Let A%[ (x,7) be the push-forward of the measure P2 on S with respect
to AN, For z € H, define

AN (2) == AN (Nxe(2), Nrig(2)),

where x (), kc(z) are defined by (7.2), (7.3), respectively.
Here is the main theorem we shall prove in the section.

THEOREM 7.3. — Let AN (2) be a random function corresponding to
the random perfect matching of the contracting square-hexagon lattice, as

explained above, with the following hypothesis on the weights 5§N):

lim sup|ﬂ§N) — 1IN =0.
N—oo

Then AN (2) —EAY,(2), seen as a random field, converges as N goes to
oo to the Gaussian free field = in H with Dirichlet boundary conditions, in
the following sense: for 0 < k < 1, j € N, define:

oo
MF = / Y (AN(Nx, Nk) — EAY,(Nx, Nk))dx,

— 00

and
M - | e (2)) E(:)dxe(2)
z€EH;k . (2)=K

Then:

M; — MY, as N — oo.

7.3. Covariance

To derive this statement, we use the technology developed by Bufetov
and Gorin, linking the asymptotic behavior of Schur generating functions
to the fluctuations for the related tiling/interlacing signature model [6, 7].

DEFINITION 7.4. — A sequence of symmetric functions {Hy(uq, ...,
un)}n>1 Is appropriate (or CLT-appropriate) if there exist two collections
of real numbers {yx}rx>1, {Mk,i} k121, such that the following properties are
satisfied:

e for any N, the function u +— log Hy(u) is holomorphic in an
open complex neighborhood of BN) = (BN, ... 751(VN)), where u =
(u1,...,un), and

lim sup |ﬁ§N) —1|N =0.
N— 00 1N
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e for any index 1 and k € N, we have

L OFlog Hy(w)

N—oc0 N L

u=BW)

e For any distinct indices i,j and any k,l € N, we have

Nh_ﬁnoo azkaé log HN(u)’u:B(N) = Ak,

e For any s € N and any indices i1, ..., %5, such that there are at least
three distinct numbers in iq,...,is, we have

A}gl’loo 81-1(% . 81‘5 10g HN(u)|u:B(N) =0.

e The power series
k k—1 k,l k—1 -1
k(-1 okl 1 —1
S - Y - ) )
k=1 k=1,l= 1
converge in an open neighborhood of z = 1 and (z,w) = (1,1),

respectively.

The definition of CLT-apprioriateness is extended to measures using their
Schur gererating functions as follows:

DEFINITION 7.5. — Let as before

M= (@Y, B0,
satisfying the hypothesis

lim sup |ﬁ( —1N=0
N—=oo 1KV
A sequence of measures p = {pn }n>1 Is appropriate (or CLT-appropriate)
if the sequence of Schur generating functions {SPNA’B(N) (U1, uN)IN>1,
defined as in Definition 3.2, is appropriate in the sense of Definition 7.4.
For such a sequence we define functions

A =2 i
— )‘k,l -1 -1
Co(z,w) = B,(1+z,1+w) + ﬁ

Here {vi}r>1 and {Ag }tki>1 are obtained from the definition of CLT-

appropriate symmetric functions with Hy = S

o, B(V) &S in Definition 7.4.
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LEMMA 7.6. — Assume that the Schur generating function of a sequence
of probability measures {pn}n>1 on GTy satisfies the conditions

OilogS,, B~ (u1,.. uk7ﬁk+l, o ng))

N—o0 N
lim 010210g S, v (u1,. .. uk,ﬂk+17...,ﬁ§VN)) = Q2(ur,u2), Vkz>=1,

:Ql(ul)v VkZ 17

lim sup \B( )—1|N—O

N—oo 1N

where QQ1(z), Q2(z,w) are holomorphic functions, and the convergence is
uniform in a complex neighborhood of unity. Then {py} is a (CLT-)appro-
priate sequence of measures with

Ay(2) = Q1 (2), B,(z,w) = Q2(2,w)
Let t be a positive integer, and a; € (0,1] be a real number. Let py be

a probability measure on GTy. Define the random variables

[a; N]

oY = 30 (A 4 [aN] - i),
=1

where k =1,2,..., and A = (\y,...,Ay) is py-distributed.
THEOREM 7.7. — Let p = {pn}n>1 be an appropriate sequence of mea-

sures on signatures with limiting functions A,(z) and C,(z,w), as defined
in Definition 7.5. Then the collection of random variables

N) (N)
{N™ (pk ot Epk,t )}kEN;t:Lm,m
converges, as N — oo, in the sense of moments, to the Gaussian vector
with zero mean and covariance
(N) (N)
m COV(pkl t17pk2,t2)
N —o0 Nkitke

aklakz k1
— t1 t2% 7{ ( +1+( —‘rZ)Atl(l-i-Z))
|z|=€ J |Jw|=2¢

ko
( +14+ (1 +wd,(1+ w)) Ct, (2, w)dzdw,

where

o fori=1,2, A,(z) and Cy,(z) are analytic functions in a complex
neighborhood of 1 obtained by Definition 7.5 and Lemma 7.6 from
the induced measure on signatures of the 2[a;N]-th row of the con-
tracting square-hexagon lattice.
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e the z- and w-contours of integration are counter-clockwise and e < 1.
o 1 < tq < to <m.

DEFINITION 7.8. — Let B = (f1,02,..-,5n,...). Let m be a positive
integer and € > 0. Let A" be the space of analytic symmetric functions in
the region

{(z1,---,2m) €C™" |z € U210(5:)},
where
O(B:) ={z||z — Bi| <¢€}.
The space A" can be considered as a topological space with topology of
uniform convergence in the region above. Let

A™ = Ues oA
the topological space endowed with the topology of direct limit.
Let prmn,B : A™ — A" be a map with the properties below

(1) Pm,n,B is a continuous linear map.
(2) For every A € GT,,,

P (‘M) _ Z Cpm,n,BSM(“l"“’Z”) BB 50,
)

S)\(ﬁl,...,ﬁm) LEGT,, Ap Su(ﬂl,...
(3) For any f € A™ we have

fB1,- -, Bm) = Pmn,s(f)(B1,- -, Bn).
It follows from (2) and (3) that
> o
neGT,

Recall that we have a probability measure on dimer configurations of the
square-hexagon lattice defined by (2.10), where the square-hexagon lattice
has (2N + 1) rows and on the bottom row, the configuration has signature
w. Define a mapping ¢ : {1,...,2N+1} — {p® v 14 j € {1,2,... N}}

as follows
{u(%) if n is odd,

1/(%) if n is even.

Let 1 <ny <no <--- <ng =2N + 1 be positive row numbers of the
square-hexagon lattice, counting from the top. For 1 < 7 < s, let p,, be
the induced probability measure on dimer configurations of the n;th row.
Then the induced probability measure on the state space

GTyng) X GTyzy X+ X GT e

TOME 71 (2021), FASCICULE 6



2362 Cédric BOUTILLIER & Zhongyang LI

by the measure (2.10) can be expressed as follows:

(7.5) Prob (¢(ns), ..., 0(n1)) = pn. ((6(ns) H cpzn1§‘¢ ln]i "

Prn;,n; 4

where ¢ ¢(T'Lil) is the probability of ¢(n;_1) conditional on ¢(n;). In
particular, we have

p2t 2t—1,B t t—1 P2t+1,2t,B __ t t—1
C -1 = pI“B( © - M( ))7 Cu(f,)7,/(f,) = StB(V( ) — M( ))7

where B depends on the edge weights. Moreover, we have

p B<3y(t)(u17“wut—1vﬂt)>sy(t)(ula“"ut—l;ﬂt).
2t,2t—1, =
Sy () (ﬁla"'aﬁt) Sy(t)(ﬂla"'vﬁt) '
> (s o (U, g 17Ut)> ﬁHui (sw(uh---,ml,ut)).
2t+1,2t,B = :
i S (B1,---5 Be) Pl S (B, Be) )
and for 2 <i<s

Pn;ni—1,B = Pnyn;—1,B°Pn;—1,n;—2,B°---Pn;_1+1,n;_1,B-
For simplicity, we will denote the Schur generating function S, g from
Definition 3.2 simply by:
SN,B(N) = SPN,B(N) .

For 1 < @ < s, let Sy gav),, be the Schur generating function for the
induced measure p,,, on the n;th row of the R(N,Q, m).
We use also the following notation u, = (u1, ..., us) for a positive integer a.

LEMMA 7.9. — Let my,...,my be positive integers. Let nq,...,ng,
Proni,Bs -3 Pngns_,,B be defined as in Definition 7.8. Assume that

(¢(ns),...,p(n1)) has distribution (7.5). Let D](Cm) be the k-th order differ-
ential operator defined by (3.6) on functions in A™. Then

n n:
D7(nll)pn2,nl’Bfogn;)pnsmz,B -+ Png,ng_1,B

X D%:)SN,B(N) (ul, e 7unk)|(ul7~~aunk):(617~-36nk)
ko (1F) .
=B ][ X0, + 15 —ip™
j=1 \i;=1

Proof. — The theorem follows from the fact that Schur functions are
eigenfunctions for the operators Dgf ), and explicit computations as in the
proof of Proposition 4.3 of [7]. O
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Let f be a function with r complex variables. Define its symmetrization:

1
Symul,...’ur f(uh v 7u7”) = F Z f(ua’(l)v Ug(2) - - - 7u0'('r))7
' oES,

where S, is the symmetric group of r symbols.

Let m be a positive integer and let 0 < a1 < ag < -+ < a,,, = 1 be real
numbers. For positive integers [ and ¢ satisfying 1 < ¢ < m, we introduce
the notation

1
© SNBE™ 200N -1 (Wa, 87) Via, N (Wa, N])
lagN

]
X Z (Uiai)l {SN,BU\”,2[an]71(u[an])V[an] (u[an])}
i=1

1

B SN,BN,z[an}—l(X

By a1 (ap,n)

)DISN,B<N>,2[an]71(X),

1
© SNE™ 200N (Way N) Via, 51 (Ufa, n7)
lagN

]
X Z (Uz'az‘)l [SN,BW),Q[%N](u[an])V[an] (U[an])
i=1

1
= —DlS (N) 2[a X
SN, BN 2[a,N](X) B2 qN]( )

Fl a2 (uje,n) -

where D; is defined by (3.6), and Vi is the Vandermonde determinant on
N variables x1,...,znN.
For a positive integer s, let [s] = {1,2,...,s}.

LEMMA 7.10. — Assume that for each r = 1,2,... &.(u) is an ana-
Iytic function of u in an open neighborhood of 1". Then for any indices
b1,...,bq4+1 the function

(7.6) SYMy, by by (( o )

ubl —ub2)...(ub1 —ubq+1)

is analytic in a (possibly smaller) open neighborhood of 1". If the degree of
r in &.(u) is at most D (less than D), then the sequence (7.6) has r-degree
at most D (less than D).
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LEMMA 7.11. — Let {pn}n>1 be an appropriate sequence of measures
on GTy with the corresponding Schur generating function Sy gv). Let
T € {1,2}, then

0, Fia7 (u) = 0, [z; (i) (r+1)!

ul 8 1 10 S N " i l—r
x> Wmmme<h(M 8 5.2 afag N+ 7-2)

{b1esbrs1 }CIN] (ub1 - ubz) s (ub1 - ubr+1)

+T), (u)

where the degree of N in aiﬂ,a; (u) is at most I, and the degree of N in
T(u) is less than I.

Proof. — This lemma follows from the same arguments as in the proof
of Lemma 5.5 in [7]. O

For positive integers I1,ls, ¢, s satisfying 1 < ¢ < s < m, and 71,72 €
{1,2}, we define

(77) Gll, 1,72 (u)

lgga; ,Qg

=

=1 Z Z (r+1)!
=0 N T b b CIN

% Svm ‘réll abl [Flz,a?](aln [log SN,B(N>,2[an]+7172])
e (1, — ) - (utp, — o)

l1—1—7r

For a subset {ji,...,jp} C [s],let P;, ; be the set of all pairings of the
set [s]\ {j1,...,Jp}. Note that P; . =0 if s —pis odd. For a pairing P,
let H(a,b)eP be the product over all pairs (a,b) from this pairing. Finally,
for each positive integer [ let

El,B<N>,a; = Llaz <5§N)v e »5J(VN)) :

PROPOSITION 7.12. — Let pn be an appropriate sequence of measures
on GTy, N =1,2,... Then for any positive integer m, any positive integers
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Uiy oy lm, and 1; € {1,2}, for 1 <i < m, we have
[a1 N]
1 1 Z I SN.BW 2[ay N] 47 -2
lim ]\]ll+ i % (uilﬁil) _Ell,BW),aIl 5
N—o0 lamN] \ {2 N,BV) 2[ap N]+72—2
[QZQN} SN,BC 2las V]
l N,B 2[as N]|+712—2
X (uizaiz) ? = EZQ,B<N),a;2 g
i1=1 N,B(N>,2[a3N]+7—372
[am N]
Im
oo [ (3,05, =By gy o |Viaw NYSN,BOY 2(ay N4 —2
im=1 u=B{"

1
_J&E}noo N+ +m Z H Gl tysaze ape (W)

PePy (s,t)eP u:B](VN)

Proof. — The proposition follows from the same technique as the proof of
Proposition 5.12 in [7], although our definition of Schur generating functions
Sy gy is slightly different. O

Proof of Theorem 7.7. — The case when ﬁi(N) =1forall Nand 1 <i<

N was proved in [7, Theorem 2.8]. We will prove it under the assumption
that

: (N) _ _
Mim_sup |83; 1N =0.
By Lemma 7.9 and Proposition 7.12, it suffices to show that

— lim Gll,lg;azl ,a;z (u)

Gl1 lo;alt,al? (ll)
. 302,097 ,09
(7.8) lim — by N Nl+l2
X=

N—o0 Nl+lz

u=1N
where by the result in [7], the right hand side of (7.8) is known to be

. (;’ll,lz,aﬂ—1 a2 (u)
lim ——=—t12
N—o0 Niutle

ll lz 1
a1 az 7{ f. < +1+(1+Z)A1(1+Z)>
|z|=€ J |w|=2¢

ka

( +1+(1+w)A2(1+w)) Ca(z, w)dzdw
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By definition of an appropriate sequence, see Definitions 7.4, 7.5, we have

Oi[log Sy 1~ ,a;']
N—oo N

i 81 [log SN7B(N),a:t]
Ngnoo N

x=B(N) x=1N

lim 8i8j[logSN B(N) a"t] = lim 8i6j[logSN 1N a"'t]
N—o00 ’ Tt —00 ’ Tt

x=RB(N) N x=1N

From the expression of Gy, ;, in (7.7) and the expression of 0;F; in Lem-
ma 7.11, as well as Lemma 7.10, (7.8) follows. O

LEMMA 7.13. — Assume that A(N) € GTy, N = 1,2,... is a regular
sequence of signatures such that

lim [m(A(N))] = m.

N—o0

Then

N—k
. savy(ur, ug, oy ug, 1V7F)
| 01051
NI—I)%O 172 Og( S)\(N)(lN)

= 0,0, (1 — (w1 — 1) (us — 1)

ulH;n(ul) — ’LLQHlln('LLQ)>

Ul — U2

where the convergence is uniform over an open complex neighborhood of
(.. ux) = (1F).

Proof. — See Theorem 6.7 of [8]. O

PROPOSITION 7.14. — Assume that A(N) € GTy, N = 1,2,... is a
regular sequence of signatures such that

Jim [m(A(N))] = m.

Let B(N) = (6§N)a ceey ](VN)) such that
(7.9) lim sup wi(zv) 1N =0,
N—oo 1<i<N
Then
(N) (N)
lim 9,0, log sav) (U1, g, - Uk B iy By )

— 0,0, <1 (1 — (s — 1)U1Hr,n(u1) - Uszn(Uz)> 7

Uy — U2

where the convergence is uniform over an open complex neighborhood of
(ug,...,ug) = (1%).
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Proof. — Note that

5.8 1o SA(N)(U1,-~-,ukﬁ;(c]i)p---, o8
1908 sy (BMY)

(V)
SA(N)(uh-- uk,ﬁk+1,..., N )
= 0102 log 7
o < sxav) (1Y)
by Lemma 7.13, it suffices to show that
(N) (NV)
. savy (U, o, - Uk, Byt By )
7.10 | 01021
( ) Nggo 172 Og( SA(N) (11\/)

1Nk
— lim 8182 10g<5A(N)(u17u27 y Uk )>
N—o00

sany (1Y)

Indeed, it suffices to show that the left hand side of (7.10) is independent
of BIN), Recall that by Lemma 2.24, we have:

SA(N) (ula-"auk7ﬁl(:i1a" B(N))

S)\(N)(].,...,].)

lo U; —lo U
1 g(uz_ujg D

1<i<j<k 1<i<k, k+1<G<N

(N _ (N)
« H log(ﬂ; ) log(ﬂj ) 6ZNNtr(U"Pz\r,B,k,UQN)dU_
B — gt v

(7.11)

log(u;) — log (53@))

k+1<i<j<N

We can compute
9,0 IOg s)\(N)(ula uz, ... 7Uk»51(gjiiy <o 7ﬁ](VN))
102
SA(N) (1N)

— 9,0 |:10g(u1) — log(uz)

Up — U2

} + 0102 log In B k(2N),

where
(7.12) IN,B,k<Z) ::/ eZNtr(U*PN,B,kUQN)dU
(N)
:/ NI P DN GG g
U(N)

Hence it suffices to show that

lim 818210gIN7B,k(zN) = lim 618210gIN7k(ZN),
N —o00 N—o0
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where Iy ;(z) is given by

(7.13) IN,k(Z) = / eZNtr(U*PN.kUQN)dU
(N)

:/ ZNZ PNk (4,1)Qn (7,7)1U (3,5)1? du.
U(N)

Using the same technique as in the proof of Theorem 2.1 in [17], we have

(7.14) logIn B x(2N) Z - Z (—1)H+1w)

SF L (logug)™ + 3, (log m)%)

~
=
<
=

X
i
I
=

X
j=1 t=1
oo oo 1
(7.15) log IN k ZN Z Z E a)+l(¢)
9=0 d=0  |a|=|¢|=
l(l)é) (e 73
T [ Zten (og )
et N

A )<N2(At+NN‘t) )qu,w

j=1

where the H,(a, ) are the double Hurwitz number, see [37]. Under the
assumption that A(N) is a regular sequence of signatures and (7.9), we
have:

N (S (logun)™ + 3Ny, (log B)™
1 N

; d k (o)
< — .
N & L%l?é(k“()g Ut] <N)
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Let
Q448N UL, ... uL)
() i N i
_ 1 Z Q)H ») H Zt ((logug)® + 377, (log Br)
—d N
lal=[yp|=d
()
A+ N—1t
A(F2 () men
t=1
then ®4 4 g n(u1,...,ux) is an analytic function in an open complex neigh-
borhood of 1*. Let
@d)g,N(ul, e ,uk) = q)d7g71N7N(u1, e ,uk).
We will compute 0102®4 g, n (1, . .., ux). Note that only those signatures
«a satisfying (o) > 2 contributes to the derivative 0102®q g v (1, - .., uk).

In a sufficiently small complex neighborhood of 1%, and when N is suffi-
ciently large, by Lemma 7.15 below, we have

1 /1\¢
10102®ag, 5,5 (urs -+ ur)| < 57 (2)

Therefore for any € > 0 there exists an integer E > 1, such that for any
(u1,...,ux) in an small open complex neighborhood of 1%, and for any
BW) satlsfylng (7.9), for any g > 0, we have

€
(7.16) E N?|0102@q g, 55 (u1, ..., up)| < 3
d>E+1

By the uniform convergence of the derivative we have

oo 1 oo
0102log In B i(2n) = Z N2 Z 0102®q,g BN (U1, ..., Uk).
g=0 d=0

As a result,

(7.17) |8182 IOgIN,B’k(,ZN) —8182 1OgIN,k<ZN)‘

E
1
< Z N2 Z|5’132 [®a.g..n5 (U1, g, ... u) =Py g N (ur, Uz, ..., up)] |
9=0 d=1

oo

+ZN29 5 Z 0105 [®a, 9,5~ (ur, g, ..., up) = Pa g n (U, ug, ... up)] |
d>E+1
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By (7.16), we have

oo

1
(7.18) Z N2 Z |0102[®ag, BN (U1, Uz, ... ug) = Pa,g, N (U, uz, ... ug)]|
9=0 d>E+1
< eN? - €
T 4(N2—1) 2
when N is large. Moreover,
|8182 [@d7g7B7N(U17U2, ey uk) — (I)d,g,N(ul,’UJg, e ,uk)] |
() o o
1 [log uy]®~log ug|®—1
I a)+l
LY ey, y losl® s

" al=ly|=d i=1 1 <l(a),j#i

y 0 (zf_laog u)°r +Nziv_k+1<log ﬁmr)

1<r<l(a) i ]

b (log uy)*r
I ()

1<r<i(a), r#i,r#]

1 Ae+N—t\"
A () s

mo =o().

given that BW) satisfies (7.9). By (7.17), (7.18), (7.19), we have
lim |(9182 IOgIN,BJg(ZN) — 6182 IOgIN’k(ZN)l = 0,
N—o00

and the proof is complete. O

We now state the technical lemma about the generating function of the
double Hurwitz numbers:

LEMMA 7.15. — Let Hy(c, B) be the double Hurwitz number as given
n (7.14) and (7.15). For each g > 0, let

Then the series Hy(z) has a radius of convergence of at least -; and at
most %

Proof. — See Theorem 3.4 of [17]. O
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Let R(2,d) be a contracting square-hexagon lattice. Let [26N] be the
row number of a row of R(£2,d) counting from the bottom. Then the in-
duced probability measure of dimer configurations on that row is also a
measure on Young diagrams given by [(1 — k) N]-tuples. We define the mo-
ment function by

(1-r)N .
% 1—-k)N AR
(7.20) p; = Z ()\E[( VD 4 [(1—£K)N]— z) .
i=1
THEOREM 7.16. — The collection of random variables

{N77(pf — Ep})to<r<iijen

defined by (7.20), is asymptotically Gaussian with limit covariance

QE&JV*ﬁ+”NwV@$aﬁS)

1—kp)9(1— .
_ (=r1) Ka)’ j{ 7{ < +1+( 1+Z)A,ﬁ(1+2))
27” |z|=€ J |w|=2¢

<w+1+(1+w)AH2(1+w)>J2Q(Z w)dadw,

where e < 1 and 1 > k1 > kg > 0,

n

1
A(l42)=—H (1
(I+2) = Hm,(142) 1—mn§;z+q+1

Here ¢; = - 171 is the reciprocal of edge weights. Moreover,

w[(1+2)H}, (142)—(14+w)Hy, (1+w)] ))

Z—w

Q(z,w) = 0,04 <log <1 _z
1
(z —w)?
Proof. — The theorem follows directly from Proposition 7.14 and Theo-
rem 7.7. O
Proof of Theorem 7.3. — Theorem 7.3 follows from Theorem 7.16 in a

similar way as the proof of Theorem 6.3 in [8]. O
8. Examples
In this section, we study a few examples of contracting square-hexagon

lattices. By applying the theory developed in previous work and this pa-
per, we explicitly find the limit shapes and the frozen boundaries of perfect
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matching on these lattices. The examples with parameters x; = 1 are stud-
ied in Section 8.1; while the examples with general periodic parameters
x; # 1 are studied in Section 8.2.

8.1. Examples with z; =1
8.1.1. An Aztec rectangle

Figure 8.1 shows a domino tiling of a large Aztec rectangle, sampled from
the Boltzmann measure with 1 x 4 periodic weights given by z; = z2 = 1,
y1 = 4, y» = 1. Here the number of distinct y;’s in a period is equal to
m = 2 and the number of distinct parts for the boundary partition w is
equal to s = 4.

This typical tiling, as explained in Section 5, exhibits a spatial phase
separation between frozen regions close to the boundary, and a liquid region
in the middle. The frozen boundary separating the phases converges in
probability to an algebraic curve which, as one can see from Figure 8.1, has
(m+1)s—1 = 11 tangent points with the bottom boundary. In each interval
[a;,b;] for 1 < j < s =4 of the bottom boundary, the frozen boundary has
2 tangent points, while in each interval (bj,a;11) for 1 < j <s—1=3,
the frozen boundary has 1 tangent point.

8.1.2. A simple square-hexagon lattice

Consider a square-hexagon lattice SH(a) in which
0 if¢is odd

a; =
1 if4is even.

(8.1)

See the left graph of Figure 8.2 for a subgraph of the original square-
hexagon lattice, and the right graph Figure 8.2 for a subgraph by translat-
ing every row to start from the same vertical line.

Assume that the contracting square-hexagon lattice R(), @) with a sat-
isfying (8.1) has boundary condition specified by

Q= (A, A +1,...,B—1,B1,A2, Ay +1,..., By — 1, By,
A3,A3—|—1,...,Bg—1,33).

i.e. the boundary partition w has three distinct parts of macroscopic size,
repeated a macroscopic number of times.
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the lattice obtained by letting all the rows of the left graph start from
We give two realizations of the dimer model on a large graph R(£2,a) on
Figures 8.3 and 8.4. Instead of drawing dimers on the graph, we draw only

Figure 8.1. A domino tiling of a large Aztec rectangle with 1 x 4 pe-
the same vertical line.

Figure 8.2. A subgraph of a square hexagon lattice

represents a subgraph of the original lattice

JAN:

the particles from the bijective correspondence with finite Maya diagrams

of Sect

3

2

1011
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Figure 8.3 shows the uniform dimer model (i.e. all the edge weights are 1)
on a contracting square-hexagon lattice R(€, ), whereas Figure 8.4 shows
a random dimer configuration of the same graph but with periodic weights

with a fundamental domain consisting of 8 rows, and edge weights x;

0.5. We can see that in the periodic case,

the frozen boundary has more tangent points with the horizontal line k = 0

compared to the uniform case.
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Figure 8.3. Limit shape of perfect matchings on the square-hexagon

lattice with uniform weights x;

x4 =1=y1 =ys.

To = X3 =

We may also consider contracting square hexagon lattices with a satisfy-
ing (8.1) and other boundary conditions. For example, we may consider the

counting measures corresponding to the signatures on the bottom boundary
converge to a uniform measure my, on [0, 2] as N — co. Assume that each

fundamental domain consists of four rows, x1

In this case we have

=1.

1

1
Yy

1, and ¢; =

)

2

1-2
t

log (

1

2

Stm,, (t) =
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A
SRS 3
A RN A AR
ﬁ&h«« N

q
e «v&“\}»t

Figure 8.4. Limit shape of perfect matchings on the square-hexagon

=ry=x3=x4=1,y1 =3,y3 = 0.5.

lattice with periodic weights x1

= log z for t and substitute it into (4.3),

Then we solve the equation Sty (t)

we have

>
I
=
[
n (B
—~

e|l=
I+
< | w
~—~—
|
—
N

0

N

Hence the frozen boundary is given by the condition that the discriminant

of (8.2) is 0, which gives

32x =0; k =20.

16x% + 9k2 + 8yk —

See Figure 8.5 for the frozen boundary in that case, which is not a full closed

real algebraic curve inscribed in the domain, contrary to the “stepped case”

above.

8.2. An example with limy_,. :cl(-N) #1
We show on a particular example how computations above can be
adapted to take into account situations when the weights xl(-N) do not go
to 1. The boundary condition considered is given by a staircase partition
where the steps have constant height, not depending on N. More precisely,
consider a contracting square-hexagon lattice R(2,d) with edge weights

TOME 71 (2021), FASCICULE 6
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0.8 - b

0.6 - 4

04+ B

0 I I I I I I I I I
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 18 2

Figure 8.5. Frozen boundary of contracting square-hexagon lattices
with 1 = 22 = y1 = 1, a9;_1=0, ag; = 1, and uniform counting
measure on [0, 2] for the signatures on the lower boundary

assigned as in Proposition 2.18. Assume the configuration on the boundary
row is given by the following very specific partition:

(83)  AN) = (M —1)(N —1),(M = 1)(N —2),...,(M —1),0),

where M > 1 is a positive integer. In other words, there are N vertices re-
maining in the boundary row in total; the leftmost vertex and the rightmost
vertex are remaining vertices in the boundary row; between each pair of
nearest remaining vertices on the boundary row, there are (M — 1) removed
vertices. This distribution in the limit as N goes to infinity converges to a
uniform measure on the whole interval [0, M]. By [33, Example 1.3.7], we
have

M _ M

_ Z j
S)\(N)(:L’l,...,IL'N)— H o —
? J

1<i<j<N

when all the z;’s are distinct, and extended by continuity when some x;’s
are equal.

We further assume that the edge weights are assigned periodically with
a finite period n. That is, for each i € N, and 7 = i mod n

(8.4) T = T3
and if i € Iy,
(8.5) Yi =13

ANNALES DE L’INSTITUT FOURIER
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By Proposition 2.18, the partition function of dimer configurations on the
graph R(, a) can be computed by the following formula

N
ZN = H H (1+yi$t)] sa) (@15, TN).
i€y t=i+1

When the edge weights satisfy (8.4) and (8.5), we may compute the free
energy as follows, distinguishing the cases where z; = z; or not in the
expression above:

) 1
F = lim mlogZN

N—o00

1 1 o}l =} 1 loe(MzM-1
=3 Z 0g R T3 Z og(Mz;" ")

1<i<jg<n

T D D Ty

i€l,N{1,2,....,n} t=1

Here we assumed that all the weights z;’s in a fundamental domain are
distinct. The case when some weights coincide is obtained by continuity.

We can also compute the Schur generating function for the random par-
tition corresponding to the random dimer configuration on each row of the
graph, and obtain in this particular case an explicit analogue of Proposi-
tion 3.7 giving the moments of the limiting distribution of particles m”, at
macroscopic height k € [0, 1].

Let p* be the distribution of the random partition corresponding to the
random dimer configuration on the kth row. By Lemma 3.6, we have

Spk7X(N—t) (ul, cee ,UN,t)

N-—t
_ S)\(N)(ula"'7uN7tax17"'7$t) H H( 1+yZ’U/7 )
SA(N)(xla“'aa:N) i€{1,2, L/ t+1}N T =1 1+yi$t+j

for k = 2t+1 or k = 2t+2. When the edge weights are assigned periodically
as in (8.4) and (8.5), and letting N — oo, & — « € [0, 1), we have

. 1
(1_551vl_>00 m log Spk,xuv—t) (ul, sy UL, T 140 - - ,JUth)
= > [Qulw) = Qulwiga)],
1<i<l
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where

M
Qu(u) = | Z log( = )Jrﬁ Z log(1 + y;u) | .

n
1<j<n 1€{1,2,...,n}NI>

Let p > 1 be a positive integer. Let p|(1_.)n | be the probability measure
on the row of the square-hexagon lattice with | (1 — k)N | present V-edges,
and let m, , . be the corresponding random counting measure. Let
N =|(1—-k)N]. Let U = (uq,...,un) and X = (x1,...,2y) satisfying
Timodn = Lj-

Following similar computations as the proof of [6, Theorem 5.1], we have
that the leading term for

p+1 D
N /Rx m, oy

is given by

N p
My Jin SN e (N30

P jefz Ay T

First we assume that the edge weights x1,...,x, are pairwise distinct.
Let

Sy(@)={je{1,2,...,.N}:j modn=i}={an+40<a<|N/n|}

Then
N p D
—1 Pry/ -1
My n = thzlng (l)ui Q) (u;)]?
. -k k
l 1 1
S Sl0 [ S B D S
k=0 JE{t2,  NNSp() - JeSn NG} " Y
and

I Mp N lim 1 e p! 1
NS NP _U%Xﬁgzk(p k) nk(k+1)!

p—k

S O RS  pae—
ouk Y rit n_ 4~ u-—uz;
1<g<n,j#i

U=T;
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Note that

K Yi
PRI |
(1~ k) i€{1,2,....,n}N I 1+ yiu

Using residue and following similar computations, we have

p+1
1 dz - z
Pm”(dx) = - ! -

where Cy, ... ., is a simple, closed, positively oriented, contour containing
only the poles x4, ..., x, of the integrand, and no other singularities.

In the case that some of the edge weights z1,...,z, may be equal, one
has to be separate terms in M, »r and introduce instead of Sx-(7) the set
Ta(i) ={j € {1,2,..., N} : z; = 2;} but at the end, we arrive to the same
expression for the moment of m".

In [32], it is proved that when the boundary partition differs from (8.3)
by at most one component at the beginning, the limit shape is the same as
when the boundary partition is given by (8.3).

Define F; ar(2) = 2Q1(2) + 305, 7=z Adapting again the compu-
tations in [6], we can compute the Stieltjes transform of the measure m”
when z is in a neighborhood of infinity by

Stpn () = Zx—(jﬂ)/Ryjmn(dy)
§=0

1 di(]- _ Fm,M(Z))
St (z) = o fc” lllll B log Z—l - me(z) dz

a1 )]

En

TOME 71 (2021), FASCICULE 6
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Because F}; pr(z) has a Laurent series expansion in a neighborhood of z;
given by
Lj

F, -4 ek
w0 =y et

F,; m(z) = x has exactly one root in a neighborhood of z; for 1 < i < n,
and thus, we can find a unique composite inverse Laurent series given by

Grag(w) =a;+ Y ——
i=1

wt’

such that Fy pr(Ge amr,j(w)) = w when w is in a neighborhood of infinity.
Then

(8.6) zi(x) = G m,i ()

is the unique root of Fy; ps(z) = z in a neighborhood of ;.
Since 1 — F“x’M

hood of xz;, we have
Fe
% d<logzlog (1 — M(Z>>) =0;
xZ; Y

Stm, () = Y log(z (@) ~ log;

has exactly one zero z;(x) and one pole z; in a neighbor-

and therefore

when z is in a neighborhood of infinity. By the complex analyticity of both
sides of (8.2), we infer that (8.2) holds whenever z is outside the support
of m,,.

LEMMA 8.1. — Assume the liquid region is nonempty, and assume that
for any x € R, Fy; am(z) has at most one pair of complex conjugate roots.
Then for any point (x,x) lying on the frozen boundary, the equation
Fy . m = 7% has double roots.

Proof. — By Lemma 4.10, the continuous density fm, (z) of the measure
m,, (z) with respect to the Lebesgue measure is given by
1
T .
oo, () = = Tim T[St (1 + 3]
By (8.2), we have

e—0+ 7T

fm, () =— lim 1 Arg(H zi(z + ie)).
i=1

If the liquid region is nonempty, and for any € R, F; »s =  has at most
one pair of complex conjugate roots, then for each point (, ) in the liquid
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region, there is exactly one of roots z; (ﬁ + ie) from (8.6) converging to

a non-real root of Fy m(z) = 7% and all the others converge to real roots

-
of Fiu m(2) = . Then, the lemma follows from the complex analyticity
of the den51ty of the limit measure with respect to (x, k). O

Let us now be more specific with the particular cases when M is equal

to 1 or 2.

82.1. M=1

When M =1, all the vertices on the bottom row are V-vertices. Let

n

@)= Bam @) = gy 3 1fiy¢z+;ln</m>

K
i€{1,2,...n}NI,

n

K i NiYi 1 x;
=K - - .
n(l—ﬁ);z+’yi+nzz—xj

j=1
where v1,...,7%n, are the distinct values of yi,z e Ihbn{l,...,n}, with
respective multiplicities nq, ..., n,,, and K the constant ﬁ —(n—r)=.

Let us call m’ the number of distinct values of z;’s for j € {1,...,n}.
The equation

X

8.7 F.(z) =
(57) W) =

has at least a real solution for z between two consecutive —v;, and between
two consecutive (distinct) x;. This gives at least m +m’ — 2 real roots. As
it can be written as a polynomial equation in z of degree m+m/, we obtain
then that Equation (8.7) as at most a pair of complex conjugate roots.
The frozen boundary C' is given by the condition that the two complex
conjugate roots of (8.7) merge to a double root. More precisely, let

n
-z Yi
U(Z)_ Z _’_zyizv an_xj

n 1
1€{1,2,...,n}NI> J=1

Then the frozen boundary has a parametric equation (with parameter z)

as follows
x =rU(2) + (1 = K)V(2)
0=rU(2)+ (1 —r)V'(2).
Hence we have

_(UEV'(E)-UEVE Vi)
(8.8) (x, k) = ( Vi(z) - U'(2) "Vi(z) - U'(Z)) ’
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for (x, k) on the frozen boundary. The dual curve of the frozen boundary
has parametric equation

o e ()

The values of z for which the ratio z:/y is 0 correspond to horizontal tan-
gency points of the frozen boundary.

For 1 < j < m, z = —v; corresponds to the point (V(—~;),0) of the
frozen boundary, and the slope x/y for the corresponding point on the
dual curve is 0, because U(—~;) = oco. This gives thus m points on the line
k = 0 with horizontal tangent for the frozen boundary.

When z is one of the z;’s, the corresponding point on the frozen boundary
is (U(x;),1) and the corresponding tangent line is also horizontal. If m’
is the number of distinct z;’s in a fundamental domain, then we get m’
horizontal tangency points on the line k = 1 for the frozen boundary.

By slightly adapting the proof of Proposition 5.4, and checking the defi-
nition of cloud curve for this case, one obtains the following

PRrROPOSITION 8.2. — The frozen boundary given by the parametric
equation (8.8) is a cloud curve of rank m + m’.

822. M =2

When M = 2, the counting measure on the bottom row converges to the
uniform measure on [0, 2] when N — oco. Let

KZ Yi
FN(Z) = FH’]\/IZQ(Z) = —
n(1—K) ie{l Q,Zn}mz L4z

z z 1
+Zn(z—xj) +n(1—f€) Z z+ax;

1<isn

As in the case M = 1 discussed above, Equation (8.7) for M — 2 has at
most one pair of complex conjugate roots, and the parameters z for which
the two complex conjugate roots merge to a double root correspond to the
frozen boundary. More precisely, let
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Figure 8.6. Limit shape of perfect matchings on the square-hexagon

lattice with weights v

0.8,y3 = 0.5,21,‘3 =

T2

2ma,

1

x

i

3

1.8and M =1

1.4, T4

then

WVE L
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(
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_ (W’(Z)U
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for (x, ) on the frozen boundary. The dual curve of the frozen boundary

has parametric equation

|4
(2) + W(2)

+W(z)'V

(_ V(=
If we have m’ distinct values of x;’s in the fundamental domain, then for

z = x;, we get that the points (U(z;) + W(z;),1) are m’ tangent points of

the frozen boundary to the line k = 1.

)

(z,y
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Wiy

ol PTEN,

3

Figure 8.7. Limit shape of perfect matchings on the square-hexagon
lattice with weights y; = 3,21 = 10,22 = 0.1,y3 = 0.5,23 = 3.0, x4 =
0.3 and M =2

8.3. General Case

In general, it is possible that the equation fy as(2) = 2= has more than
one pair of complex conjugate roots. For example, let M = 3, I = 0,
x1 =1 and o = 2. In this case, we have

I ()_z 1 n 1 n z 2z+1 n 2z +2
T\ i1 T m2) T2l k) \ 2l 242:14)°

For x = 1 and k = 0.5, it is not hard to check that the equation F, 3 = %

11—k

has 2 real roots and 4 non-real roots.
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