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Abstract. We study scaling limits of periodically weighted skew plane partitions with semilocal interactions and general boundary
conditions. The semilocal interactions correspond to the Macdonald symmetric functions which are (g, ¢)-deformations of the Schur
symmetric functions. We show that the height functions converge to a deterministic limit shape and that the global fluctuations are
given by the 2-dimensional Gaussian free field as g, — 1 and the mesh size goes to 0. Specializing to the noninteracting case, this
verifies the Kenyon—Okounkov conjecture for the case of the rYolume measure under general boundary conditions. Our approach uses
difference operators on Macdonald processes.

Résumé. Nous étudions les limites d’échelle de partitions planes tordues (skew) pondérées périodiquement, avec des interactions
semi-locales et des conditions au bord générales. Ces interactions correspondent aux fonctions symétriques de Macdonald, qui sont
des (g, t)-déformations des fonctions de Schur symétriques. Nous montrons que les fonctions de hauteur convergent vers une forme
limite déterministe et que les fluctuations globales sont données par le champ libre gaussien 2-dimensionnel, lorsque ¢, — 1 et que
la maille du réseau tend vers 0. En se restreignant au cas sans interactions, ceci confirme la conjecture de Kenyon—Okounkov pour le
cas de la mesure r¥olume pour des conditions au bord générales. Notre approche utilise des opérateurs aux différences agissant sur les
processus de Macdonald.
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1. Introduction

Given Young diagrams u C A, a skew plane partition supported in the skew diagram A/u is an array of nonnegative
numbers (77;, ), j)er/ Weakly decreasing in each index. For the purposes of this article we have A = N M_(N,...,N).
M times
By viewing 7; ; as the number of unit cubes on (7, j), we may interpret a skew plane partition as a discrete, stepped
surface in R?, see Figure 1. The volume of a skew plane partition is the number of unit cubes, that is Zi, j7i,j- The
projected image of this stepped surface further admits the interpretation of a skew plane partition as a lozenge tiling; a
tiling of the triangular lattice by rhombi of three types. A fourth alternative perspective is that a skew plane partition can
be viewed as a dimer covering of the honeycomb lattice.

The central objects of this article are Macdonald plane partitions, a broad class of measures on skew plane partitions
which are also Macdonald processes; stochastic processes with special algebraic properties. Macdonald processes were
introduced in [1], with asymptotics accessible through the method of difference operators. Arising in directed polymers,
random matrices and dimer models to name a few, these stochastic processes and their degenerations have found appli-
cations in a variety of probabilistic models, e.g. [1,3,12]. More recently, a class of difference operators for Macdonald
symmetric functions which directly accesses moments of Macdonald processes was discovered by Negut [24] and applied
to the B-Jacobi corners process in [16] and [14, Appendix 1] by Borodin, Gorin and Zhang.

From the methods perspective, the aim of this article was to further develop the machinery of Negut’s difference
operators for the extraction of global asymptotics of Macdonald processes. One achievement is the extension of Negut’s
difference operators to general Macdonald processes with multiply-peaked boundaries; this is essential to analyze skew
plane partitions whenever u is not the empty diagram. Yet another is that we access observables at singular points of
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Fig. 1. Skew plane partition with support (5, 5,5)/(3, 1, 0).

Macdonald processes; distinguished points where the model exhibits unbounded and singular behavior. Altogether, our
analysis provides a unified framework for the study of a general class of Macdonald processes.

While the application of this method to Macdonald plane partitions illustrates the breadth of the approach, the focus on
Macdonald plane partitions is motivated in part by the long-standing conjecture of Kenyon and Okounkov (KO conjec-
ture) [19, Section 1.5, page 15] on Gaussian free field fluctuations of periodic dimer models which we recall below. More
specifically, the Macdonald plane partitions provide a rich family of non-uniform models which are situated in a space
extending the domain of KO conjecture. Our goal was to demonstrate that (the appropriate extension of) KO conjecture
continues to hold for the broadest class of non-uniform models which are accessible via the Macdonald processes ap-
proach. Another point of interest for Macdonald plane partitions is in their connection to random matrices. In particular,
they may be viewed as discrete realizations of eigenvalues processes for products of random matrices; we provide more
details below.

KO conjecture was stated in their seminal paper [19] which established a general limit shape theorem for dimers on
Z x Z periodic, bipartite graphs (see also [20]). In more detail, one can associate a natural height function to periodic,
bipartite dimer models and the limit shape theorem states that the height function converges, as the mesh size goes to 0,
to the solution of some variational problem. We note that [19] was preceded by a history of works which was initiated
by Cohn, Kenyon and Propp in [11] where the limit shape phenomenon was established for uniform domino tilings
(i.e. square lattice dimer models). Complementing the limit shape theorem, Kenyon and Okounkov conjectured that the
height function of uniform dimer models exhibit Gaussian free field fluctuations in the limit as the mesh size goes to 0.
Moreover, they gave a conjectural description of the complex coordinates which in the case of lozenge tilings admits a
nice geometric interpretation in terms of the local proportions of lozenges 0, Q,< (see Section 2). Though a general
proof of KO conjecture remains undiscovered, the conjecture has been verified for uniform domino and lozenge tiling
models for an assortment of domains, see [8,9,17,18,28].

While KO conjecture was stated for uniform dimer models, the conjecture can be readily extended to non-uniform
models which emulate a volume constraint (see [5, Section 2.4] and [10]). The simplest such model is the Fyolume measure
which is a measure on skew plane partitions with fixed support A/u and probability P(rr) oc r¥oume of 7 - Qriginally
introduced by Vershik [30] when p is the empty partition, the limit shape and local asymptotics of the V"™ measure
have been thoroughly studied (see [7,22,25,26]). Despite the abundance of literature on this simple model, there are no
results on the global fluctuations in the literature even for the case of ordinary (when p is empty) partitions. Since this
gap in the literature is unfortunate, the present article fills this vacancy and proves KO conjecture for r¥°'™ using the
approach of Macdonald processes. Moreover, as far as the author is aware, this article provides the first non-uniform
lozenge tiling model for which KO conjecture is true.

However, the Macdonald processes approach applies to a far more general family of measures beyond the V"™ mea-
sures. To demonstrate this generality, we consider the most inclusive set of measures on random plane partitions, subject
to periodicity, for which the Macdonald processes approach applies. Simultaneously, we sought to push the boundaries
for which KO conjecture holds. From this investigation, we find that KO conjecture encompasses a menagerie of models
exhibiting a variety of features such as periodic weighting and semilocal interactions; we note that periodically weighted
variants of V"™ were expected to satisfy KO conjecture but the inclusion of models with semilocal interactions is a
novelty for lozenge tiling models. In other words, we find universality in the global fluctuations of Macdonald plane
partitions. Furthermore, the Macdonald processes approach provides an explicit description of the limit shape in terms of
its moments going beyond the general description given in [19].

We now comment further on some of the aforementioned features in Macdonald plane partitions. In one direction of
generality, Macdonald plane partitions contain periodically weighted variants of the r¥°"™ measure. These measures
have weights with pZ x Z periodicity rather than the Z x Z periodicity of the r¥°""™ measure. The class of models
studied in this article supports general skew diagrams which lead to exotic limit shapes, see Section 6.3 and Figure 2. The
presence of periodically varying weights produce cusps in the frozen boundary whose placement is determined by the
changes in slope of the boundary. We note that the limit shape phenomenon and local asymptotics for the two-periodic
case, near special cusp points, were studied for fairly specific boundaries in [23]. This is the first work to consider general
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(A) Limit shape for r ordinary partition. (B) Limit shape for 6-periodic model

Fig. 2. Samples of large plane partitions from the non-interacting case.

boundary conditions for arbitrary period lengths. The analysis of p-periodically weighted models also introduces new
phenomenon in which the integral formulas of the moments contain pth roots of rational functions, see e.g. Section 6.

In another direction of generality, the Macdonald plane partitions exhibit semilocal interactions of varying strengths.
By semilocal interactions, we mean that the Macdonald plane partitions are a family of interacting dimer models on the
honeycomb lattice where semilocality refers to the interaction being longer-range in one of the coordinate directions. For
our models, a deformation parameter pair (g, t) modulates this interaction with ¢ = ¢ corresponding to the non-interacting
models and the interaction parameter % exaggerating the strength of the interaction as it deviates away from 1. In this
direction, there is the related work of Giuliani, Mastropietro and Toninelli on global fluctuations for interacting dimers
on the square lattice in [15]. A common feature of our results is that the fluctuations depend on the interaction parameter
only by a scaling factor. Let us also note that our model is non-determinantal when g # t, and in particular the method
of Macdonald processes is the only approach available presently to access KO conjecture for general Macdonald plane
partitions.

Apart from their generality and variety, Macdonald plane partitions are also of interest due to their deep connection
with random matrix theory. Let 8 = 2112% be the interaction type. By degenerating (one-periodic) Macdonald plane
partitions via the Heckman—Opdam limit which fixes the interaction type, one can obtain the eigenvalue distribution of
certain products of random matrices. For 8 = 2, this connection is explored in [6] where the singular values of products
of truncated Haar unitary matrices have correlation kernels obtained via limits of random plane partitions with certain
boundary conditions that correspond to the truncation sizes. The B = 1, 4 cases correspond to products of truncated Haar
orthogonal and symplectic matrices respectively. Thus the Macdonald plane partitions can be viewed as discrete realiza-
tions of product matrix processes. We further explore this connection in a future article. In another similar connection
to random matrices, the interaction type B for our skew plane partitions behaves as the 8 log-gas parameter in random
matrix theory. This is manifested in the usual 8-dependence in global fluctuations, namely the height functions have to be
renormalized in a characteristic manner depending on 8 in order to converge to the (properly scaled) Gaussian free field.
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We note the limit shape and global fluctuations of the so-called discrete B-ensembles were studied in [4] which are yet
another discrete system exhibiting random matrix S-type interactions.

We finally note that this is not the first work which considers Macdonald deformations of the »Y°"® measure. By
taking g = O in the (g, t) parameter pair above, one obtains the Hall-Littlewood plane partitions, parametrized by ¢, which
were studied by Vuleti¢ in [31] and Dimitrov in [12]. Vuleti¢ studied the case t = —1 and showed that the underlying
point process is given by a Pfaffian point process. Dimitrov considered general Hall-Littlewood plane partitions, and
showed that the lower boundary of the limit shape was independent of the parameter #, along with finding Tracy—Widom
and KPZ-type fluctuations. In a similar spirit, our limit shape and fluctuation results are independent of ¢, ¢ except for a
scaling factor given by the log-ratio of ¢ and ¢.

The remainder of the article is organized as follows. Section 2 provides a more detailed background on random skew
plane partitions, introduces the Macdonald plane partitions, and states the main results of this article: limit shape theorems
and the verification of KO conjecture (i.e. global fluctuations) extended to Macdonald plane partitions. In Section 3, we
extend the difference operators of Negut to formal equalities for joint moments of general Macdonald processes, then
specialize to obtain contour integral formulas for the joint moments of random skew plane partitions. We derive conditions
for which the Macdonald plane partitions converge to well-defined non-singular limits and describe this notion of non-
singularity in Section 4.1. In Section 5, we perform asymptotics on the contour integral formulas for the joint moments.
Section 7 concludes the article by proving the main results on the limit shape and Gaussian free field fluctuations, relying
on properties of (the complex structure on) the liquid region and frozen boundary obtained in Section 6.

Notation. Let i denote the imaginary unit, i.e. the square root of —1 in the upper half plane. Given an interval [a, b] C R,
we write [[a, b]] := [a, b] N Z. Given a set K C C, we denote the interior of K by int(K') and the closure of K by cl(K).
Let R.o (R>o) denote the positive (nonnegative) real numbers and Z .o (Zx0) denote the positive (nonnegative) integers.

2. Model and results

We now introduce our models and results with greater detail. For clarity, we begin by introducing the non-interacting
models and results, corresponding to Sections 2.1 and 2.2. In Section 2.3, we parallel the preceding discussion for more
general interacting models.

2.1. Plane partitions and lozenge tilings

We interchangeably say Young diagrams and partitions. Let u € N¥ = (N, ..., N) be a Young diagram. By the back
e e

M times

wall of NM /i we mean the upper boundary of the skew diagram N™ /4 (see Figure 3). Let 7 = (71;, ;) be a skew plane
partition with support N™ /u. For —M < v < N, the diagonal section 7 = (74.y+a> Tat1.04a+1,--.) is an ordinary
partition, where « is the least integer such that (a, v 4+ a) is a box in N M /1L

A skew plane partition can be viewed as a 3-dimensional object by stacking 7; ; cubes above the box (i, j) as in
Figure 3. The resulting (projected) image is a tiling of lozenges <, Q, . For our purposes, we transform the lozenges
by the affine transformation taking <+ <7, Q +> 0, J > (. Take the standard basis of R? for the resulting image with
lengths so that the transformed lozenge O is the unit square, see Figure 4. This gives a unique projected coordinate system
for the tiling, up to the choice of origin. The back wall is then the graph of some function B : I — R which is piecewise

Fig. 3. (Left) A skew plane partition with support 53 /(3,1,0). The grey upper boundary is the back wall. We label the partitions along the diagonal
sections from v = —2 to 3 from left to right. (Right) The skew plane partition as a 3-dimensional object.
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Fig. 4. The skew plane partition in Figure 3 after the affine transformation. (Left) The projected coordinate axes are dashed. (Right) The back wall is
bolded, the line above represents the domain (—3, 5) of the back wall, and the dots correspond to coordinates of the diagonal sections.
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Fig. 5. Graph of the height function at x = 0. The gray filled tiles correspond to the flat, gray parts of the graph.

linear with slopes O or 1. The domain / of B is an interval of length M + N. For convenience, choose the origin in
projected coordinates so that / = (—M, N). Then the centers of the projected horizontal lozenges < corresponding to the
diagonal section 7V have x-coordinate v, see Figure 4. Denote by Pp the set of plane partitions with back wall B. We
may also consider semi-infinite or infinite back walls by taking M or N to co.

Fix a skew plane partition 7w € Pp. We define the height function which takes a point (x, y) and gives the height at that
point. More precisely, the height function h : (I N Z) x R — R is the piecewise linear function which reports the total

length of vertical line segments below the point (x, y) in projected coordinates, see Figure 5.
For a partition A = (A1, A2, ...) define |A| = Ziz 1 Ai. Consider the random (skew) plane partition (RPP) with proba-

bility distribution on Pp defined by
Pryoc [ ! 2.1)

—M<v<N

for a sequence of weights r, > 0 such that the weights above are summable. When r, is constant in v, this is the r''
measure studied in [7,22,25,26].

Definition 2.1. Lets =(...,s_1, 50,51, ...) be a p-periodic, bi-infinite sequence of positive numbers. Denote by PpB.rs
the probability measure on Pp defined by (2.1) where

ry = Syt
given that the weights are summable.

We note that local limits for a specific class of back walls B are studied for p =2 in [23].

2.2. Results

Our main result is an explicit description of the global fluctuations, in terms of the Gaussian free field, of the measures
P25 as r — 1 and B converges to some limiting B after rescaling. More precisely, we consider the following limit

regime.

Limit Conditions. Fix a p-periodic, bi-infinite sequence s = (..., s_1, 50, §1,...) € R‘;OO such that so---s,_1 = 1. Let
IPB."S be parametrized by a small parameter & > 0 where B : I* — R and r := ¢~¢ vary with & such that
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Fig. 6. An example Limit Condition (2) illustrated by the graphs of 885((L§J) ate =1, %, }T and the limit ¢ — 0, along with transition points gv; ().

(1) there exist integers
infI° =vp(s) <--- <v,(e) =supl®

such that for each 1 < ¢ <n, B’ is p-periodic on (v¢—_1, v¢) N (Z + %);
(2) there exists an interval / C R and a piecewise linear 3 : I — R with non-differentiable points

infl=Vy<---<V,=supl
such that
sve(e) =V (0<£€<n), eB%(x/e) — B(x)

as ¢ — 0, where the latter convergence is uniform over any compact subset of /.

Remark 1. The condition so---s,—1 =1 is to ensure the existence of a non-trivial limit shape. If so---s,_1 < 1, then
the limit shape becomes trivial; O-volume upon rescaling. If so - - - 5,1 > 1, then for r close to 1 the weights of PB."S are
no longer summable.

In Section 4.1, we classify the set $B(s) of possible limits of back walls B attained by P?"$ satisfying the Limit
Conditions. Our law of large numbers and fluctuations results are restricted to a dense subset BA(s) C B(s), defined
in Section 4.1. The reason for this restriction is related to the presence of singular points; a concept further explained
in Section 4.1. Elements B € B%(s) correspond to RPP limits with only finitely many singular points whereas B €
B(s) \ BA(s) correspond to RPP limits with a continuum’s worth of singular points. Our methods in general are limited
to accessing models with finitely many singular points, thus this restriction is necessary.

Before proceeding to the main result, it is convenient to state the following limit shape result under our limit regime.
Let i denote the random height function of P25

Theorem 2.2. Suppose P25 satisfies the Limit Conditions such that B € B°(s). Then there exists a deterministic
Lipschitz 1 function H : I x R — R such that we have the convergence

8h<L£J, X) — H(x,y)
el e

of measures on 'y € R, weakly in probability as ¢ — 0 for all x € 1. An explicit description of this height function is given
in Section 7 in terms of its exponential moments.

Remark 2. We note that there exists an approach to Theorem 2.2 through the variational principle [11,19,20]. Our
approach is different with the benefit of giving explicit formulas for exponential moments and being generalizable to the
Macdonald plane partitions introduced in Section 2.3.
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Fig. 7. Geometric description for parameter z in 1-periodic case.

Let pe, p RN denote the local proportions of the subscripted lozenges, if they exist. Given the deterministic limit
‘H, the local proportions of lozenges at (x, y) € I x R are well-defined and given by

VH(-X’y):(l_va_pg)v
pPo+tpgtpry =1

It is convenient to encode the local proportions by a complex parameter z € H so that
14
po=argz,  pg :;Zarg(l—so.--sl-zx (2.2)
i=0

where the argument is chosen to be 0 on the positive reals. There is a unique such choice of z € H for any given triple
(pos P ag:Py ). In the case where the period is 1 the parameter z admits a nice geometric interpretation: the triangle
(0, 1, 2) has angles 7 (pcs, p AN ), see Figure 7. For higher periods p, the author is unaware of a simple geometric

alternative to (2.2).
We briefly recall the pullback of the Gaussian free field. Detailed discussions of the 2-dimensional Gaussian free field
can be found in [29], [13, Section 4].

Definition 2.3. The Gaussian free field $ (with Dirichlet boundary conditions) on H is defined to be the generalized
centered Gaussian field on H with covariance

1
EH@)Hw) = —-—log

Z—w

z—w‘_

Given a domain D and a homeomorphism €2 : D — H, the Q-pullback of the Gaussian free field ) o €2 is a generalized
centered Gaussian field on D with covariance

Q) —Q(v)
Q) — Q)

1
E5(2)9(Qw) = 5 log'

Definition 2.4. Let 7 be some indexing set and some family {£;};c7 of random variables. Moreover, for each ¢ > 0,
define a family of random variables {£/};c7. We say that {£7};c7 — {&i}iez as & — O in distribution if for any finite
collection iy, ..., iy € I the random vector (Sfl s éli ) converges in distribution to (§;,, ..., &;).

Let $ denote the Gaussian free field with Dirichlet boundary conditions on H, and denote by

h(x,y)=h(x,y) —Eh(x, y)
the centered height function. Let the liquid region be defined to be the set of (x, y) such that all the local proportions

PPy P are positive. We are now ready to state the main result for the “Schur case”.

Theorem 2.5. Suppose P55 satisfies the Limit Conditions such that B € B2 (s). The map ¢ (x,y) = e*z(x, y), where
z is defined by (2.2), is a homeomorphism from the liquid region to H. Moreover, the centered, rescaled height function
ﬁh(l_gj, %) converges to the {-pullback of the GFF in the sense that we have the following convergence in distribution

R S B  E L R
€ € xel, kel xel, kel
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In [19], Kenyon and Okounkov conjectured that the fluctuations of the height function for Z x Z periodic, bipartite
dimer models are given by the Gaussian free field. Theorem 2.5 confirms this conjecture for periodically weighted skew
plane partitions.

Remark 3. We note that modifying the Limit Conditions so that r = exp(—c¢) for some constant ¢ amounts to scaling
the coordinates of the plane partition. For this reason, we consider ¢ = 1 to reduce the number of parameters. In this case

C(x,y) =ez(x,y).

Remark 4. We emphasize that in the uniform lozenge tiling models studied in previous works, the uniformization map
from .Z onto H is not given by the complex slope ¢ (x, y), e.g. in [8,9,28]. For the uniform models, the parameter ¢ in the
remark above is taken to be 0 so that ¢(x, y) = z(x, y), and this gives a covering map from . onto H with degree > 1.
As an example, z(x, y) gives a 2-sheeted covering for the uniform lozenge tilings of a regular hexagon due to rotational
symmetry. The reason ¢ (x, y) gives a uniformization map for our models can be related to the fact that there is only
one connected component for the frozen region corresponding to <>, which is a consequence of our models having no
“ceiling”.

Remark 5. The map ¢ depends continuously on the back wall B. Thus Theorem 2.5 provides a continuous family of
GFFs parametrized by B corresponding to asymptotic RPPs.

2.3. Macdonald plane partitions

We now introduce a two-parameter family of deformation for the RPP defined by (2.1). These deformations correspond to
the (g, t)-parameter family of Macdonald symmetric functions with (2.1) corresponding to the Schur case g = ¢. Instead
of g, we will take a parameter o > 0 so that ¢ = ¢“. Fix 0 < ¢ < 1, o > 0 and define the corresponding probability
distribution on Ppg

P(r) =we, () [] 70, 2.3)

—M<v<N

where wy ; is an r-independent (v, t)-Macdonald weight, and the summability of the weights (2.3) coincides with the
summability of the weights (2.1). The Macdonald weights wq ;(7) can be described in terms of semilocal contributions
of the plane partition. We explain this in greater detail below, after introducing the coordinate system.

For the Macdonald plane partitions, it will be convenient to consider a different tiling and set of coordinates which
we call the a-coordinates. We transform <, Q, 0 to <, 0,¢ where the widths of O, ¢ are 1, the height of Ois o, and the
height of #7 is 1. This transformation is not affine since the height of «# does not scale by « for « # 1, see Figure 8. To
understand where the coordinates come from, consider the 3-dimensional plane partition. If the height corresponds to the
third coordinate, then the projection in Figure 3 is onto the (1, 1, 1)-plane. If instead we project onto the (¢, ¢, 1)-plane,
then after choosing the basis parallel to the edges of the Q lozenge we obtain the «-coordinates (up to sign of direction),
see top row of Figure 8.

Fix a plane partition 7w € Pp. We define the height function as before which gives the height at (x, y). More precisely,
the height function h : (I N7Z) x R is defined as % times the total length of vertical line segments beneath a point (x, y)
in a-coordinates, see Figure 9. The é term is included because the a-coordinates contract the height from R> by «.

Consider further these vertical segments which are formed by intersections of an adjacent pair of lozenges ¢, 0. We say
that the vertical segment formed by the intersection of such a pair of lozenges is a turn. If the pair goes from ¢ to O (O to
¢) from left to right, then we call it an internal turn (external turn), see Figure 10.

Denote the set of turns of 7 by 7 (7). A turn T is a vertical segment {xo} X [vg, yo + ] and we set x(T) = xo,
y—(T) = yo, y+(T') = yo+«. Similarly, given a lozenge < along the diagonal section x = v it spans a set of y-coordinates
of the form [y, y; + 1] in which case we let x(£7) = v, y_(£) = y1, y+(¢?) = y1 + 1. We now introduce an interaction
between a turn T € T (;r) and horizontal lozenges «~ which lie directly above it, given by the weight

1 — py+E)=y+(D)
Ua’t(ﬂ, T) = l_[ m (24)
Z7x(£)=x(T)
y-()zy+(T)
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[V

Fig. 8. Left: o« = 1/2; Right: « = 2. Top: 3-d partition projected onto (1, «, «v)-plane. Bottom: Transformed tiling with scaling so that the line segments

by the lower left corner denote unit lengths.

h(0,y) f

h(0,y) /
) R A

— y

Fig. 9. For a = 1/2 (top) and o = 2 (bottom), the graph of the height function at x = 0 and the associated tiling where the gray filled tiles correspond

to the flat, gray parts of the graph.

Note that if « = 1, then the weight is identically 1. If « < 1 (> 1), then each fraction in (2.4) is > 1 (< 1). With this setup,

we now define the Macdonald weight:

[l veur.T) J] a7
TeT () TeT ()
T is internal

T is external

woz,t(ﬂ) =
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1I pa ; 1—¢I+3a Z!;
Y+ (tile)
y—(tile)—y i
1-t
1-t —
CYI Y4 (turn) o [ﬁ
y—(turn) o

Fig. 10. Left: We mark external and internal turns black and white resp. along the grey band. Middle: y4, y— indicated for tiles and turns. Right:
Weights contributed by the flat tiles above the highlighted turns.

In words, if o < 1 then the weight wy ; favors external turns over internal turns, and the strength of the preference is

amplified by the presence of horizontal lozenges directly above the turn. Decreasing « further exaggerates this interaction.

For « > 1, this preference is reversed for internal and external turns, and increasing « exaggerates the interaction.
Analogues of Theorems 2.2 and 2.5 exist for the Macdonald RPPs.

Definition 2.6. Lets =(...,s_1, S0, 51, ...) be a p-periodic, bi-infinite sequence of positive numbers such that so - - -5, =
1. Denote by ]P’fy’{ ** the probability measure on Pp defined by (2.3) where

ry = Syt, t=r", qg=1"
given that the weights are summable.

This generalizes the family P?"$ defined earlier which corresponds to « = 1 (in which case the value of t is immate-
rial). The limit regime we consider is a generalization of the Limit Conditions for ]P’f’{ ** where we fix s, @, t.

Theorem 2.7. Suppose ]Pf”: S satisfy Limit Conditions with fixed s, o, t such that B € B8 (s). Then there is a deterministic
Lipschitz 1 function H : I x R — R independent of «, t such that we have the convergence

<LXJ y) 1
ehl| -1, =) —> —Hkx,y)
e € o

of measures on 'y € R, weakly in probability as € — 0 for all x € I \ {V,};_,, (recall these are the differentiable points of
the continuous, piecewise linear limit B of back walls). An explicit description of this height function is given in Section 7.

Theorem 2.8. Suppose ]P’g”tr’s satisfy Limit Conditions with fixed s, a, t such that B € B*(s). Then the map ¢(x,y) =
e*z(x,y), where z is defined by (2.2), is a homeomorphism from the liquid region to H independent of «, t. Moreover, the
centered, rescaled height function \/ﬁﬁ(l_gj, %) converges to the ¢ -pullback of the GFF in the sense that we have the
following convergence in distribution of the random family

(o [i([5 ) )] = ]
€ € xel, kel xel, kel

forall x € I\ {Ve}j_-

Remark 6. We prove stronger statements (see Theorems 7.2 and 7.4) which remove the restriction x € I\ {V,};_, in
exchange for a microscopic separation condition. In these improved theorems, we replace | x /¢ | with some sequence x ()
such that ex(e) — x for any x € I with the caveat that certain ex(¢) need to be separated by some microscopic distance
from certain singular points, see Definition 4.6. This separation condition can be removed for the « = 1 case, and is also
unnecessary whenever t = k for any positive integer k > 0. We expect that the statement of Theorem 2.8 should still hold
in the absence of this condition. Due to technical complications, we did not pursue this refinement.
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Notation. Let B : I — R be a back wall for some RPP. Denote Iy = I NZ and Ig =1 N (Z + %). For back walls B¢
denoted by superscripts, we denote the corresponding sets with superscripts: /¢ (domain of BY), Iy =1 NZ, Iy =

1N Z+ 5.

3. Joint expectations of observables

The main goal of this section is to obtain formulas for expectations associated to the height function. Consider

L)

@k()\; q.1) = (1 _ f_k) qukitk(—i-ﬁ-l) + t—ke()»)7
i=1

where A = (A1, A2, ...) is a partition, £(1) denotes the number of indices i such that A; # 0, and k € Z>¢. The following
proposition gives a connection between gy and height functions.

Proposition 3.1. Consider a plane partition w € Pp. Fix a > 0, and let h be the height function. Then

[ee) ‘ th(x)
hx, NtVdy= ———— (Y1),
/_ e dy = <o - (2*51%,1)

The main result of this section (stated in Theorem 3.17) is a formula for the joint expectation

Elox, (1) - g, ()] G
where ki, ..., kyn € Z>0, X1, ..., Xy € I, and (%) ¢ are the diagonals of 7 ~ IP’B .. This gives us an expression whose
asymptotics are accessible, and the aforementioned proposition provides the hnk to interpret these asymptotics in terms
of the height function.

To arrive at a formula for (3.1), we establish a more general expression for observables of formal Macdonald processes
in Section 3.1 (Theorem 3.12 and Corollary 3.13). Here, we combine and generalize the approaches of [1,2] and [16]. In
Section 3.2, we specialize these formal expressions to the case of IP’f’,:’s to prove Theorem 3.17; our formula for (3.1).
We note that the formal expressions obtained in Section 3.1 are applicfable to a much more general setting than ours.

Before proceeding, we prove Proposition 3.1.

Proof of Proposition 3.1. As defined in Section 2, the height function at (x, y) is the total length of vertical line segments
beneath a point (x, y). Let ¥; denote the y; coordinate of the ith highest £ lozenge along the x-diagonal section. Then
Y; =an} —i+ 1+ B(x). We claim that the height function is given by the formula

1 0
h(x,y):;(y—B(x)—i—/l“izl:Y,-+uZy}|du>. (3.2)

To see how to obtain (3.2), note that the integral counts the total number of £ lozenges lying above (x, y), counting
non-integer amounts of < if (x, y) lies on the lozenge by the vertical distance from (x, y) to the top of £ . For y large,
the height function is just é(y — B(x)). As we decrease y, the integral term in (3.2) enters since no vertical segments are
added when passsing through a < lozenge. This proves the claim.

Let N = £(r"), and note that d,h = é(l — Zil 1[Y; — 1, Y;]) which is 0 on (—o00, Yy+1) = (—00, —N + B(x)).
Then

* k 1 * k
hx, )t dy = — (@yh)(x, )t dy
PSS klogt J_o

= 1—21 Y10 |4 dy

aklogr Jyy.
1 kY, kY;
— t N+1 t
ak?(logt)? ( +( Z

th(x)

. O(
alogn? P01 D). 0
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3.1. Formal expectations

In this subsection, we obtain formal expressions for observables of formal Macdonald processes. In Sections 3.1.1, 3.1.2,
3.1.3, we provide some background on symmetric functions and notions to give rigorous meaning to the formal expres-
sions we work with. In Section 3.1.4, we define the formal Macdonald process and associated objects. In Section 3.1.5,
we give a formal expression for single cut observables of formal Macdonald processes, originally obtained in [16]. In
Section 3.1.6, we extend these formulas to multicut observables of formal Macdonald processes.

3.1.1. Symmetric functions
The following background on symmetric functions and additional details can be found in [21, Chapters I & VI].

Let Y denote the set of partitions. Recall that we represent A € Y as the nondecreasing sequence (A1, A2, ...) of its
parts and denote by £(A) the number indices i such that A; £ 0. Given u, A € Y, we write u < A if £(u), £(A) < N and

A ZUIZ A= U2 = - Z AN = AN

Given a countably infinite set X = (X1, X», ...) of variables, let A x denote the algebra of symmetric functions on X over
C. For sets X1, ..., X® of variables, let A( X, xm) denote the algebra of symmetric functions on the disjoint union
of these sets.

Recall the power symmetric functions po(X) = 1 and

pe(X) =) X{. kel

i>1
These symmetric functions are generators of the algebra A x. For each A € Y, define

1765

() =[] pu(X).

i=1
Then {p; (X)},ey forms a linear basis of Ay. Fixing 0 < ¢, < 1, we have the scalar product

w i
(Prs Py =81 [ | i [T ®mioo,
i=1 i=1

where m; (1) is the multiplicity of i in A.
The Macdonald symmetric functions { P, (X; q, t)}»ey are the unique (homogeneous) symmetric functions satisfying

(Pr(X:q.0), Pu(X:q.1))=0

for A # p and with leading monomial X i" X;Z -+ with respect to lexicographical ordering of the powers (A, Az, ...).
This implies that {Py(X; q,t)},cy forms a linear basis for Ax. Let 0, (X; g, t) represent the multiple of P (X; q,1)
satisfying

(Pr(X5q,0, 01(X;3q, ) =1.

For A, u € Y, the skew Macdonald symmetric functions Py, (X; q,t), Q. (X; g, t) are uniquely defined by

Pu(X,Y) =Y Pryu(X)Pu(Y),

neyY
Qu(X, ¥Y) =Y 03/u(X)Qu(Y).
neyY
For a single variable x, we have the following expressions for skew Macdonald symmetric functions. Let f (1) = ((;Z;,Z))‘;
with (u; @)oo := [T;z0(1 — ug"),
Py () = 8u<atin/pu (g, X7 and Q57 (1) = 8u<adhryu (g, DM, (3.3)
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where the coefficients are

I f@" T f(gh i

Vi/ulq. 1) = it F(gH—Hiti=T) f(qhi—*ir1 =iy’ G.4)
b= [] LOTDIG@ T (3.5)
I<izj<equ | @O f (@R TR
The skew Macdonald symmetric functions satisfy the branching rule:
Pip(X, V) =Y Pyu(X)Pup(V),  Qup(X, V)= Q/u(X)Qupn(Y) (3.6)

ney ney

for any A, v e Y.

We say that a unital algebra homomorphism p : Ax — C is a specialization. Given a specialization p and f € Ay, we
write f(p) instead of p(f) in view of the special case of function evaluation. The specializations we are interested in will
have the following form. Take a sequence {a; ;’il of nonnegative real numbers such thata; > ap > --- and Zf’il a; < oo,
define p by

o
palp) =) af
i=1

for n > 0. This uniquely determines the specialization p because the power symmetric functions generate the algebra of
symmetric functions. For such specializations, we may write p = (a1, az, az, ...). If the only nonzero members of the
sequence are ay, ..., dy, we may write p = (ag, ..., ay).

A specialization p is (g, t)-Macdonald-positive if Py (p; q,t) > 0 for all partitions A. The aforementioned specializa-
tion p = (ay, az, ...) with g; > 0 for all i > 1 is Macdonald positive, as follows from the nonnegativity of (3.3), (3.4),
(3.9).

3.1.2. Graded topology
Let F be a field and A be a (Zx>p-)graded algebra over F. Let A, denote the nth homogeneous component of A.
Throughout this section, let us assume that all of our graded algebras have dim A, < oo for every n > 0.

Definition 3.2. Given a € A, define ldeg(a) to be the minimum degree among the homogeneous components of a. The
graded topology is the topology on A where a sequence a, € A converges to a € A if and only if

Ideg(a, —a) — oo

as n — 00. Denote the completion of .4 under this topology by A.
The completion A consists of formal sums Y o2 | an where a, € A,. Given two graded algebras A and A" over F, we
give the following grading to A®r A'. Ifa € A,y anda’ € A}, thena ® @’ € (AQFr A)mtn-

For afield F O C and a graded algebra .4 over C, denote by A[ F] the graded algebra A®c F over F; i.e. the extension
of scalars from C to F. Given graded algebras AV, ..., A% over C, we denote the completion of (AV @ ---® A™)[F]
under the graded topology by

-

koo
AV - ®AVF] o Q). AVIF].

Let A x[F] denote the F-algebra of symmetric functions in X = {xy, x3, ...}, a set of variables, with coefficients in F'.
Take the natural grading on A x[F] in which (A x[F]), is spanned by monomials of total degree n. Given disjoint ordered
sets of variables Z1, ..., Z, with Z; = (z;1, ..., 2ik;), let L(Z1, ..., Z,) denote the field of formal Laurent series in the
variables

n
Zi,1 Ziki—1
U T - » Ziki (-

iz Zi2 Zi ki
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=k
The space Q);_; A yi[F] consists of formal sums

where ¢;1
For fields C C F| C F,, 1 <k < N, there is the natural inclusion map

Ak

—k
®i:1AXi[F1] < ®i:1AX,~[F2]. 3.7)
We also have consistency
Axi[FI®F - QrF Axn[FI=ZEAx1 ® - @ Ayn[F]. 3.8)

Definition 3.3. The projection map n}} : K} —> A{y,...,x,) 18 defined as the continuous map sending x,, 41, X442, ... t0 0
and x; tox; fori =1,...,n.

For a field F D C and a graded algebra .A over C, we can extend the domain of the projection
7y AR Ax[F]1— A® Ay,.....x, [ F]
by identifying with 1 4 ® 7y then extending by continuity under the graded topology.

Definition 3.4. Let A and A’ be graded algebras over C and {a, ;}; be a basis for A, for each n > 0. We say that an
element f € A® A'[F]is A-projective if

/ ’ /
fZE an,/®an,j’ O[n,je‘An
n,j

such that lim,,_, oc min; ldeg(a;, j) = oo. This property is independent of the choice of basis.

Elements which are A-projective are closed under addition and multiplication and form a subalgebra of A® A'[F]. If
A= Ay, denote the algebra of A x-projective elements by Px(Ax ® A'[F]).

3.1.3. Macdonald pairing and residue
Recall the Macdonald scalar product determined by

(P)u Qu) = 5A/L~

Definition 3.5. Let A, A’ be graded algebras over C. Fix a field F D C, and let the Macdonald pairing be the bilinear
map (-, )y : (A® Ax)[F] x (Ax ® A)[F] - A® A[F] defined by

(@® P, Qu®b)x = (P, Qu)a®b=25,a®b.

This pairing does not extend by continuity to the completions of the domain. However, the pairing does extend contin-
uously to

Px(A® Ax[F]) x (Ax®A'[F]).

Definition 3.6. Given an ordered set Z = (zy, ..., zx) of variables, denote by 99 dZ : L(Z) — C the residue operator
which takes an element of £(Z) and returns the coefficient of (z ---zx)~!. For f dZ applied to f € L(Z) we write

ffdZor$dz- f.

As with the projection map, the residue operator can act on larger domains. For example, we can extend

fdzﬁ[ﬁ(z, wh o wh] = Alc(w!, ..., wh)] (3.9)
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by the action 14 ® § dZ then extension by continuity. In this case, ¢ dZ preserves the degree of homogeneous elements.
In particular, if we replace A with A® A’, we have that § dZ preserves A-projectivity.
The residue operator commutes with continuous maps under the graded topology.

Lemma 3.7. Let .A A’ be graded algebras over C, and let ¢ : A — A be a continuous map which extends naturally to
a continuous map A[L(Z W) — A/[E(Z W)]. Then

() ()

Lemma 3.8. Let A, A’ be graded algebras over C, let f € AQAx[L(Z)] and g € Ax @ AILW)]. If f is Ax-

projective, then

<ffd2,g>x=7§<f,g>xd2, (3.10)
<f,y§gdW>X=7§<f,g)xdW. (3.11)

Since the residue operator preserves projectivity, the left hand sides of the equalities above are valid expressions.

Proof. For arbitrary g € Ax ® A'[L(W)], the map (-, g) x is continuous on Py (A ® Ax[L(Z)]). By Lemma 3.7, (3.10)
follows. For f € Px(A® Ax(L(Z)]), the map (f, -) is continuous on A x ® A'[L£(W)]. By Lemma 3.7, (3.11) follows. [J

3.1.4. Formal Macdonald processes
Let X, Y be countable sets of variables. Fix 0 < ¢g,¢ < 1 throughout this section. Define the following element of
Ax® Ay

(txy; @)oo

X, ¥) = H (XY Qoo

xeX,yeY

From [21, Chapter VI, Sections 2 & 4], we have the following equalities

1= 1
M(X,Y) =Y Pi(X)Q:(Y) =exp (Z — ; ;pn(xmn(Y)).

1
reyY n=1

Define the following element of Ay ® Ay obtained by taking ¢ = 0 above

© n

Hxvin= ] 2 =exp(21_’ pn(X)pn<Y)). (3.12)

X
xeX,yeY y n=1

Given countable sets of variables X!, X2, the following splitting equality holds

n((x', x?),y)=n(x", y)n(x2v) (3.13)
and likewise for H (-, -; ¢). There is also an inversion equality

HX,Y;) '=H(@X,v;t7h), (3.14)
where by ¢ X we mean the variable set {fx} cx.

Definition 3.9. Fix a positive integer N and let U = (Ul, e, UN) and V = (Vl, e VN) be ordered N-tuples of

countable sets of variables. A formal Macdonald process is a formal probability measure on YV valued in @lN:l (Ayi ®
Ayi) with the assignment

PyyM) =27 Pa(U <Z Qs (V1) oz 2)) = <Z QAN—l/u(VNl)PAN/u(UND 0. (V7).

neyY neyY
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—~N
where A=, ..., AN)and & € ®);_1(Ayi ® Ayi) is the normalization constant for which the sum over A € YV gives
unity.

From [2, Section 3],
=[] n.vi). 3.15)
I<i<j=N
In terms of the pairing, the formal Macdonald process can be expressed as

N-1

MP}, ,(A) = 27 P, (UU(]‘[(QN- (Vi Y'), Pun (Y, U"+1))y,.) o, (VY). (3.16)

i=1

This is an immediate consequence of the branching rule (3.6).
The IT’s introduced earlier also relate well with the pairing

(m(x', v), nn(r, x?)) = m(x", x2).

Since the power symmetric functions from an algebraic basis for A x[£(Z)], this relation can be further extended as fol-
lows. Take graded algebras A and A" over £(Z) with Z = (z1, ..., zx), and sequences {a,}, {a,} in A and A’ respectively
such that Ideg(ay), ldeg(a,) — oo as n — oco. Then

[e9) ., ooy 00 1—g" n/
<3XP<Z %pn(Y)>,eXP(Z %pn(Y))> =exp<Z — %) (3.17)

n=1 n=1 n=1

See [2, Proposition 2.3] for further details.

Lemma 3.10. Ler X!, X2, X3, X*, Y be countable sets of variables. Then

(H(x",y;e )I(X%Y), H(X, v; e )I(X*, v)),

(I —x1x3)(1 — Lx1x3)

=H(X'. x* o YH(X X hnx xH ] (3.18)

(1= xx3)(1 — gx1x3)’

where the product is over x; € X' for i =1,2,3,4. The expression (1 — qx1x3)~" is interpreted as the formal power
series Z,‘;O:O(qxlm)" and similarly for (1 — t’1x1X3)’1.

Proof. Use (3.17) with

—

an=(1=17")pa(X") + an(x ),

— "

l_qnp"(x4)’ O

ap=(1=17")pu(X%) +

3.1.5. Negut’s operator D
Define the continuous linear operator DX ¢ Ax — Ax by

DX, Pi(X;q, 1) = k(AL g, 1) Pi(X; g, 1).

This operator was studied in [24] and an integral form for this operator was obtained in [16]. The action of this operator

can be given in terms of the residue operator. We first introduce notation to abbreviate the expression. Let Z = (z1, ..., 2k)
be an ordered set of variables. Define
k i1 i qzi
by L Yo 4 I A=D1 -7 lﬁ[m (3.19)
B R I =) — Eiy( = I '
Qr)et (1 =) (1= 52=) iz (1 ,Zj)(l % )] %k

For the instances of (I — v)~! in the expression, we mean the power series expansion into Y >0 V". We adopt the
shorthand notation Z~! = (zl_l, e zk_l).
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Proposition 3.11. Let X and Y be countable sets of variables. Then
DX, TI(X,Y) =TI(X, Y)ygDz H(gzZ ' X YH(Y. g7 Z:0) 7 (3.20)

Proof. From [16, Proposition 4.10], we have (3.20) where instead of a set of variables ¥ we have some fixed set
{ui,...,u,} of complex numbers, and X is still a countable set of variables. Here we have f : K}[L(Z)] — X} . The
goal is to extend this to a formal equality on Ay ® Ay for ¥ an arbitrary countable set of variables.

We can replace (3.20) with a finite set of variables Y™ = {¥1,..., yn} instead of fixed complex numbers. In such a
setting, we must consider the residue operator as a map jﬁ dZ :Ax® Ay L(2D)]— Ax ® Ay

Note that if f, g € Ax ® Ay such that 71,3/ f= n,f g for all n, then f = g. One then sees that (3.20) holds formally for
arbitrary countable sets of variables X, Y. In this setting, the residue operator takes Ax @ Ay[L£(Z)]to Ax ® Ay. (Il

3.1.6. Formal multicut expectations
We obtain formulas for multicut expectations of formal Macdonald processes. The idea is to repeated apply the operators
D¥, o I1.

Theorem 3.12. The following formal identity holds for any nonnegative integers ki, . .., ky
1. N.
EMP%_V[K%()‘ ’q’t)"'pkN()L ,q,t)]

=?§Dzl...DzN ]_[ H(Ul',qzjf‘;z—l)H(q—‘z,-,vf';z)‘1 ]_[ C(Zi, Z)),

1<i<j<N 1<i<j<N

where |Z;| = k; and

(I —t7qzi/wp)d =z /w))

W = = ey

iJj

(3.21)

for sets of variables Z = (z1,...,zk) and W = (wy, ..., wy).

This theorem implies a more general result in which the gy, (A') may be taken to higher powers than 1 in the expecta-
tion.

Corollary 3.13. Let 1 <x; <---<xy,; <N andky, ..., ky > 0 be integers. Then

By, [0 (9:0.0) 1, (71 4.1)]

m
=7§Dzl -0Zu [ ] HW .qz7" 0™ )H (G Za. VIit) " [] C(Za. Z0), (3.22)
a=1 1<i<x, a<b
Xa<J<N

where | Z,| = kq.

Proof of Theorem 3.12. Choose nonnegative integers ki, ..., ky and let Z; = {z; j}ljfz | fori=1,..., N be disjoint sets
of variables.
1. Consider the element

—N
Y0 () oy AV )MPY Q) € Q). (Ayi ® Ayi).
A

2. Multiply through by the normalizing constant. Reexpress the sums within MIP in terms of Macdonald pairings as in
(3.16)

Son )00, 021 (0 TT0uV ). £ (-0 01 (1),

A
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Here we note the spaces which the pairings map:
()i 1 (Ayi @ Ayi) X (Ayi ® Ayin1) = Ayi ® Ayis.

By natural inclusions (3.7) and consistency (3.8), the domain of this pairing may be extended.
3. Bring the summation inside the pairings and the pairings inside the pairings

<E17 <E25 (' o (EN,], EN)YN71 o '>y2)yl )
where

Ei=) o, Pu(Y U)Qu (V. YY)
Al

and Y0, YV are empty sets of variables. It was important to use the fact that the first argument of the ¥/ Macdonald

pairing is Ay:-projective which provides the continuity necessary for bringing the summations inside.
4. We can reexpress the summations in terms of Negut’s operator in the residue form (3.20)

E =D Un((y' Ui, (v, YY)
=n((y'~'ul), (V! fH (Y1, U'),qz7 7 YVH (¢ Zi, (VI Y');1) "' D2,
5. The domain of the residue operator can be appropriately extended and consistency follows from (3.7) and (3.8). Note

that the integrand in E; remains Ay:-projective. Therefore, by (3.10) and (3.11), we may commute the residue operators
with the pairings. After pulling out Y* independent factors outside the residue operators, we obtain

A%DZ1 . -~§£DZN(F1, (Fa, ... (FN_ 1. En)ypn-1-++)pa)pis
where

F=H(Y" gz e YOy = viH (g zi, Y ) T (v, U, YY), (3.23)
N

A=[]HU.qz ™ YH (g™ Ze, Vist) " LU, V). (3.24)
=1

Here, (3.13) and (3.14) were used to split H and IT.
6. Apply the pairings for Y' in decreasing order of i. At the (N — i)th step, we have

4§ DZy f DZVEL s B Byl (3.29)
where A; collects the Y!, ..., Y! independent terms. We show by induction that

Fi=H(Y',qZ yyt)I(Y, vEFLND), (3.26)
where we used shorthand notation Zj; j) = (Z;, Z;i11, ..., Z;) and similarly for V. If we suppose (3.26) is true, then

within the Y’ bracket in (3.25), .%; interacts with the third and fourth terms given in (3.23). By (3.14) and (3.18), this
interaction produces

C(Zi, Zisin)H (g7 Zi, VIFSNE N T H (U YY), g2 (Ut Y, v, (3.27)

[1+1 N]’

where C(Z, W) is defined by (3.21). As a formal expression, we expand any terms of the form (1 — v) ™! as the geometric
series. The {Y/} independent term of (3.27) is

C(Zi, ZimiwDH (g7 Zi, VI N T H(UY gz ) )I(UF, VIV, (3.28)

[i+1,N ] ’
After picking up the first two terms in (3.23), the remaining term to interact with the Y*~! pairing is

H(r' !, qz[;}N]; e h(yit, viEND,
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which completes the induction as the starting term and ending terms are consistent, the initial term for i = N — 1 is
exactly F, and the final term is unity because Y is empty. After collecting the ¥/-independent terms (3.28) from each
i=N-—-1,N—2,...,1and applying (3.13), we complete the proof of Theorem 3.12. ]

We now illustrate the main idea of the proof of Corollary 3.13 via a particular example. For further details, we note
that the proof is essentially identical to a corresponding extension in [2] (Theorem 3.10 to Corollary 3.11).

Proof Idea of Corollary 3.13. We consider the example of N = 1 and m = 2. Let k1, k» > 0 be integers. Consider
auxiliary variables S = (S 182, T =(T", T?), and the formal expectation

EMIP*S.T [0, (1)1, (27)]

=2 Y o (M) (A) P (s (Z Q51/, (T P2y, (S 2))Q}J(T2)7 (3.29)

Al aZey neY

where %) is the normalizing factor M]P’fS‘T. Consider the map ¢ : A;1 ® Ag2 which sends f(T g (5?) — f(0)g(0) to
the constant term for any f, g € Ax. By applying (the continuous extension of) ¢ to (3.29) and rewriting S! = U and

=V, we get
27 o W WP (V) =Eyr [0 ()1, (47)], (3.30)
reY '

where Z is the normalizing factor for MIP’{,’ v- On the other hand, by Theorem 3.12, we have a formal residue expression
for (3.29). By applying ¢ to this expression, we obtain (3.22) for this choice of N, m.

In the general case, we consider some formal Macdonald process in a greater number of variables, apply Theorem 3.12,
then apply variable contractions ¢ to obtain the Corollary. (]

3.2. RPP observables

In this section, we derive a formula for (3.1), stated below in Theorem 3.17. It is convenient to do this in two steps: first

apply Corollary 3.13 to a formal version of the RPP measures, then specialize the formal RPPs to IP’B oF.

3.2.1. Formal random plane partition

Fix a measure Pg*f’s. Foreach e € I, let

Pyu(X;q,t) ifb=1,

3.31
OunX;q,t) ifb=0. (3.31)

F[L,)\,(X;b5q9t)=

Definition 3.14. If the domain / of the back wall B : I — R has finite length, define the formal RPP with back wall B to

be the formal probability measure P5-f supported on Pg and valued in ® ec1p A x, so that
B.t
PEI(r) = — ]_[ Foy ey(XesBl©.q.1). (3.32)
e‘EIE
The partition function can be computed:
7= [ 0O Xey). (3.33)

er,e2€lp,e1<ep
B'(e1)>B'(e2)

We comment on how to obtain (3.33) after proving Proposition 3.15.
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Proposition 3.15. Suppose the domain I of B : I — R has finite length. Let x| < --- < x, be points in Ig and
ki, ..., km > 0 be integers. Then

Epg.f[f[pk,.( } f f [1cz 2

a<b

m
[T T1 Hx¢qzi%™) ] H(a'ZaX50) ' Dz,

a=1e€elg,e<xq eclg,e>x,
B'(e)=1 B’(e)=0

where | Z,| =k,
Proof. The proof is specializing Corollary 3.13 to the formal RPPs. We find a good way of relabeling the formal Mac-

donald process indices to make this specialization transparent.
Let N=|Ig|—1,¢ =minlg and v =min Iy (then v =¢’ — %). We may reexpress (3.32) as

1
BPAGe) = oy (Xt B€),0,0) o osa(Xersn: B¢ 4 1): 1)

X Fousn s (Xe/+N§ B’(e’ + N); q, t). (3.34)

By (3.3) and (3.31), we have that 7V'+1 = (0) whenever B/(e/) = 0. Likewise 7V N = (0) whenever B'(¢/ + N) = 1. We
may therefore assume that B'(¢’) =1 and B'(¢/ + N) =
Let U= -, U! ,ON ) and V= (V1 L VN ) where N = |Ig| — 1. Consider the formal Macdonald process

~ ~ (Al , AN). It will be convenient to con51der relabelings U = (U€)ccrz, V = (V¥)eelzs (A%)eciy so that
og'=vd, U*=vutt, ..., ON=yetv-! (3.35)
Vl — Ve,+1, ‘72 — V€/+2’ ., ‘71\7 — VE/+N, (336)
L T T Ll 2 (3.37)
Thus
~ ~ 1 /
f _ +1
B 0T A9) = s (U)- 3 @ (V1) P (07
neyY
3 Gy (V) (07 0y (V) a9
neyY

where % is the normalization factor.

For e € Ig, define X to be U¢ if B'(e) =1 and V¢ if B'(e) =0, and X = (X°),ey, - Similarly, define Y° to be V¢ if
B'(e)=1and U¢if B'(e) =0, and Y = (Y) e,

Let pé( denote the 0-specialization on Ay, or equivalently constant term map for A x. Define

p§:=®pg€:®Aye—>C.

eclg eclg

By taking tensor products with the identity on A xe for e € I, and extending by continuity, we have a map

B’A eA e R e
0 .®eEIE(AX R Ay )_>®eEIEAX .

We may further extend this map by extending the scalars from C to £(Z!, ..., Z").
Applying ,063 to (3.38) gives (3.34) for ¥ =¥, v € [,,. This continues to hold true for expectations, so we have

o8 Engeg, [0, () -0, ()]) = Epalipny (1) - i, ().
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By Corollary 3.13 the left hand side is exactly

po(?g ?gHC(Za,zb)]_K [ HW.qz;':7") ] H(q_lza,Ve;t)lDZa>>

a<b a=1 “e<x,,eclp e>x,,eclp

f %nC(za,zh)H [T #(xqz;%™Y) [] H(a'Za X50)' DZa,

a<b a=1eclg,e<xq eclg,e>x,
B'(e)=1 B’(e)=0

where we have used the fact that the residue operator commutes with continuous maps. This proves the proposition. [

Remark 7. The formula (3.33) is then a consequence of applying the specializations in the proof of Proposition 3.15 to
the partition function for the formal Macdonald process (3.15).

3.2.2. Specialization to RPP
Consider the distribution in (2.3) where we have a sequence of weights (r,)yey, . Fix an arbitrary £ > 0 and vy € Iy,
define

& HUEIVv05v<e r, ife> v,

. (3.39)
£ nUEIVe<v<U0 rilife > vp.

ae :=

The dependence of our models on a, is only through their ratios with one another. In particular, the choice of £ and vg is
immaterial. By (3.4) and (3.5), the distribution defined by

Pe) = o= [ [ oy o al728'©. B'(e), q.1 (3.40)
ff((ae)zE 1_,[ et @ 0.1)
coincides with (2.3) if and only if

f((ae)IE) = l—[ H(ae_ll,an) < 00.

el,er€lp, e <ep
B’(e1)>B'(e2)

This implies the following lemma.
Lemma 3.16. If the weights in (2.3) are summable, then for any e\, e; € Ig such that e; < ey and B'(e1) > B'(e3), we
have
ae_llae2 <1,

where (ae)eery is defined in (3.39). If 1 is finite, the inequality is also sufficient to determine the weights are summable.

We note that for / of finite length, each diagonal partition 7V of = € Pp has bounded length £(") depending only B
and v. Thus for finite / E, the finiteness of 2((a.)r,) implies the existence of the multicut expectations of (3.40).

For the measure P27 a suitable choice for a, is given by

ozt 4
Qe =r"S0 Sle] =7"S0" " S|e)- (3.41)

The main formula for the observables g can be obtained by specializing the formal RPPs, taking X, — al “2B'©) oy

x € Iy, define the function

B . _ (lan)7 1_(tre(S0-'~Si)z)7l B'(e)
el H 1—(a 1= (@)™ H H (1—(re(so~'sl')1)1> ’

e<x,eclg i=0 e<x,eclg
B'(e)=1 eepZ+i+%
(3.42)
’
1—ré(so---si)z \ 7 B©
Gl (e )= — = T :
= 1_[ 1- taez U 1_[ 1 —tré(so---si)z
e>x,eclg =0 e>x,eclg

!’ —
B'(e)=0 eepZ+l+2
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Given some function g(z) in one-variable and Z = (z1, ..., zx) an ordered collection of variables, we write

k
2(Z):=[]s.

i=1

Theorem 3.17. Consider the measure IF’S’,: S where r = e~¢ and let (m¥)cj denote the (random) diagonal partitions. Let
X1 <---<xpbeinly andki, ..., ky >0 be integers. Suppose there exist positively oriented contours {C; j}1<j<k; 1<i<m
such that

e the contour C; j is contained in the domain bounded by tC;: j» whenever (i, j) < (i’, j') in lexicographical ordering;
e each domain bounded by C; j contains O and the poles of G2 (z; &, 1) but not the poles of GB (z; ¢, 1).

Then
E[g)kl (n“; q, t) Kka im; % % 1_[ C(Z4, Zp) 1_[ GB (Zas &, t)G (Zase,8) DZg,
a<b
where |Zj| = ki, Z; = (zi 1, ..., Zi k), the contour of z; j is given by C; ;.

Remark 8. By Lemma 3.16, given any poles pp, pp of Gﬁx (z; 8,0, ng (z; &, t) respectively, we have p; < pp. The
existence of the contours C; ; is then dependent on whether there is enough distance between these two sets of poles.

Proof of Theorem 3.17. If the domain [ has finite length, then the theorem follows from Proposition 3.15. To see how
to obtain the contour conditions, we recall the formal definition of (3.12) and (3.19). The formal expansion of (3.12)
that we desire amounts to taking contours which contain the poles of GB (z; &, t) but not the poles of GE (z;6,9). The

z; . . .
n=0 Gz 7y ),, which requires the condition

expressions (1 — ” ~)" ! which appear in DZ and C(Z, W) are expanded as }
that C; ; is contalned in the domain bounded by #Cy/_;» whenever (i, j) < (i’, j') in lex1cographlcal order. Note the change
of variables rewriting g ' Z,, as Z,,.

If I has infinite length, define Py := IP’BN "% where the back wall By : IV — R is defined to be the restriction of B to
IN :=IN[=N, N], for N € N. The summability of the weights of P := ]P’B .** implies the summability of the weights of
Py.

NLet (@e)eer be the sequence of specializations for P as in (3.41). Then (a.)ecry, Where Iév = Ig N[N, N] is the
sequence of specializations for Py . Let 2 and %y denote the partition functions for P and Py respectively. Choose

x; <---<ux, € Ig and integers ki, ..., k, > 0. Consider N large enough so that xy, ..., x, € [—N, N]. We have
m m
X; _ l 2B/ (e).
ZEn, [n 0 ( )} . [n o ( } [Ty oy 20001
i=1 (n”)eY"I’V i=1 ecly
m
1 2B/ (e).
= [[one)| 17, el w000
(JTU)EYIV i=1 eelg

= ZEp |:ﬁ ©k; (ﬂxi):|

i=1
as N — oo since the sequence is monotonically increasing. Since 2y — 2, we have as N — oo

o ffe] ol

i=1

On the other hand, for any x € Iy, we have G ﬁ@i (z;6,t) — GE (z;¢,1) as N — oo uniformly away from the poles of
Gﬁx (z; &, 1), and likewise for GEX (z; &, t). By applying the theorem for the known case of By and taking N — oo, the
general theorem follows. U
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4. Limit conditions and back walls
4.1. Consequences of the limit conditions

In this section, we identify the class of functions which can be realized as limits of back walls. As mentioned in Sec-
tion 2.2, our limit theorems restrict to a dense subset of this class. We motivate this restriction through the concept of
singular points and some examples from the literature. Our study of singular points is also used in Section 5 for asymp-
totics.

We recall the Limit Conditions.

Limit Conditions. Fix a p-periodic, bi-infinite sequence s = (..., s_1, 50, §1,...) € R‘Z’O such that so---s,—1 = 1. Let
]P’g’tr ** be a family parametrized by a small parameter & > O where B : I¢ — R and r := e~¢ vary with ¢ so that

(1) there exist elements in Z U {f00}
infI° =vp(e) <--- < v,(e) =supl?®

such that for each 1 < ¢ < n, B'(x) is p-periodic on (v¢_1, v¢) N (Z + %);
(2) there exists an interval / C R and a piecewise linear 3 : I — R with non-differentiable points

infl=Vy<---<V,=supl
such that
sve(e) >V, (0<L<n), eB%(x/e) — B(x)
as ¢ — 0, where the latter convergence is uniform over any compact subset of 1.

In the setting of global limits under this limit regime, some of the information encoded by s is washed away. The
dependence on s is only through the values and corresponding multiplicities of the sequence {sg - - - s; }f:ol. This motivates
the following definition.

Definition 4.1. We associate to s the multiset S = {59 - - ~si}f;01 .Given o € S, let
So = {i e [0, p — 1] :o=s0-~-s,-}.

In particular, we remember the multiplicity of each member o € S in (sg - - -si){’:_ol. The multiplicity of ¢ is given by
|Se |. In replacing s with S, we forget about the particular order of the sequence (sq - - -si)fz_ol.
For fixed S, it is not the case that any piecewise linear 3 may be realized as the limiting back wall of some IF’f”{ ¥ sat-

isfying the Limit Conditions. This is due to the fact that }Pg’tr *¥ is not a probability measure for arbitrary B; the conditions

required for the summability of the weights, summarized by Lemma 3.16, severely restricts the class of B which give rise
to probability measures. We now characterize the set of B which can be achieved by the Limit Conditions.
Given a real-valued function f on an interval 7, let f(x*) =lim,_, .+ f (u).

Definition 4.2. Let 71 > --- > 7, be a labeling of the elements of S and set 79 = 00, 7,41 = 0. Let *B(S) denote the set
of continuous piecewise linear functions 5 : I — R on some interval domain such that

(1) the non-differentiable points of 5 are given by
infl=Vy<---<V,=supl;

(2) foreach x € I\ {V,}}_,, B'(x) € {%}{;0;
(3) if V < W are non-differentiable points of B with B/(V ™) = %, BWT) = %, then

e Y <. (4.1)

Remark 9. In the definition above, we take the convention that B'(V,; ) =0 and B’ V,hH=1.
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Theorem 4.3. A function B : I — R is a limiting back wall of some Pﬁ’f‘s satisfying the Limit Conditions if and only if
BeB(S).

Before proving this theorem, we provide an important link between the slopes of B’ and that of the prelimit B’(x) on
pZ + %

Lemma 4.4. Suppose IF’f”[’s satisfies the Limit Conditions. Fix £ € [1, n]l and let B'(Vy—1, Vi) = %. Then for sufficiently
small ¢ > 0, there exists a set A C [[0, p — 1]] (potentially varying in €) of size i such that

S0 - Sq <80---Sp, forallac A, bel[0,p—1]\A

and
, 1
on Iip N (ve—1, V).

Proof. By the Limit Conditions, we know that for sufficiently small & > O there exists a (potentially varying in &) subset
A C [[0, p — 1]] of size i such that

1
E=1P+pz+§}

on I7 N (ve—1, ve).

Assume for contradiction that for arbitrarily small ¢ > 0, there exist (potentially varying in ¢) pairs ¢ = sg - - - 5, and
T=s0---5p forsomea € A and b € [0, p — 1]\ A such that o > 7. For ¢ small enough so that (v;_1, v;) has more than
p points, we may choose e € (v¢—1,ve) N (a + pZ + %), er € (ve—1,v0) N (b+ pZ + %) such that 0 < e; —e1 < p. By
(3.41), we have

1 1

- o 1
a, G, =0

Tr27 > g7 e P,

where (a,).c I is the specialization sequence for IPS’,:’S as defined in (3.39). For ¢ sufficiently small, the latter is > 1

which violates Lemma 3.16. O

Proof of Theorem 4.3. Suppose B: I — R is a limiting back wall of Pfﬁ‘,f’s satisfying the Limit Conditions. It is clear
that B satisfies properties (1) and (2) of Definition 4.2 as a direct consequence of the p-periodicity and convergence
in the Limit Conditions. We check property (3) of Definition 4.2. Let 1 < ¢ <m < n and suppose B'(V, ) = + and

) P
B’ (an‘ ) = £; note that checking the cases £ =0 and m = n is trivial. By Lemma 4.4, for small enough & > 0 there exist
subsets A1, Ay € [0, p — 1]] of sizes i, j respectively such that
Bl = HALL Bl = 1[A2].
Moreover,

S0 --Sqg <s80---5p foraeAr, bel0,p—1]\ A

so that the multiset {so---S4}sea, coincides with {ry,..., 7;}. Likewise, {so---S4}aea, coincides with {ry,...,7;}. In
particular, there exist

el € (Al + pZ+ %) N (ve—1, ve), e € <[[0,P — 11\ A2+ pZ + %) N (U, Umt1)s
where 5o -+ -5, =17, 50" - S = Tj4+1, such that

B'(e1) =1, B'(e2) =0
for small enough ¢ > 0. By p-periodicity, we may add that

0<vy—e1 <p, 0<er—vy <p.



Global universality of Macdonald plane partitions 1665

By (3.41) and Lemma 3.16, we have

1 1

—l, 7l e
Ay Gy =T; Tjqll <1,

where (a.).c I is the specialization sequence for Pg)’f % as defined in (3.39). Taking & — 0, we obtain
rl._lthe_(V'"_V‘) <1.
Conversely, suppose B € *B(S). For small ¢ > 0, set
ve=|Ve/e] +¢, 0=<t=<mn;

in the case Vo = —oo (V,, = +00) let vg = —| 1/¢2], v, = | 1/€2]. Let B be aback wall of a skew diagram such that B’(x)
is p-periodic in x € (v¢_1, v¢). For each 1 < £ < n, if we have B (V,_1, V) = #, choose some subset Ay C [0, p — 1]]
of size i so that

S0 Sa =80 Sb, aGAﬁ,be[[O’p_l]]\AE’ B/|I§ﬂ(v1{_1,v@):1[AZ]
By fixing e B(|x/¢]) = B(x) at some point x € I, we have the convergence
eB(lx/e]) > Bx).

It remains to check that Pf”f *¥ defines a probability measure, at least for & sufficiently small. By Lemma 3.16, it suffices
to check that a,, lag2 < 1 over all edges e; < ex where B’(e1) = 1 and B’(e;) = 0. We divide this into two cases.

Case I: e1, ey € (vi—1, v¢). By construction of B, we have B’ = 1[A,] on (v¢—1, v¢). Thus e; € a + pZ + %, e €
b—i—pZ—i—%forsomeaeAg,be [0, p — 17\ A¢. Thus

1 1 _
g ey = (S0 --5a)” (so---sp)r? 1 < 1.

Note that this only relies on p-periodicity and did not require property (3) in Definition 4.2.

Case 2: ey € (vg—1,vp), €2 € (U, Umt1) where 0 < £ <m < n. Again, by construction of B we have B = 1[A¢] on
(ve—1,ve) and B =1[A,;4+1] on (Vg Vppy1). If B/(V[) = % and B’(VWJ[) = £, then we may argue as before to establish
that Ay coincides with {7y, ..., 7;} and A,y coincides with {z1, ..., 7;}. Then

-1 _—1__er—e
Ay Qey =0 TF ,

where 0 > 7; and T < 7;41. Since e1 < v < vy, < €2, we have

vkl gty e =) e e = LVefe)) gty (VO <

-1 -1
A, Qe =T T4l Tjt+1€

where the latter inequality follows from property (3) for ‘B(S). ]

4.2. Well-behaved back walls

In this subsection, we introduce a subset B2 (S) of B(S) which corresponds to well-behaved back walls. This good
behavior is characterized by the presence of only finitely many singular points which we describe further below.

Before providing the definition of the subset B84 (S), we begin by introducing and motivating the notion of a singular
point. Fix B € *B(S), and define

p<(X) :max{riles E<x,B(§7)= l—},
p, “4.2)
0= (X) :min{ j_+lleS E>x,B(Eh) = %}
Lemma4.5. If B e B(S) andx € I, then

P<(X) < ps ().
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Proof. Suppose £ <& and B'(§;) = %, B"(E;r ) = %. It is enough to show that
ri_leS‘ < rj_ﬁleéz. 4.3)

If £&1,& € (Vy—1, Vp) for some £ € [[1, n]], then i = j so that (4.3) holds. Otherwise, there exists a non-differentiable
points V, W such that

EE<V<W<&.
Assume that V is the minimal such point and W is the maximal such point. Then

B(v)=BlE) =5 BW)=B(E) =L

Since

ri_lrj+1e_(w_v) <1

it follows that

-1 & -1V -1 W . &
T, e <71 e f‘cj+1e <Tjp1e7. O

We define the singular points to be those points which achieve equality:
Definition 4.6. Given B € B(S), we say that x € I is a singular point of B if p-(x) = p= (X).
Definition 4.7. Denote by 5% (S) the subset of B(S) consisting of B with finitely many singular points.

The concept of singular points is significant due to the following connection with the limit shape. Recall the con-
tent of Theorem 2.7: if ]P’f”{’s satisfies the Limit Condition with B € %2 (S), then the random rescaled height function
eh(x /e, y/e) converges to a deterministic limit  (x, y). Then the local proportions p g Py P<> converge at each point

(x, ). Recall the liquid region is the set of (x, y) where all the proportions are nonzero. We may view the closure of the
liquid region as the set of points (x, y) where the local picture is random.

In Section 6, we characterize the liquid region as the set of (x, y) for which some equation g{? (¢) = e determined
by B has a pair of nonreal complex roots, see (6.2). The map B — gf is continuous with respect to the topology on
9B(S) induced by the coordinates (Vy, ..., Vi, B'(Vo, V1), ..., B (Vu_1, V) € (R U {£o0})>"*! and convergence in
compactum on H in the image. Thus one can formally extend the definition of the liquid region associated to some
B e B(S) \ BA(S) to be the set of (x, y) such that gf(g) = ¢~ has a pair of nonreal roots.

Under this alternative definition of the liquid region, one can determine that the singular points of B are exactly the
points x such that (x, y) is in the liquid region for arbitrarily large y. In other words, the singular points of B correspond
to the horizontal coordinates along which the liquid region is vertically unbounded.

For certain examples of S and B € B(S) \ B2(S), one can prove the limit shape phenomenon. In these cases, the
alternative definition of the liquid region coincides with the original definition of the liquid region in terms of the local
proportions of lozenges. Although it is not present in the literature, we believe that one may use the method of correlation
kernels to verify the limit shape phenomenon for arbitrary S and B € B(S) \ B2 (S) in the non-interacting (q = t) case.

We now provide several examples in the literature which illustrate the connection between singular points and un-
boundedness of the limit shape, then give some references to later sections which give suggestions for generalizing this
connection to arbitrary 5.

Example 4.1.

(1) p arbitrary, S ={1, ..., 1}. The set B(S) consists of B such that B'(Vy_1, V) € [0, 11N ﬁZ since (4.1) trivially
holds. The singular points in I\ {V¢};_, are precisely x € (Vy—1, V¢) where B'(Vi_1, Vo) ¢ {0, 1}. It was demonstrated in
[7], that the horizontal coordinate x € (Vy—1, V;) of the limit shape is vertically unbounded if and only if B'(V,_1, V;) ¢
{0, 1}, see also [22, Section 1.2]. The set B2 (S) consists of B such that B/ (V,_1, Vy) =1or0forevery £=1,...,n.In
this case, the singular points are precisely those V, where

0=8B(v,")<B(v,)=1,

and these are exactly the horizontal coordinates where the limit shape is vertically unbounded.
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2) p=2,S5={1,a},a > 1. Consider the case where n = 3 and we take

Vo=—b, Vi = —a, Vo =a, V3=b, a<b,
B'(=b,—a)=1, B'(—a,a)=1/2, B'(a,b) =0.

There exists a threshold value ag such that if a < ag then B ¢ 2B(S) (thus this does not correspond to a limit of a plane
partition), and if a > ag then B € B(S). If a > ag, then B € B2 (S) and the singular points occur at —a, a. If a = ay,
then B € B(S) \ BA(S) and [—a, a] is the set of singular points. In both of these cases, the singular points correspond
to the set of horizontal coordinates where the limit shape is vertically unbounded, see [23, Sections 1.1.1 and 4].

(3) In general, we show in Section 6.3 that the singular points for B € B (S) are exactly the horizontal coordinates
where the limit shape is vertically unbounded. The method for computing the frozen boundary in Section 6.3 can also
be used to see that B € B(S) \ B2 (S) give rise to limit shapes (as defined above) that are vertically unbounded over an
entire nonempty open interval, and these unbounded parts correspond to components of singular points.

Although Definition 4.7 has the advantage of simplicity, it is not as useful for application. We have the following
equivalent definition and characterization of singular points for B € B2(S).

Definition 4.8. Let o > --- > g4 be the distinct elements of S in decreasing order, and set o9 = 0o, o441 = 0. Let
[So; |
Ca = Z?’:l ;l for 0 saxs d.

Proposition 4.9. We have that B € B2 (S) if and only if B € B(S) such that

(1) foreach x € I \ {V¢}}_,, we have B'(x) € {gi}f.lzo;
(2) if V. < W are non-differentiable points of B, then p-(V) < p= (W).

If B € B2(S), then the singular points of B are exactly the non-differentiable points V of B such that B (V) < B/(V™7).
In this case, if B (V™) =¢; then B(VY)=¢;_| and

p<(V)=p-(V)=0;"e".

Before providing the proof, we highlight a few features. The first condition in Proposition 4.9 restricts the possible
values of the slopes of 3 whereas the second condition is a refinement of property (3) in Definition 4.2. This is transparent
when we rewrite the second condition as the following equivalent statement:

If V. < W are non-differentiable points of B with B'(V ™) = ¢;, B(W™T) = ¢ for some 0 <i, j <d, then

—-(W=v)

o lojte <1 (4.4)

Although this refinement requires the inequality to be strict for pairs of non-differentiable points V < W, it does not
require the same for V = W; namely if V is a non-differentiable point of B such that B/ (V™) =g¢; and B' (V') =¢ j then
we still have the weak inequality

oi_laj_He*(W*V) <1.

This way of viewing 8 (S) also has the advantage of realizing the subset as dense in B(S).

Corollary 4.10. If we endow B(S) with the topology induced from the disjoint union | |- ;(RU {£oo))Z' ! by identi-
fving B € B(S) with the point

(V07 LR} Vna B/(VO’ Vl)a LR B/(anl, Vn))

Then B2 (S) is a dense subset of B(S) by Proposition 4.9. Note that the parametrization identifies B which differ up to
translation.

To prove Proposition 4.9, we require a lemma which describes p- (x), o~ (X) in terms of maximizing, minimizing over
finite sets.
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Lemma 4.11. Let B € B(S). Then

. i
p<(X) = max {ri_lemln(x'vf) Ve <X, B/ ((Ve—1, Vo)) = _},
LellL,n]l p

_ . —1 max(Vy_1,x) . / _ i
X)= min {7, e Ve>x, B((Ve—1, Vo)) = —¢.
p>(X) £e[[1,n]]{ il ¢ ((Ve—1, Vo) p}

Moreover,

(1) ifxe Vo1, Veland B/ (x™) = % then

p<(X) = max(p<(vf—1)v ri_lex)a

(2) and ifx € [Vo—1, Vi) and B'(xt) = % then
p=(x) = min(p= (Ve), 7,3y €¥).

Proof. Suppose & <xwith & € (Vy_1, Ve]and B'(§7) = %. Observe that

B'(7) =B ((Ve—1, Vo)) = B'(min(x, V¢)~),
which is l; Then
7l <MV < p ().

Maximizing over all £ € [[1, n]] proves the statement for p- (x). A similar argument yields the expression for p~ (x). The
rest of the lemma follows from the obtained form for p- (x) and p (X). O

Proof of Proposition 4.9. Suppose x € (Vy_1, V;) is a singular point of B. By Lemma 4.11, one of the following equali-
ties must hold

p<(Vee)=p-(Vo), 77 'e*=1 1" p(Vee) =1 17l =p (Vo).
Observe that the latter two equalities cannot hold, we have

-1 _V,_ —1
P<(Ve—1) < p=(Ve—1) < Tit1€ < T,‘_Hex

and similarly ri_le" < p=(Vp). Thus if x € (Vy_1, V) is singular, then

p<(Ve—1) = p=(Vy) or 7:,'71 = fl';llo

However note that these equalities are independent of x € (Vy—1, V¢). In particular, this means that 5 has a singular point
in (Vy_1, Vp) if and only if every point is singular in (Vy_1, V;).

Therefore, B has finitely many singular points if and only if there are no singular points in I \ {V¢};_,. By our
discussion above, this is true if and only if

P<Ve—1) < p= (V)

for every £ € [1, n]] and

-1 -1
L <Ti

for any 0 <i < p such that B'((Vy_1, V¢)) = ’; The latter condition is equivalent to i = Z(;’:l |So;| for some 0 <a <d
in which case B'(x) € {g; };'1=0' This proves the desired equivalent description of B2 (S).

We now characterize the singular points. Since the singular points of B € B2 (S) are necessarily non-differentiable
points of 3, we may assume our singular point is V, for some 1 < ¢ <n with B'(V, ) = ¢; and B/(Vj) =g;. Since

max(p<(Ve-1),0; 'e") = p~ (Vo) = p= (V) = min(p- (Vey1), 07} ™).
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Since p<(Vi-1) < p>(Ve) and p-(Vy) < p> (Ve41), we must have
TVt =p (V) =pa (V) =0 e

This is the case when j =i — 1. (I

5. Asymptotics

In this section, we obtain asymptotics of the observables from Section 3 under our limit regime. We begin with relevant
definitions prior to the statement of the main theorems for this section (Theorems 5.2 and 5.3).
Define

1 — emin(Ve. X)(JZ) 1 1[B'(V, )=6s]
Gx@=] T1I ( — T ) ,

oeS 1<t<n
Vi_1<x
L1[B/(V, ) <551 e-b
1 _ efmaX(V(,l,X)O.Z ; Y <So
Gx@ =11 T1 ( Vi ) :

oeS1<l<n
Ve>x

where we set ¢, = g5, if 0 = 0;. Here the branches are chosen so that the argument is O for |z| large and real. Recall that
S is a multiset of p elements up to multiplicity with d distinct values. In particular, the product over o € S is a product
over p terms.

Definition 5.1. Let Pf’{’s satisty the Limit Conditions and let Vi, ..., V;, be the singular points of B. Given d > 0, we
say that x (¢) is d-separated from singular points if

|x(e) —ve(e)|=d, 1<i=<v
for all sufficiently small € > 0.

We now present the main results for this section. Let (7*),cje denote the diagonal sections of IP’B DS,

Theorem 5.2. Suppose Pg,’{’s satisfies the Limit Conditions with B € B2(S). Fix x € I,k € Z=¢. Let x € Iy, be kt-
separated from singular points and satisfy ex — X. Then

1 d
Eou(esr',r) > o f [RSIERE) (52)

as ¢ — 0, where the contour is positively oriented around [0, p (X)) and does not contain (p~ (X), 00); recall p-(x) and
p=(X) are defined in (4.2).

Theorem 5.3. Suppose Pg,’{’s satisfies the Limit Conditions with B € B2(S). FixX| < --- <Xp, k1, ..., kn € Zso. Let

X1 <---<Xxpin 1‘8, be such that x; is 2k;t-separated from singular points and satisfies ex; — X; for each i € [1, m]].
Then the vector

(é(ml (e3P, 1) — By (P, PY). (i (75 7 ) — B (7 rf)))

converges in distribution as ¢ — 0 to the centered gaussian vector (Dy, (X1), ... Dy, (X)) with covariance defined by

Cov(Dy, (xi), Di; (X))

dzdw, 1<i<j<m, (5.3)

w2 Kiki 7§ ?g (G5, (2G5, @14GE, (w)GB, (w)1M*

Q2ri)? (z —w)?

where
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e the z-contour is positively oriented around [0, p~(X;)) but does not contain (p~ (X;), 00),
o the w-contour is positively oriented around [0, p(X;)) but does not contain (p~(X;), 00),
e and the z-contour is enclosed by the w-contour.

If p<(x;) = p> (X)) =: p, then the z- and w-contours intersect at p.

The remainder of this section is devoted to the proofs of Theorems 5.2 and 5.3. We begin by collecting some asymptotic
preliminaries. We then give an outline of the proofs to illustrate the key ideas, followed by the rigorous proofs.

5.1. Preliminary asymptotics

In preparation for the asymptotics of the formula from Theorem 3.17, we study the asymptotics GEX, Glj . and some
asymptotic properties of their poles, formulated in two propositions. The latter is important for understanding the place-
ment of contours in the analysis of moments. Before presenting the propositions, we introduce some notation to work
with the poles of G2, GB .

Given ]P’f”f ** satisfying the Limit Conditions such that B € B2 (S), we define the (¢-dependent) sets

_ 1
R%! = {(S0'~Sare) Yee v N <a +pZ+ E),e <x,B' Vi1, Vo) > §s0~~sa},

| (5.4)
—1
Rif = {(tso .- -sare) te € (vg, vg41) N (a + pZ + 5)’6 > x, B (Ve, Vig1) < Gspoosa }
Recall the g-Pochhammer symbol
N—-1 oo
@qv=[](1-aq"). (@ Qo=][](1-aq").
i=0 i=0
Lemma 5.4. Suppose Pg’{’s satisfies the Limit Conditions such that B € B2(S). For & > 0 sufficiently small,
@ en= ] ('max REDZ Mo (rP(min REDZ! M)
o R (max REHz=1rP) e (- 1rP(min REHz™ rP) oo
- (5.5)
G (ziet) = 1—[ (+~(min Ri’f)_lz; r)so . (r? (max Ri’f)_lz; )0
T iy (MInREDTIE P TP (max RE) T2 o

Proof. If B'((Vy_1, V¢)) = ¢;, then Lemma 4.4 implies
p

B/:1|: U (sgj +pZ+%):|

l<j=<i

on Ig N (vg—1, ve). By the definitions of Glix and Ri’f, we have
GB (o) — 1—t71pz7!
L@en= [T [I =
RE{#0 peRE;
Since the elements of R‘i’f are

max R‘Qf, r? max Ri’f, 2P max R‘i’f, e min Ri’f,

in decreasing order, we can rewrite the product over p as the ratios of Pochhammer symbols in (5.5). The argument is
similar for G2 . O

The first proposition in this section describes the behavior of the largest pole of Gﬁ . and the smallest pole of Gf .
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Proposition 5.5. Suppose Pfy’tr’s satisfies the Limit Conditions such that B € B>(S). For x € I¢, let p2(x) and pg (x)

denote the maximal pole of GEX (z; &, v) and minimal pole of Gfx (z; &, 1) respectively. Suppose x € I and x € I¢ satisfy
ex >xase—0.

(@) Ifxe I\ {Vi})_, then
lim p (x) = p< (%), lim p¢ (x) = p> ().
=0 e—0

(b) If x=V, is not a singular point and
(1) x > vy forall e > 0, then

lim p2 () = p<(V,"),  lim pf (x) = p= (V1) = p= (Vo).
(i) x < vy forall e > 0, then

lim pZ (x) =p(V,) =p<(Vp), lim p (x) =p-(V,).
(i) x = vy forall ¢ > 0, then

lim o (x) = p<(Vp), lim pf (x) = p= (V).

e—0 e—0

(c) If x=Vy is a singular point, then
lim p% (x) = p<(X) = p> (x) = lim p< (x).
e—>0 e—0

Furthermore, if B' (V) = ¢, then

sli_r)r%)max( U Rif) = p<(V¢) > limsupmax{poles of G .(z; e, t)}\( U Rif) (5.6)
a€Sy e=0 a€Sy
3iirg)min< U R‘i’,‘f) =0 (Vo) < liggfmin{poles of GE (z; ¢, t)}\( U Ri’f), (5.7)
acSy a€Sy
tflrflevglfl < pi(x) < tflrflevg\72p+l (5.8)
Topsx) T ’ '

for ¢ > 0 sufficiently small.

The next proposition gives asymptotics of G2, GB ~with special precision given to points near maximal and minimal

poles respectively.
Let 8 € (0, ), § > 0. Define

D% ={w e C:dist(w, [1,00)) =8} U w e C: |arg(w — (1 — &))| = 6},

that is the neighborhood §-separated from [1, co) between the rays of arguments £ started from 1 — ¢ on the left side of

C.

Proposition 5.6. Suppose Ps’f’s satisfies the Limit Conditions such that B € B2(S). For x € I, let p (x) and pL(x)

denote the maximal pole of G (z; €, 1) and minimal pole of G8 «(z: &, 1) respectively. Suppose x € Iy, such that ex —

x € I. Further assume that if x =V, with V; not a singular point, then either x > vy, X = vy, or X < vy independent of
&> 0. Then

2
GE (e p i) =Gn(e o) exp 05 ))

2
ottt o(25)

uniformly for z € D®%% and & > 0 sufficiently small.
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The remainder of this subsection is devoted to the proofs of Propositions 5.5 and 5.6.

Proof of Proposition 5.5. Suppose throughout the proof, ¢ is small enough so that the conclusion of Lemma 5.4 is true
and so that vy — vy—1 > p for each £ € [[1, n]] (that is we have at least one period in (v¢—1, v¢)). Then

Pl (x) = max( U Ri;”), (5.9)

aell0,p—11,me[[1,n]]
where the above set being maximized over is the set of poles of Gli (z; &, 1). Observe that if R is nonempty, then
max RL! = (so - - cs5q) " TeMin V) 45 (1)

as &€ — 0. The set RZy" is nonempty if v,—1 < x and B'((Viu—1, Vin)) > G5y, ; here we used the fact that vy, — vu—1 > p,
otherwise it is possible that Z + a + % and (v;;,—1, vy) do not intersect.

We first prove the convergence statements in (a), (b), (c) for pZ (x). The argument for p (x) is similar.

(a). If x € I'\ {V;}}_,, then the set RZ" is nonempty if and only if V,,—1 < x and B'((Viu—1, Vin)) > Gy;...s,- Then for
£x — X, we have

pi(x) e maX{(S() e .sa)—lemin(x,vm) Vo1 <X, B/((Vm—lv Vm)) = §so~~sa}

= max{(so---52) '™V Vot <X, B (Vi1 Vin)) = Gygrosa | = p< () (5.10)

as ¢ — 0, where the first equality follows from the fact that g,...;, is an increasing function of (sg - - - sq)~! and the second
equality follows from Lemma 4.11.
(bii), (biii) and (c). Suppose x = V, for some 0 < £ <n and x < v, for all ¢ > 0. In this case, we again have that the
set RZY" is nonempty if and only if V,,—1 <x= V; and B'((Vin—1, Vin)) > Gsy--5, - Then (5.10) holds for this case as well.
(bi) and (c). Suppose x = V; for some 0 < £ < n and x > v, for all & > 0. Then R%}" is nonempty if and only if
Vin—1 < Vg=xand B/((Vm—lv Vin)) = Cs0-+5q Then

% (x) = max{(so -+ 5a) '™V YV <x= Vi, B (V=1 Vin)) = Ssprsa |
= max{(SO e 'sa)—lemin(x,Vm) Vi =x=Vy, B/((Vm—ls Vm)) = gS()mSa} = P<(V@+)

as ¢ — 0, by the same reasoning as before.

Note that combining the latter two cases gives us the complete case of the convergence of pZ (x) for (c). It remains to
show (5.6), (5.7), (5.8). For the remainder of the proof, assume x = V/ is a singular point.

(c): (5.6). By the argument preceding the case analysis above, RLY" is empty if m > £ 4+ 1. We rewrite the union

(U rr)=( U rejo( U r)

a€ll0,p—1]l,me[[1,n]] aell0,p—1]l,m<¢ aell0,p—1]
U ( U R‘i’f) U ( U Ri’f) (5.11)
acll0,p—11\Ss acSy

as four smaller unions. We want to show that the limsup of the maximum of the first three unions converges to p <
p<(Ve), then by (5.9) the maximum of the fourth union must be equal to pZ (x). Since p% (x) = p(Vp) as € — 0, this
establishes (5.11). Note that the maximum of the first union is exactly pZ (v¢—1) and therefore converges to p~(Vy_1) as
& — 0. By Proposition 4.9,

P<(Ve—1) < p= (Vo) = p< (V)
because Vy is a singular point. We have thus shown
El%max( U RZ;”) < p<(Vp).
aell0,p—1]l,m<¢

For the second union in (5.11), observe that by Proposition 4.9, if ¢ = o; then

B'((Ve, Vern)) =B'(V,") = si—1.
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Thus, arguing as in the case analysis above,
1imsup1nax< U R‘i’f“) < max{(so .- ~sa)_1ev’Z igio1 = B/((Vg, Vg.H)) > SSO"'Sct}
e=>0 aell0,p—11]
<o e <o eV = p (W),

where we recall ¢;_1 = ¢,,_, and the final equality follows from Proposition 4.9. It is necessary to take the lim sup since
the set above may be empty depending on whether x < vg or x > v,. Also, note that the second inequality is equality if
the preceding set is nonempty (this is when i > 0). Otherwise it is strict since max @ = —oo < 0; recall that oy = 0o so
we take o) 1'—= 0. The third union is similar, we have B'((Vy—1, V¢)) = ¢» = ¢; by assumption. Then

gLnlomax< U R‘if) =max{(so---5a) " e" 1 6i = B/ ((Ve, Vet1)) = Ssgrross 50 - Sa 7 07 }
acll0.p—11\Ss
< ai__llev‘ < cri_lev‘f = p(Vp).

This proves (5.6).
(c): (5.7). Uses an analogous argument as for (5.6).
(c): (5.8). Using (5.6) and (5.7), notice that

P2 (%) =max( U Rif) —o e, ps(x) = min( U R‘;’f) =t o7,

acSy acS,

where
1 . 1
e =maxje e (vg_1,ve) N S(,+pZ+E re<xy, ey =minje € (vg, vgy1) N Sg—i—pZ—i—E e>xg.
We have the inequalities

1 1
min(vg, x) — p + 3 <e; <min(vg, x) — 3

1 1
max(ve, x) + 3 <ey <max(vg,x)+p — 3
Thus we conclude (5.8). 0

Before going into the proof of Proposition 5.6, we first require a lemma on the asymptotics of Pochhammer symbols.

Lemma 5.7. Let a > 0 and suppose N(g) € Z~q such that liminf,_,geN(e) > 0 as ¢ — 0. Then for any fixed 6 €
0, ), 6 > 0, we have

(e )N _( 1-2 )“ex (0<EIZIVIZIZ)>
(e759z;e ¥ ey \1—rNz P I1—z|

uniformly for z in D®%% and ¢ arbitrarily small.

Proof. Throughout the proof, the constant symbol C is independent of ¢ > 0 (though it may depend on a, ), and may
change from line to line.
Setr =e~¢, N = N(¢), D¢ = D%%3 Define

(z;r)N 1 —r® 1—z
Ef () =1 — 1 ,
1(z) =log R og N

. 1—r°® 1—z 1—z
E2@)= l—rlog 1—rNz —alog 1—rNz )

Ef(z) = Ej(z) + E5(2) zlog% —alog( 1=z >
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Using the fact that
a a 2 3

1—rf=1-(1-(1-nr) :a(l—r)—<2>(l—r) +0(¢),

we have
1—r® 1—z a 1—z
Ern _ _(_ 2

Ez(Z)—< - a)10g<71_rNZ>_< <2)8+0(8 )>log<1—er>'

The log term is bounded for large |z|, behaves as C|z| for small |z|, and has logarithmic singularities at z = 1 and z = V.

Since DF? is separated by a constant distance from the » " singularity by the assumption liminf,_,g &N (g) > 0, we may
disregard the singularity at z =" and have

|z|
[1—z]

|E5(2)| < Ce

for z € D?. Note that we accounted for the log singularity at 1 with the “wasteful” |1 — z| term in the denominator and
the boundedness for |z| large by balancing the right hand side.
Observe that

) N—-1 ., a pl
bl 1 —
log—(Z N =—Z/ < du=— : / ‘ dv
(rez;r)n e T—uz L=r Jiv1—u))z

by the change of variables

a

_’r (v—rl)+rie (e ], (5.12)

(rH],rj] Sv u(v) =

We may similarly write

1—r® 1—z 1—ra/1 z
log =— dv.
1—r 1—rNz 1—r J,v1—vz

Thus

1—pa pl 1—ra pl _ 2
ES(z) = r / z .z do— r (u(v) —v)z do
1—r Jvn\1—-uW@w)z 1-—vz 1—r Jiv (1 —u@z)(d —vz)
Forv e [rj+1,rj],
a

r—r :
= g
u(v) —v= 1_V(v r),

so that
‘u(v) — v’ < Ce,

where the constant is also uniform over v € [rV, 1]. Also for v € [r/T!, r/],

z(u(v) —v)
1 —u(v)z

<C

1 —wvz
1—u(v)z

for z € D?. Indeed, u(v) ranges from ¥ =1+ to 1 so that the buffer provided by D bounds |1 — u(v)z| from below by
some constant times . Thus

1 2 1 2
CCES N iy T
v (L= u@2)(1 - vz) o 1= vz 2

rll

1 —
|Ef(2)| < -

r
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By writing

! ! ( < ‘ ), ve[rN,l],

M—vz2 z—z\1l—vz 1—0vZ

we obtain
Celz|? 1-2 12 2 1=z
E¢ < 1 —1 =Ce¢- .
Ei@] = —z | B\1=/; BT, £ 5 YB\ Tz
Observe that

|z -z |z] 1 -z |z
0<_—arg - | =— - arg <C
3z 1—rNz |1 — z| sinarg(l — z) 1—rNg [1—z]

for z € D?. The latter bound follows from the fact that the sinarg(l — z) denominator term is balanced by arg(
=
1 —r]%’ z

1-z
1—rNz
) approaches 0, however near z = 1

away from [1, 00); note that as z approaches R we only need the fact that arg(
we really need arg(1 — 7) to balance sinarg(1 — z). Thus

. |z
|E1(z)|§C8|1_Z|

uniformly for z € D®. Combining our bounds, we obtain

2] v |z|?

|Ef(z)| < Ce
11 —z]
uniformly for z € D®. Our lemma now follows from

(z; )N

rez;r)n =exp(E (). O

Proof of Proposition 5.6. By Lemma 5.4, for sufficiently small & > 0, we have

G2 (tz- pf(x); e, t)

] ((min RE) "2+ pf (0); oo (trP (max REO) ™2+ pf (0); rP)oo
gt gy (1IN RED ™12 pE (0); rP)g (P (Max RED) ™2 p2 ()5 7)o

Fix Ri’f # . As established in the various cases in the proof of Proposition 5.5, the nonemptiness of Ri’f for a, ¢ fixed
is independent of ¢ > 0 when ¢ is sufficiently small, under our assumptions on x. We have

((min REO) "2+ p (0); o (trP (max REO) ™2+ pf (0); rP)oo
(r(min R&0) =1z p£ (x); 1P)og  (rP(max REY) =z p€ (x); 7P) oo
~ ((min REH™1Z. pE (xX);rP)N

(t(min R%H 17 PE (x); PN

where N = N (¢) satisfies

. a,l
APN=1) _ min R2y

max R&E
By definition of pZ (x),
pl(x)

; 7
min R
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for some v = v(¢) > 0. Note that ev — 1 as ¢ — 0 for some v; this follows from the fact that min Rif converges to
(50~ 85q) " LeMXXVe) gand that P (x) converges by Proposition 5.5.

There are two main cases to consider: U > 0 and b = 0. First suppose D > 0. Note that if a; = a;(¢), ax = ax(¢)
converge to some a > 0 as ¢ — 0, then

1—-r9 z(rb—r“) 0
—expl Toe( 1 _ pOG(lzIAD)
1 —rbz exp(og( + 1 —rbz ¢

uniformly over z € D%%%_ Thus Lemma 5.7 implies

((min %)~ "2 - pf (x): rP) :(1—(S0 )MV p><x>> O (D)
(t(min RE5) =1z p& (x);: rP)y 1—(so--s0) teVeriz - po(x)

uniformly over z € D%%-.
If v =0, then write

(minREH'2/p8 () rP)y Pz rP)n
(t(min RE) 2/t (1) rP)y W'z PN

If, in addition, lim;—,¢ e N > 0, then by Lemma 5.7, we have

t
(r'z;rP)y -z v 21 v [z
= exp|l Ol e———
(arvz;rP)y - \1=(so---sa) "'V z- po(x) 11—z
uniformly over z € D*%%. We may further replace the 1 — r”z with 1 — z without changing the right hand side since

L-riz =exp<log(1 + M)) =exp<0<8 i >> (5.13)
l1—z 1-z [1—z|

uniformly over z € D%+,
Otherwise, if lim;_,geN =0, take M = M (¢) € Z~¢ large so that lim,_,g e M > 0. Then by Lemma 5.7,

r'zrP)n  UnrP)vem @ TPN g Py
(trvzirP)n @'z rP)vem (rUTPNzrP)y

t
= 71—r”z ;ex o0 SLVMQ =expl| O SLVMZ
i) P -z )P -z

uniformly over z € D*%% where the last equality follows from applying (5.13) to _’ZZ and 1= ’1P .
quotient.

Multiplying over all Ri’f # @ and comparing with G- as defined in (5.1), we obtain the desired asymptotics for G5
The argument for G2 is similar. O

"2 then taking their

5.2. Outline of proofs

We first outline the proof of Theorem 5.2 to indicate the main obstacles. Part of the proof of Theorem 5.3 will mirror the
outlined proof of Theorem 5.2.
By Theorem 3.17 and (3.19), we can express Egpy (7*; ¢, t) as

i—1

1lg

e
(2711)" / (22— 2zp) - (2 — 7Zk—1)
(zj —z2i)(zj — L2;) u
« [ -2 L[] 62 i e HGE in e, O dzi, (5.14)

(zj — Zi)(Zj_CIZi)iZ]

i<j
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where C! is the z;-contour and satisfies the conditions in Theorem 3.17. If the C; converge to C; and are separated from
one another so that the contours do not pass through any singularities of the integrand, then the integrand converges on
the contour and the integral (5.14) converges to

k
Yi= lz, B B t,
(z,n)k fg fé & 1:[ G2 @G5 @)] dzi. (5.15)

2k = Zk-1)

The dimension of this contour is in general higher than what we desire. However, we can obtain the desired form by
applying the following Theorem from [16, Corollary A.2].

Theorem 5.8 ([16]). Let s be a positive integer. Let f, g1, ...,8s be meromorphic functions with possible poles at
{pl’ ceey pm} Thenfork > 2,

(2n1)k§£ f(w—vl) (Vg — V—1) H(Zg](vl )l_[f(vl)dvl
ks 1
yg f* ]‘[g,<v>dv

where the contours contain {p1, . .., pm} and on the left side we require that the v;-contour is contained in the v j-contour
wheneveri < j.

We note that this was how the asymptotics of moments were carried out in [16].

In the case that x = V; is a singular point, there is some additional difficulty due to the order of dist(pZ (x), pZ (x))
being O(e) where p% (x), pZ (x) are defined as in Proposition 5.5. By the conditions on the contours in Theorem 3.17,
our kth moment formula only makes sense if there is some separation between v, and x. This is where the kt-separation
condition is needed. Even with this separation condition, the contours le in (5.14) are O(e) from one another on the
positive real axis; this is the main technical complication and is a byproduct of dist(pZ (x), pZ (x)) being O(e). For
points (z1, ..., zz) where |z; — z;| ~ O(¢), i # j, we take care to show that the integrand does not diverge. We still have
convergence to (5.15) but with the limiting contours sharing a common point; this means that the integration goes over
some singularities of the integrand. However, we are still able to obtain (5.2) by finding a sequence of integrals which
converge to (5.15) for which we can apply the dimension reduction formula to complete the proof of Theorem 5.2.

The proof of Theorem 5.3 requires the asymptotics of higher cumulants, see the Appendix for a review of the definition
and some facts about cumulants. Modulo a reduction step, the proof of Theorem 5.3 follows a similar line of argument as
Theorem 5.2. Therefore some of the more repetitive points will be done in less detail.

5.3. Proof of Theorem 5.2

As outlined above, we want to show that (5.14) converges to (5.15). We suppress the dependence on B, « and t in the
indexing. Throughout the proof, constants C are uniform in ¢ and may vary from line to line. We let p% (x), pZ (x) be as
in Proposition 5.5. For the proof, we assume that if x = V, then either x > vy forall ¢ > 0, x = vy forall e > 0 or x < v
for all € > 0. The purpose of this assumption is to ensure p%, and p¢ . both converge as in Proposition 5.5. Note that this
condition is not restrictive, if we show (5.14) converges to (5.15) under each separate regime x > vy, x = v¢, and x < vy,
then certainly we have that (5.14) converges to (5.15) under a general limit ex — x without restriction on the inequality
between x and vy, since the limit is independent of this ordering.

The first step is to find contours such that the conditions in Theorem 3.17 are satisfied. As we will see, the kt-separation
condition gives us existence of such contours. In order for the conditions in Theorem 3.17 to be met, we require the
contours Ci, ...,C; in (5.14) to satisfy the following: C! contains [0, p% (x)] but does not intersect [pZ (x), 00), and C}
encircles tle for any i < j. In particular, we require that le intersects (pZ (x), p (x)) at some point a;, and these points
must satisfy

PpE(x) <ay <tay <--- <" gy <71 pf (x). (5.16)

LetO <6, ...,0; <m,and set C{,...,C] to be contours in C such that C!" is the contour consisting of line segments
and circular arc

{1 +ue™i :y €0, 11}, [zeC:lzl=)1 —i—ei@f},argz > arg(1 +ei01)},
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where the arg branches are in (—m, ], positively oriented around 0. Then Ci/ e C,’{/ intersect pairwise at 1 and C}’
encircles C;" \ {1} wheneveri < j.

The kt-separation condition guarantees the existence of points a; := aj(¢), ..., ai := ai(¢) satisfying (5.16). Indeed,
by Proposition 5.5, if

liMrfl . Pi(x)
P (x)

then M > k + 1. Indeed, if x is not a singular point then lim,_,¢ p% (x) < lim;—0 pZ (x) so that there is enough space to
guarantee this inequality for ¢ sufficiently small, and if x is a singular point then the kt-separation condition implies the
right hand side is > Rl — =t D=1y particular, we may set

ar = (7MY p ) = (7M7) e ),

Since a; /a;—1 >t~ 1, by setting C] = a;C]/, we obtain contours satisfying the conditions in Theorem 3.17.

If x is not a singular point, then lim,_,g pZ (x) < lim,_,0 pZ (x) so that lim,_,¢ t~™ > 1. Then the integrand in (5.14)
is bounded, having no singularities. Thus by Proposition 5.6, (5.14) converges to (5.15) with C; = (lim,_,¢ ai)le’ .

In the case that x is a singular point, then M _ 1, so there are singularities in (5.14) to take care of. Let F.(z1, ..., 2k)
denote the integrand in (5.14). We may change variables in (5.14) to replace the C; contours with !’ via z; = a;w;. By
dominated convergence, to prove that (5.14) converges to (5.15), we seek a function g so that

|Felarwr, ..., agwi)| < g(wi, ..., wi)

for (wy, ..., wy) € C{ x --- x C} with g integrable on C{' x - -- x C;’ with respect to d|w1]| - - - d|wg].
We may write

Gy (@iwii e, ) = Gy (1= 1(r=Mr =), - p2 (1),

G-y (aiwis et) = Goy(t - 17! (t_Mr_l)% w; - pE (x)).

l."*] ={w:w~! €/}, then there exists 6 € (0, 7) such that C/’, Ci”*1 c D%99 for 1 <i <k and some
fixed § > 0. This is clear for C;’. For Cl.”_l, this follows from the map w — w ™! being conformal and an involution taking
(—00, 0) onto intself and (0, 1) to (1, 0o). This implies that given A > 0, then e‘gaCl{/_l, e~*%C!' C Deefd for | <i <k,
a> A, 6 > 0 fixed, and ¢ depending on A. In particular, since

If we denote by C

t(t_Mr_l)ﬁ > r_ﬁ,

we have
a; ! i 1
(t—g ’ wi> (M) T w) e Do,
pL(x)
a; _ k+1-i .
-1 ) i w; :tfl(thrfl) k+1 w; € Dc€,9,8
p% (x)

for 1 <i <k and some fixed §, c > 0, 6 € (0, ). Thus by Proposition 5.6, we have

i &
G x(ajwi; e, ) = Gy (t(t™Mr ") T - p<(X))teXP<0 (W))

£ (x)
= (5.17)
ekl €
G>x(aiwi;87t):g>x(t l(t My 1) ke wi~p>(x))texp<0<m))
I E))

for w; € C/', 1 <i <k; note that we dropped the |z| v |z|? term since C!" is bounded and separated from 0. Observe that
away from [0, 1],

Gx@P =R —2),
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where R(z) is a rational functions with poles < 1, we have a similar statement for G_x(z) but we will only need the fact
that it is bounded (we could alternatively flip the roles of G.x and G- here). Using this and the fact that we may replace
the exponential term in (5.17) with a crude constant order term, we have

|G <x(@wiz e, 8) - Gox(aiwis e, t)| < C|1 = Pw; | (5.18)
for w; € le/ and some fixed constant ¢ > 0, § > 0. Next, we need the following lemma.

Lemma 5.9. Fix v > 0. For ¢ > 0 arbitrarily small, there exists a constant C independent of & such that

|1 —e™"z]

lw—efz| —

on (z,w) €C/' x C’;./ whenever 1 <i < j <k.
Proof. It suffices to check the inequality for (z, w) near (1, 1) where C;" x C;’ looks like

{1+ue™ :uef0,81} U{l+ue™i :uelo,5]}

1-

for some small § > 0. Since T

< is bounded over this region, independent of ¢, it suffices to bound

1

w—1
T e |
+ w—1

1—w +‘ _
w—=D+UA—-e"%7)|

w—D+(—et2)|

‘ 1—e%z

Z‘H

w—e "¢z
Without loss of generality, we may suppose w = 1 4 ue'’i for u € [0, 8]. Also note that if z € H then |w — e~z| <

|w — 7], so we may suppose that z € H. Then 1 — e~¢z = u’e' for some 0 < 0 < 6; < 6; and u’ € [0, 8]. Thus

‘ 1
l—e~?z
1+ w—1

1
- ‘ 1+ vel@=0)

for some v € [0, 00). We can maximize the right hand side over v € [0, 00) for each fixed 8 < 6;; the maximizing value
is given by m. Thus

1—e"%z n 1
w—ez|~ sin(6; —6;)’
which proves the lemma. U

Using (5.18) and the fact that |M| is bounded on C{ x --- x C; uniformly in &, we can dominate

7’&)(1/ —qzi)
F.(z1,...,zx) as follows
1 k
Fe(z1,...,z0)| <C- 1—a7]¢ 5.19
IFeCe ) (22— %z1) - (zk — L25-1) H| P o9
1 1—c
< 5.20
T =tz — L) 20
on Ci X o+- X C,’(, where the second inequality follows from Lemma 5.9. With z; = a; w;, (5.20) becomes
1 1—c
Fe(zi,...,2)| =C
IFe | (aywy — Laywy) - (apwr — Lag_ywi—1)
1 1—c
=:g(wy,..., wg) (5.21)
(w2 —wy) -+ (W — wg—1)
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for (wy, ..., wx) € C{ x --- x C/. The dominating function g is integrable, since all its singularities are integrable; e.g.
integrate wp, then w;, etc. We may thus apply dominated convergence and see that (5.14) converges to (5.15) up to a
change of variables where we need to take C; = p-(V,)C;'.

Now that we have shown (5.14) converges to (5.15), we want to show that (5.15) is the right hand side of (5.2). By a
similar argument, we have the integral

Gox(zis6,0) - Gox(zis e, 0)dz;, (5.22)

1 k
=1

1 ?g jg Yiai
Q2mi)k i (22— 20 (@ — 2k-1) |

1

with le and G, depending on &, converges to (5.15) as well. On the other hand, Theorem 5.8 says that (5.22) may be
reexpressed as

1 xdz
— ¢ [Gar(mie, ) Goxlzs e, )] —,
2ri Jo Z

where C’ is some contour containing the poles of G2 .(z;&,1) and 0 and containing no pole of GB (z; &, 1); for example
it suffices to pick Cl.’ for some i € [[1, k]|. This converges to the right hand side of (5.2). Therefore, (5.15) coincides with
the right hand side of (5.2), completing the proof of Theorem 5.2. ]

5.4. Proof of Theorem 5.3

We begin by defining
1
Di{(x)= g(gok(nx;q,t) —Epk(rrx;q,t)). (5.23)
As alluded to in proof outline, the idea of the proof is to compute the cumulants of (D,ﬁl x1),..., D,im (xm)) and check

that they are asymptotically Gaussian as ¢ — 0; that is the order > 3 cumulants vanish and the order 2 cumulants (i.e. the
covariances) have the structure asserted by (5.3). The asymptotics of the cumulants have many elements similar to the
asymptotics from the proof of Theorem 5.2. However, the higher order cumulants require greater separation in order for
the formulas from Theorem 3.17 to apply which poses a problem yet again for the singular points. To ameliorate this, we
prove Theorem 5.3 by first reducing to a seemingly weaker claim.

Claim. Fixintegersv >2,ky,...,k, € Z~o and let x| < --- < x,, be points in I° (depending on &) such that

exi > x; € I fori e [[1,v], and

x; is (ki + - - - 4+ ky)t-separated from singular points, for i € [[1, v]. 5.24)
Then
€(DE, (1), ., DE, (%)) = g@kl (1), D (12)) ijfcz - i (5.25)
Lemma 5.10. The Claim above implies Theorem 5.3.
Proof. We first show that for any integer £ > 0 and any x € I, we have
E(D§ (x) — D{(¥))* = 0
for any x, X € I that are (2k)t-separated from singular points with ex, eX — x. (5.26)

To see (5.26), rewrite

E(Df (x) — D{(H))” =E(Df (x))” — 2ED; (x) D (%) + E(Df (£))°
k(DR (x), Dy (x)) — 2« (Dg (x), D{ (%)) 4 & (DR (%), D (X)). (5.27)
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By the Claim, each cumulant appearing in (5.27) converges as ¢ — 0 to the same limit:
K (D,‘i (x), D}, (x)), K (D}i (x), D,‘i()?)), K (D}i (%), D ()Z)) — K(@kl (x), Dg, (x)).
This implies (5.26).
Let x1, ..., xy, € I? and integers k1, ..., k;, € Z~¢ be as in the statement of Theorem 5.3. We can find x, ..., X, € I®

such that

ex; > x; €l fori e[[1, v]], and

X; is x-separated from singular points for every yx > 0, for i € [[1, v]. (5.28)

By the Claim, we have

@, (X)), D, (xiy))  if v =2,

k(D¢ (x;),...,DE (%)) — 5.29
(Df,, i) MERIEEN oy (5.29)
foranyiy,...,i, € [1,m] and v > 0. By Lemma A.3, this implies that (D,il D, ..., Dim (Xn)) converges in distribution
to the Gaussian vector (Dy, (X1), ..., Dk, (X))
By (5.26), we have
~ W2
E(D}, (xi) — D} (%))” =0
for each i € [1,m]. This implies that (D,il (x1),..., D,im (x)) also converges in distribution to the Gaussian vector
D X1), -+, D, X)) O

We are left to prove the Claim. Adding a constant vector to a random vector adds only a constant order term to the
logarithm of the characteristic function. By Definitions A.1 and A.2, we have for v > 1

K(DE, (x1), .., D (x0)) =& "k (91, (715 9, 1), ., 1, (75 ¢, 1))

= ) &' 1)d1<d—1)']"[E[1"[sok ;qt} (5.30)

d€Z~q ieUy
{U1,....Uq}€®,

where we use the notation from the Appendix with ®,, the collection of all set partitions of [[1, v].
If x; <--- <x,, then given that the conditions of Theorem 3.17 are met, (5.30) can be expressed as

v
—vf_,,?ég(zl, s Z) [[ 620Gy (2) DZ;, (5.31)

i=1

where Z; = (zi 1, ..., Zik)s
d
CZi.....2n= Y  0ld-nJ] [[ e@.zp. (5.32)
de€l~g {=1(,j)eU,
{Ul,.‘.,Ud}E@,, i<j

Let C’ i denote the z; j-contour in (5.31).
As before, the separation condition (5.24) ensures that the conditions of Theorem 3.17 are met. We verify that this
is the case. We require the existence of contours C € [1.k] and i € [1, v]), satisfying the following: C; contalns

[0, p& (x;)] but no elements of [pf, 00), and tC/ Y encurcles C/ . whenever (i’, j') > (i, j) in lexicogra hlcal order. In
< > J grap
particular, we require C mtersects (% (xi), pE (xl)) at some pomt a;, j, and these points must satisfy

aij <taypj, (@, j) <@ j) (5.33)

in lexicographical order. We can construct such contours as follows.
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Let 0 < 6; ; < such that 6 ;» < 6; ; whenever (i, j) < (i’, j') in lexicographical order and set C; ; to be the contour
in C consisting of line segments and a circular arc

{1 +ueTii y €0, 11}, [zeC:lzl=|1 +ei9"~-f},argz > arg(1 —i—eie"-i)},

where the arg branches are in (—m, 7], positively oriented around 0. Then Ci” I 1 <j<ki,1<i<v,intersect pairwise
at 1 and C]) ., encircles C;’ j \ {1} whenver (i, j) < (i’, j’) in lexicographical order.
From p? (x;) < p% (x;), we have

lim p% (x;) < lim pZ (x;).

e—0 e—0
By monotonicity of p% and pZ, we also have that the left hand side and right hand side grow as i increases; recall
that x| <--- <x,. By definition of singular points and Proposition 5.5, we have equality if and only if x; is a singular

point. Let W C [[1, v]] be defined so that i € ¥ if and only if x; is singular. Then, we can find ; ; := a; j(¢), for each
@, j), (', j)) where j € [1,k 1, j' €[1,kTand i,i’ € [1, v]]\ W, such that

lim p% (x;) < lim a; ; < lim p& (x;),
e—0 e—0 e—0

. . .. A (534)
lim @i j < Tim ay jr, G ) < (i )),
where we order lexicographically. For i € ¥ we define g; ; using the separation condition. Suppose we have,
Xp—1 <Xp = =Xpt5-1 < Xy4¢
with x; = V; a singular point, in particular , ..., n + & — 1 € W. By Proposition 5.5 the separation condition implies that
& X; ) )
'O:( l) 2 t_lr_(kt+"'+ku)t_1 — t_(kz+'“+kv+1)r_1’ l =n,...,7 +$ — 1
pE(xi)

Thus, we may define a;, ; for i € W such that for any pair a; j, a;7 j» with j € [1, k; 1], j elll,kyQandi,i’ € [n,n+&—11,
we have
dij  _ -1-3 pL(xi) s ai i _q_s

, 2= S , >t , G, <, (5.35)
0L (xi) aj,j ai,j D<7)

for some fixed, small § > 0. Indeed, this follows from the separation condition and telescoping over a; j+1/a; j with
boundary cases

ai1/pL(xi), p< (xi)/ai ;-

Although the separation condition is not optimal, it is nearly saturated in the case where x| = - - - = x,, all converge to the
same singular point V; and are as close to vy as the separation condition allows.

From this choice of a; j, we construct the z; j-contour C; ; = a; ;C/’; similar to the proof of Theorem 5.2. By (5.34)
and (5.35), the points g; ; satisfy (5.33). Therefore the contours le’ ; meet the conditions of Theorem 3.17, and so we may
express (5.30) as (5.31).

Our next objective is to apply dominated convergence to (5.31). To this end, we rewrite (5.31) in a different form. Let
U c [[1,v], T(U) denote the set of undirected simple graphs with vertices labeled by U, and L(U) C T (U) the subset
of connected graphs. Given a graph €2, we denote by E(£2) the edge set of 2. We show

C(Z1,....Zn) = Z ]_[ (C(Zi,zj) —1). (5.36)
QeL(1,vI) i<j
(. ))EEQ)
Define

ko= Y [l (c@ zp-1),

Qel(1v)  i<j
i, ))EE(R)

cy= > [1 (c@zi.zp-).
QeT (vl i<y
)

(5.37)
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Then

d
c= > J]kwo. (5.38)

By Lemma A.4, we have

d
KWU) = Z (-4 - 1)!]‘[5(@), (5.39)
d>0 =1
{Uy,....Ug}e®y

which agrees with the right hand side of (5.32) when U = [[1, v]]. This proves (5.36).
We also record that

1—g)t™" = Dzigaz;
Czizp-1= Y (- ax JaaZip_| (5.40)
o£SCllLk (@byesxt Fib = 4%ia)@jb = 72ia)
AT CI1,k;1

For each i € [1,v]] and S C [1, k;]I, let ag be the minimal member of S (we note this choice is arbitrary). For each
edge i, j € [[1, v]] withi < j, and any pair of subsets S C [[1, k; 1, T C [[1, k; ]I, we have

2

(1—)t™ " = Dziazjp e

1
(a,b)eSxT (Zj,b - qu,a)(Zj,b - TZi,a)

<C (5.41)

1
(Zj,aT - qu,as)(Zj,aT - ?Zi,as)

forz; j € Cl.’ i The inequality follows from removing all but one (as, ar) € § x T using the fact that |z, — gz al, |2j,6 —

%zi,al > Ce by our choice of contours. For each Q € L([1, v]), fix a complete subtree Q' of Q2. Then by (5.36), (5.40)
and (5.41), we have

€z,...znl<c > T] >

QeL(l.vD) i<j  SCllkI
(i,))EE(Q) TCl[1.k;1

g2

1
(Zj,aT - C]Zi,as)(Zj,aT - TZi,as)

1

<22 Z l‘[ Z : 5.42)
QeL([1,v]) i<j SClllk 1l (Zj,ar —qu,as)(Zj,ar - ?Zi,as)
(i,j)eE(Q) TC[1.k;1]
for z; ; € C/ .. In the last line, we used the fact that the number of edges in €’ is v — 1 in pulling out the & factor.
On the other hand, as with (5.19) in the proof of Theorem 5.2, we have the bound
DZ; 1

Gy (Z) < 11 a;; 1z (5.43)

‘ T dz; (zig—2zi1) - @ik — Lzig—1) 1_“ il

for some ¢’ > 0 and § > 0 fixed along z; ; € C; : where we write dzl to indicate that we remove the differentials from
DZ;. Then by (5.42), (5.43), we obtain the followmg bound for the 1ntegrand F.(Zi,...,Z,) of (5.31) as we had done
with (5.20) in the proof of Theorem 5.2:

1—c

1

(zip — —Zz D @ik — %Zi,ki—l)

< > I X

QeL([1,v]D) i<j Scl1,ki1l
(i,/)eE(Q) TCll1,k;1

|Fe(Z1, ..., Z))| < Ce"~ 2]_[

1 l—c

(5.44)

1
(Zj,aT - qu,as)(Zj,aT - ?Zi,as)

for some ¢ > 0 along z; ; EC;’j foreach j € [[1,k; ] and i € [[1, v].
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If we expand out the right hand side of (5.44), we have that |F,(Zy,..., Z,)| is bounded on along le’j by a sum of
finitely many terms of the form

1—c

1

Gi2—%zi0) - @ik — Lzig-1)

T.(Zy,...,Zy) =Cs"~ 2]_[

1

1 (5.45)
(2j.bajy = 9Ziag,;))Zjba ) — 1iag,)

<1

i<j
(i,))EE(Q)

for some Q € L([[1, v])) and some ag ;) € [[1, k], b, jy € [1, k;]| for each (i, j) € E('). Since we are seeking an
integrable function which dominates F;(Z1, ..., Z,), it suffices to dominate 7, (Zy, ..., Z,) by an integrable function.
We may assume ¢ < 1. Choose a distinguished element (i, jo) € ' where ig < jo. Then (5.45) may be replaced by

v 1—c
. 1
T(Zy,....2Z,) < CeV™2¢
1_! (zip — %Zi,l) e (Zigg — %Zi,ki—l)
1 1 1—c
, (5.46)
) _ . 1
(Z]ﬂsb(iQ,jQ) quQ;a(iQ.jQ)) i<j (Zj,b(i’j) - ?Zi,a(,"j))
(i, J))EE()

where we used £V =21~ to remove each |z Jiba.jy — 9%iaq | term except for the one corresponding to the distinguished
edge (iq, jo), recalling again that the number of edges of Q" is v — 1.

Weset z; j = Ww, ; for the rest of the proof so that w; ; runs along C; ; := (lime—0a; ])C” Then, like (5.21)
in the proof of Theorem 5.2, we have

v

1
T.(Z1,...,2Zy) < Ce™2¢
‘ ' l_! (Wi —wi 1) (Wi — Wik—1)

1—c

1 1 1=
Wjo.big jo) — Win.agg, jg)) i<j (Wjbg ) = Wiag, ;)
(i,/))eE(R)
= VD (Wy, ..., W) (5.47)
We show that g(Wy,...,W,) is integrable on w;; € C; j, j € [1,k ], i € [1,v]] with respect to the measure

Hie[[l,v]],je[[l,k,—]] d|w;, j|. We use the following lemma to this end.

Lemma 5.11. Let I' be a graph with vertices labeled by some subset of {(i, j)}ie1,v1, jel1,k1- If T is a tree and ¢ > 0,
then for any (v}, v}) € E(T) we have

1
56 y{Iw A [1 [wy; — w,|17¢ [1 1dwiji<c

1.)eEr) U iellv]
jell ki1

where C; ; is the w; j contour.

Proof. Since the contours C; ; have finite length, we can integrate out the variables independent of the integrand, so it
suffices to show

1
1 T 1w, 5.48
v¢\ f'w _w/|1 ¢ |wv|_wv2|l_c | wvl ( )

(v1,v2)€E(T) veV ()

where V () is the vertex set of .
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For the case where the number of edges of I is 1, we have

1
f?g [w,y —wv,|2<1—c>|d“’vi”dwvé|
1 2

is integrable even if C,, and C,, meet at a point.

For general |E(T)| > 1, choose a leaf vertex vy of I so that vy is not a vertex of the edge (v}, v}). There is a unique
edge e; = (v1, v2) € E(I') containing v;. If we integrate over wy,, then the w,, -dependent part of the integrand is |w,, —
Wy, |°~1 which is integrable even if Cy, and Cy, intersect. Then repeat this procedure with the graph I' \ {v;} which is still
a tree. After repeating this procedure, we will eventually return to the case |E(I")| = 1. ([

We check that g(Wy, ..., W,) meets the conditions of Lemma 5.11. Our graph I' is the union of graph I'; fori € [0, v]]
defined as follows. Let I'; be the graph with edge set E(I';) = {((i, 1), (i,2)), ..., ((i, ki — 1), (i, k;))} for i € [[1, v] and
ETo) ={(G aq,j), (G, ba,jp): G, J)€ Q'}. We must check that I' is a tree. Indeed, if we collapse each I'; to a point v;
for i € [[1, v]l (alternatively said, we project away the second coordinate for the vertex labels), then I" becomes the tree
Q. Since each I'; for i € [1, v] is a tree, this implies that I" is a tree. Thus by Lemma 5.11,

/ /g(Wl,.. wo) [] dlwijl <+oo, (5.49)

ie[[l,v]
jell,k 1l

where the w;, j-contouris C; ;.
If v > 2, then since ¢"~2¢ — 0, we have that (5.47) converges to 0. Thus for v > 2, the cumulant (5.30) converges to
0. If v =2, then (5.47) allows us to apply dominated convergence so that (5.30) converges to

f % i W1,q W25
(2nl)k1+k2 Wi g — wap)?

ae[[l ki ]]
bel[1,k]]

ki
<[] Lot lk—[ G, (Wi, ) Gox, (wi )] i, . (5.50)
(w12_w1 1) (wt,k wlk—l) ’ ' l ’ ’

i=1 j=1

where C; ; is the z; j-contour. As in the proof of Theorem 5.2, we can consider the family of integrals replacing G% t  with
Gy, Gy, with G-y, and C; ,j with C’ in (5.50). By applying Theorem 5.8 twice to this family and taking the 11m1t as
e — 0, we have that (5.50) is equal to

(2711)

ﬁ ﬁ (Z— )2 [g<x1(Z)g>x1 (Z)]kl [g<xz(w)g>x2(w)]k2tdzdw7
2 JC)

where C; = Cy; for some i € [[1, k(]| and C; = C5,; for some j € [[1, k>]]. This proves the Claim, and therefore proves
Theorem 5.3.

6. Complex structure of the liquid region

Throughout this section, we fix a family P {"*

satisfying the Limit Conditions, as defined in the beginning of Section 5,
with limiting back wall B : I — R. The liquid region, denoted by ., is the subset of R? consisting of (x, y) such that
the local proportions of J, Q, < lozenges at (x, y) are all positive. The goal of this section is to give a natural complex
structure on .Z’ through G, . This complex structure will be used in Section 7 to describe the GFF fluctuations of IF’f”tr * in
the limit as ¢ — 0.

The key object of study is the function
g8y =eBNGE ()-8, ©.1)

Throughout this section, we write G, := Qf .
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Definition 6.1. For (x, y) € R%, we define the (x, y)-companion equation
Gu(0)=e"". (6.2)
The importance of the companion equation is due to its connection to the liquid region.

Definition 6.2. The liquid region denoted by .Z is the set of (x, y) € R? for which the (x, y)-companion equation has a
nonreal pair of roots.

We provided a different definition of the liquid region earlier: the liquid region is the set of (x, y) such that all the local
proportions p 00 Py P> are positive. The equivalence of these definitions can be seen in Section 7. For now, we use

the definition of the liquid region in terms of the companion equation. The following theorem is the main result of this
section.

Theorem 6.3. For each (x,y) € £, there exists a unique root £ (x, y) of the (x, y)-companion equation in the upper half
plane H. The map ¢ : £ — H is a diffeomorphism.

Theorem 6.3 endows .Z with the complex structure of H given by the pullback of ¢ (x, y).

We prove Theorem 6.3 in two parts. In Section 6.1, we show that the map ¢ (x, y) in Theorem 6.3 exists. In Section 6.2,
we prove that the map ¢ (x, y) is a diffeomorphism. In Section 6.3, we give a parametrization of the boundary of . which
we call the frozen boundary; this involves studying the double roots of (6.2).

Before proceeding, we show a convenient expression for G, as a product of two functions where one is independent
of x and the other depends on x. We also introduce some useful definitions. Define

1
P =[](1-e"oz)7, (6.3)
oeS
1 / + _ / —
0(z) = £BVo) l_[ (1 _ e_woz)!’(l[s (V)z6e1-1[B'(V, )=551) (6.4)
Le[[0,n]]
oeS
_ oV LB (Ve_1, V) <o
— BV “Vo_\% l—e "oz \7
=e 1—e "0 l’ 6.5
1;‘19|:( Z 1_[(1_6—‘/( lgz ( )
(o2 (=1

1 /
_ 1 | — e Vi-igz\ p B Ve-1.V)260]
= ] |[(1 —e hoz)r | |<71—6_V40z ) , 6.6)

oceS (=1

where the branches of (1 —vz)* above are taken so that z < v™! give positive real values. If V = —oo, then the expression
above is to be interpreted as the limit of the expression as Vy — —oo0.

Lemma 6.4. For x € R, we have

Py (2)

0(2)

Proof. It is sufficient to prove this lemma for Vj > —o0, since we may then take Vy — —oo. Suppose a € [0, p — 1] is
maximal so that V,_| < x, then (5.1) implies

gx (2) =

1 2 Vot
1— emm(Vg Xx) 0z 1 ;1[3 (Vi )=601
eBOG_ (@)= BO ] n( (02)° ) | 67

_ oV 1
oceS =1 I—e-1(02)”
Observe that if x1, xp € [Vy—1, V], then
B(x1) — B(x2) = (x1 —x2)B' (Ve—1, Vo).
This implies

e—B(X) =e—B’(V[)(X—Va—l)e—B(Va—l)' 6.8)
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By Lemma 4.4 and the definition of ¢,, we have B’(V[) =y, S %I[B’(V[) > ¢ ]. Thus the first exponential term on
the right hand side of (6.8) can be used to turn

1—e'(oz)7 ! . 1—e Yoz
1 —eVa-1(oz)~1 1—eVa-ioz

for each 0 € S in (6.7). The second factor in (6.8) can be used to iterate this procedure where V,_; and V,_, play the
role of x and V,_ respectively; then with V,_, and V,_3, etc. At the end of this procedure, we obtain

e_B(X)g<x (2) = e_B(VO) 1—[ l_[

oeSt=1

@ e min(Vex) 5o\ 1B (V261
( 1—eVe-ioz )

1 ' (V azl 1 ' (V— _1B/(V+

_ B I [(1 _efxaz)pumvﬂ )26 T _efvaaz)palB(va 126 - UB (V)z60 D) |
oeS £=0

where the second equality uses the fact that 5/ V) = B’(V[L). From (5.1), we may also write

n

_ B v )<y _ LB (VH<cs 1-11B (V) <¢o

g>x<z>=l—[[(1—e #g)PUB VDS T (1 = ¢ Vo) pUB D <501 IB ) < D}.
oeS l=a

From (6.1) and the fact that
[B/(V7) < o] - 1[B) < <] =1[B (V) = @] - 1[B (V) = ]

we obtain

n
Gi(z) = e B H (1- e"‘UZ)% l_[(l - e‘Vaaz)%1[3’("5)2%]—1[3’(Va+)2§a] _ k@)
L (2) = = .
ceS =0 Q(Z) O

Definition 6.5. Suppose f: U — C is such that f? is meromorphic. We say zo is a branch pole (branch zero) of f if zg
is a pole (zero) of f”. The order of a branch pole (zero) of f at zq is defined to be the order of the pole (zero) of f7 at
zo divided by p.

Definition 6.6. Suppose f is a product of terms of the form a — z or 1 — a~!z for some a € R. Define

arg, f(u)=lim arg f ()

argz>0
for u € R away from a branch point of f, where we take arg so that arg(a — z), arg(1 —a~'z) =0 for z < a.
Definition 6.7. Let V be an non-differentiable point of . Define
Iy ={o e A[B (V) 2 6] £ 1[BV) 2 &)

and for x € I define J, = {o~'e* : 0 € S}. If Vy = —oc0 (or V,, = +00), take Jv, = {0} (Jy, ={o0}). Let J = UZ:O Jy
and J, = J, UJ.By (6.4), (6.3), and (6.1), J, contains the set of branch poles and zeros of gf.

By the definition of Jy and the fact that Proposition 4.9 classifies the situation where B/ (V*) — B/(V ™) < 0, we have
the following lemma.

Lemma 6.8. Let ]P’Oli’tr S satisfy the Limit Conditions. Let V be a non-differentiable point of B.

o IfB (VY)Y —=B'(V7) >0, then Jy = {oi_lev cqie(B(V),B (VNI 1<i<d).
o IfB(VY)—B'(V7) <O, then Jy = {G;Iev}for 1 <i<dsuchthat B(V")=g¢.

As a consequence of Lemma 6.8 and (4.4), we have Jy < Jy whenever V. < W.
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6.1. Existence of £(x,y)

It will be convenient to consider the phase and magnitude equations for (6.2):

e =G (0)], (6.9)
0=arg, G,({). (6.10)

From (6.9) and (6.10), we see that the zeros of (6.2) approach branch poles and branch zeros of Gy, as y — —oo and
y — o0 respectively. The idea is to use this condition to restrict the number of nonreal roots to a single pair.
The following definitions will be useful.

Definition 6.9. Denote by R:=RuU {00} the one-point compactification of R. By an interval in R we mean either an
interval in R or a set of the form (a, +00) U {o0} U (—o0, b). For a > b, we denote the R-interval (a, +00) U {oo} U
(—o00, b) by (a, b). The set R \ J is a union of |J| disjoint intervals.

Given a set of points A in R, we say that an external (internal) component of R \ A is a connected component of R \A
of the form (a, b) for some a > b (a < b).

The following basic facts are immediate consequences of the definition (6.1) of G,.

Recall that the branch poles and branch zeros of G, are contained in 7. When J, N J is nonempty, there may be
cancellations of poles and zeros, thus this containment may be strict for some values of x. Note thatif a € J, \ J, then a
is a branch zero of G,. Also, note that any branch pole a of G, must be a point in Jy for some non-differentiable point V
of Bsuchthata=c"!e" and B/(Vt) = B (V™) > 0.

The following lemma gives a restriction on branch poles.

Lemma 6.10. Fix x € R. Suppose L is a connected component of R \ Jx such that arg, G, (L) = 0. If L is the external
component and x € (Vy, V), then both endpoints of L are branch poles of Gx. Otherwise, at most one endpoint of L is a
branch pole of Gy.

Proof. Since B/(VO_) =0and B'(V,}) = 1, we have min 7 = min Jyy = al_leVO and max J = max Jy, = oy ~leVn. Fur-
thermore, B'(V,") — B'(V; ) > 0 and B'(V,") — B'(V,") > 0.

We prove the lemma by examining the case of the external component and internal components separately.

External. Consider the case where L is the external component of R \ 7. If x € (Vy, V,,), then the endpoints of L are
min 7 and max 7, both of which are elements of 7 \ J,. Thus these are branch poles of G. If x > V,, (< Vy), then one
endpoint of L is a branch pole given by min 7 (max 7) and the other endpoint is a branch zero given by max J, (min Jy).

The situation for x = V;, and x = V{y is more complicated due to cancellation of elements in 7 and J,. Suppose x = V,,,
then one endpoint of L is still a branch pole given by min 7, and if Jy, is a strict subset of J, then max(Jx \ Jy,) is a
branch zero and the other endpoint of L. However, we may have Jy, = J,. In this case, B’ (V+ ) =B'(V,7) =0 which
implies B/ (Vn+_]) —B'(V,_,) <0.Then max 7 \ J, = max Jy,_, is a branch zero of G, and the other endpoint of L. The
argument for x = V) is similar. This concludes the analysis for the external components.

Internal. Now consider the case where L is some internal component. Suppose for contradiction that both endpoints
of L are branch poles of G, .

We claim that L = (crl._1 v, o, 1eW) for non-differentiable points V < W of B and for some i € [1,d — 1]I. By
Lemma 6.8, each endpoint of L must be an element of Jy for some non-differentiable point U of positive change in
slope. The endpoints of L must be adjacent elements of 7. If o, ~!¢V = max Jy, then the right endpoint of L must be

o; +11eW = min Jy where W is the adjacent non-differentiable point V < W by Lemma 6.8. Otherwise, the right endpoint
of L must be aijrllev. This proves the claim.
Observe that
arg, O(L) = ——Z Y B (V) =] 1B (V)= s ) 1[o e < L]
Z 0 o0eS:
o1 V[ejw
= I BV sl <o T B (V) 2 @ ife 5 o)

aeS

=TS 1o 20, )= s

UGS
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where the first equality follows from (6.4), the second from telescoping in £, the third follows from the fact that B/(V ™) <
¢; and B'(V*) > ¢; by Lemma 6.8 and monotonicity of ¢, in o~
We require arg, Py(L) —arg, O(L) =arg, G,(L) =0, thatis arg, P,(L) = —m¢;. This happens exactly when
—1

o le" <L <o7\e". (6.11)

Since, L = (ai_lev, oijrllew) where V < W, this is only possible if x = V = W. However, this is the case where the

branch pole crfl eV e Jy is cancelled by the branch zero 0171 e* from Py, likewise for oijrllew. Thus neither endpoints of

L are branch poles. This completes the proof of the lemma. (]
The lemma below allows us to extract data from the phase equation.

Lemma 6.11. Fix x € R and suppose a continuous root function £(y) of (6.2) approaches a € Jx as y — 400 (—00).
Writing ¢ = a + e'? with 0 € [0, 7], (6.10) has the form

arg, Gy(a™) + (arg Gu(a™) —arg, Gi(a™)) - % +e0(0 A —0))=0. (6.12)

Proof. Clearly, arg, (1 — a‘lg') = 0. For b # a, we have

iy |e0@ A @ —6)) ifa <b,
arg(1-b7¢) = —(r—c0@B A (T —0)) ifa>b. (6.13)

In the case b = 0, consider arg(—¢) in which case we still have (6.13). The lemma follows from (6.1). U
The next lemma connects roots of (6.2) with branch poles of G, .

Lemma 6.12. Fix x € R.

(1) For each component L C R \ Jx such that arg, G, (L) =0 and each endpoint a of L such that a is a branch pole
of Gy, there exists a continuous root function {q(y) of (6.2) such that

lim ¢q(y)=a,
y—>—00

which is uniquely defined on (—oo, ygo) for some suitably negative .

(2) Conversely, there exists some suitably negative yo such that if ¢ is a root of (6.2) at (x, y) for some y < yg, then
¢ = ¢a(y) for some component L C R \ Jx such that arg, G, (L) = 0 with endpoint a which is a branch pole of G.

(3) A component L C R \ Jx contains exactly one root of (6.2) for y near —oo if and only if L contains at least one
root of (6.2) for all y € R.

Proof. By (6.9), as y — —o0, any root of (6.2) must get arbitrarily close to a branch pole of G,. By Lemma 6.11, the
set of such branch poles a must be those for which arg G, (a*) =0 or arg G, (a~) = 0 (both cannot hold simultaneously);
thus a is an endpoint of some component L C R \ Jx such that arg, G, (L) =0. Lemma 6.11 further indicates that if ¢ is
near a for y sufficiently negative, then arg, G, (¢) = 0 which means that ¢ € L.

(1) For each a which is a branch pole of G, and an endpoint of some L with arg, G, (L) =0, we can see from (6.2)
that there exists some root {4(y) € L near a for y sufficiently negative. By (6.2) and the constraint that roots near a must
be real for y sufficiently negative, we have that {4(y) is uniquely defined on (—o0, yp) for some suitably negative yy.
This root function is necessarily continuous for y € (—o0, yp).

(2) By the discussion in the first paragraph and uniqueness of {4, we have that any root ¢ of (6.2) must coincide with
some {4 (y) for y sufficiently small.

(3) If L contains exactly one root of (6.2), then one endpoint is a branch pole and the other is a branch zero. Roots
are added to L if nonreal pairs coalesce and are removed from L if real roots coalesce. This implies that the parity of the
number of roots in L must be preserved. Thus for any value of y, L must contain a root of (6.2). |

We are now in a position to prove the existence of the map ¢ (x, y).
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Proposition 6.13. The (x, y)-companion equation has at most 2 nonreal roots for a given (x,y) € R?. If (6.2) has a
nonreal root, then x € (Vy, V).

Proof. Fix x € R. By the contour integral formula for roots of functions applied to G,(¢) — e~ which is analytic in
w = e~ 7, we have that the number v of roots of (6.2) is constant as y varies in R.

Let L, be the set of components of R \ 7, containing exactly one root of (6.2) for y near —co. By Lemma 6.12, if
x € (Vp, V,,) then the total number of roots of (6.2) is

v=|Ly]+2,

where the 2 is contributed by the two endpoints of the external component. Moreover, since there is at least one root
contained in each component L € £, for all y € R, we must have at least | L, | real roots of (6.2) at any y € R. Thus there
are at most two nonreal roots of (6.2) at any given (x, y) € R2.

Similarly by Lemma 6.12, if x ¢ (Vp, V},) then the total number of roots of (6.2) is v = | L, |. Moreover, since there is
at least one root contained in each component L € L, for all y € R, all the roots are real for all y € R. g

Remark 10. We note that a continuous extension E(x, y) of ¢(x,y) onto R? is not uniquely defined. However, the
component of R \ Jx which E(x, y) belongs to when it is real, i.e. (x,y) ¢ £, is well-defined. From the proof of
Proposition 6.13, for any fixed x € I we see that E(x, y) is contained in the external component for y sufficiently negative.
This is because the external component has 2 roots and all other components have at most one root for y sufficiently
negative, and we require a coalescing of real roots to get a pair of nonreal roots. Thus we have the freedom to choose E
so that E(x, y) — min J, as y — —oo for all x € I, or so that E(x, y) — max J, as y — —oo for all x € I; note that it is
not clear that E is uniquely determined upon making this choice, and we will not need this fact.

Remark 11. As y increases from —oo, we have that the first coalescing of roots (i.e. the first double root of (6.2)) appears
when the two roots starting at opposite endpoints of the external component coalesce. If y = yg is when the first double
root appears, then each point in the external component must have been a root of the (x, y)-companion equation for some

Y = Yo.
6.2. Diffeomorphism between roots and H

Proposition 6.13 gives us the existence of amap ¢ : .Z — H. We now show that this map is a diffeomorphism. Throughout
this subsection, it will be convenient to use the symbol ¢ as a variable in C. To avoid ambiguity we will write ¢ (x, y)
when referring to the root function.

It is useful to consider the spectral curve of the RPP (see [20]), as they can be viewed as the source of the surjectivity
of ¢(x, y). To this end, we start by rewriting the companion equation into an alternative convenient form.

Definition 6.14. Define the analytic function

Qe.m=1-0)"" ~1 (6.14)
and the spectral curve for periodic weights sg, ..., Sp—1
1
Pw)=[]0-02)? —w, (6.15)
oceS

where the branch is chosen so that the argument of 1 — o'z is 0 when z < o 1.

We will write (z, w) € P to mean P(z, w) =0. Then ¢ € H is a solution to the companion equation for some (x, y) €
R? if and only if there exists (z, w) € P such that

A, =0, (6.16)
¢, n) = (exz, eyw). (6.17)

Remark 12. This definition of the spectral curve differs from the definition in [20], which gives [], sl —o0z2) —
w?. This difference arises from a rescaling of the x-axis, namely that [20] contracts the x-direction by p to make the
corresponding fundamental domain Z x Z periodic whereas our fundamental domain is pZ x Z periodic.
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Lemma 6.15. The set of (z, w) € P with z € H satisfies 0 < —argw < w — argz. Moreover, for any pair ¢,0 with
0 < @ <m — 0, there exists a unique (z, w) € P with argw = —¢, argz = 0.

Proof. Fix 6 € (0, 7). By geometric considerations, the map p > arg(1 — pe'?) strictly decreases on (0, 00), approaching
0 as p — 0 and approaching —(w — 6) as p — oo. Thus the map

D:ip—> l Z arg(l - Upeie)
ceS

also strictly decreases on (0, 00), approaching 0 as p — 0 and approaching —(x — ) as p — co.
Taking z = pe'?, we have that ¥ (p) = argw. Since ¥ is a bijection, any point (8, —¢) such that 0 < ¢ <7 — 6
uniquely determines a point (z, w) € P where (argz, argw) = (6, —¢). O

Proof of Theorem 6.3. We first establish that ¢(x, y) is a bijection from £ onto H. Given ¢ € H, the pair (¢, n) =
(¢, Q(2)) solves (6.16). To show that ¢ is a solution to the companion equation for some (x, y) € R? (and therefore
in .£), we must find (z, w) € P so that (¢, n) = (e*z, e’w). Alternatively said, we want (z, w) € P so that arg(¢, n) =
arg(z, w), and by Lemma 6.15 this (z, w) € P is unique if it exists. By Lemma 6.15 again, it is enough to show that
0<—argn<m —argd.

By geometric considerations (see proof of Lemma 6.15), given ¢ € H and a, b € [0, oo] such that a < b, we have

—(m —arg¢) <arg(l —a'¢) <arg(1-b7'¢) <0,

where we mean arg(—¢) = —(r — arg ¢) for arg(1l — 00¢). By (6.5)

argn = ! Z |:arg(1 — e 07)
P

oeS

+ ZI[B/(Vg_l, Vi) < gg](arg(l — e_V‘ag) — arg(l — e_wlag)):| (6.18)
=1

and by (6.6)

argn = l Z |:arg(l — eiV"og)
p

oeS

+ Y A[B'(Vio1, Vo) = 6o | (arg(1 — eV ¢) —arg(1 — e—V@a;))} (6.19)
=1

In (6.18), each summand in the summation over ¢ is > 0 with some > 0. This implies

argn > Z 1 arg(l — e_VOUg“) > —(r —arg?).
ceS

In (6.19), each summand in the summation over £ is < 0 with some < 0. This implies

argn < Z lalrg(l —eog) <0.
oceS

So we have 0 < —argn < w — arg¢. This proves ¢ (x, y) is surjective. Moreover, we see that the procedure from ¢ to
(x, y) uniquely determines (x, y), thus ¢(x, y) is also injective.

Since ¢ (x, y) is differentiable on .7, it remains to show the differentiability of the inverse map. However, the chain of
procedures ¢ — (¢, n) = (¢, Q(¢)) — (arg¢, arg n) is differentiable. Furthermore, the map (6, —¢) + (z, w) € P where
arg(z, w) = (0, —¢) is differentiable. Therefore ¢ (%, %) = (e*, ¢”) is differentiable. It follows that the inverse of
¢ (x, y) is differentiable. (Il
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6.3. Double roots and the frozen boundary
In this section, we describe the frozen boundary which we define to be the boundary of the liquid region .Z. This requires

understanding the double roots of the companion equation.
By taking the logarithm and differentiating, a root of the companion equation is a double root if it solves

— Z —-3(@©) = (6.20)
U'ES
where
1 1
+ —
SO ==Y BV, )zs]-1[B(V,)= gg])ig — g (6.21)
£ef0,n]]
c€eS

and we take ¢'0 = 0 if V) = —oo and % =0 if V,, = 4-00. We have the alternative expressions, corresponding to

(6.5) and (6.6) respectively,

1 1 SN 1 1
()= ; Z[W + ZI[B (Ve—1, Vo) < 5'0](; ~ Vig—1 {— Vg >i| (6.22)

oceS (=1

‘ , 1 1
== Z|: — +> 1B (VZ—]»VZ)ZS'U](é_ —eVeig—1 ¢ —evfa—l)i| (6.23)

O'ES (=1

taking the same modifications as above for Vy = —oo and V,, = +o00.
We reexpress the double root equation to obtain a parametrization of the double roots of (6.2) in terms of ¢ € R. Define
the function

1 1
f0=02 7,

ceS

to rewrite the double root equation as

flee ) =¢2@). (6.24)

We want to invert f, though we require multiple inverses.

Take f(oc0) =0 so that limy, | o f(u) = f(c0). Then f is defined on R \ {0}ses and is invertible on each connected
component. Define Eqg = (o1, 0) (thatis (07, +00) U {oo} U (=00,0)), Ej = (0j41,0;j) for 1 < j <d, and E; = (0, 0y).
Let ¢; denote the inverse of f restricted to E;. For j € [1,d — 1], we have ¢; : R — E; whereas ¢g : (=00, 1) = Ej
and ¢4 : (1, +00) — E,4. Note that g9 maps (—oo, 0) to (o1, +00), 0 to oo, and (0, 1) to (—o0, 0).

Suppose ¢*¢ ! € E; for some j € [[0,d]l. Then ¢ € (=00, 01 'e®) if j =0, ¢ € (e*0; ', o7} if j € [[1,d — 11,
and ¢ € (exod_l,—l—oo) if j =d. In particular, arg, P, ({) =g;.

By inverting (6.24), the condition for being a double root of (6.2) becomes

" =19(L2(0)), (6.25)
o 0©) ()
e’ = =
Py
© HUES(l w(CE(Z)))

where the choice of inverse ¢ must make the right hand side of (6.26) positive. More specifically, we have arg, Q(¢) = g;
for some j € [[0, d]|. Then choose ¢ = ¢; which implies arg, Py(¢{) = ¢; by our discussion above. Thus the argument
arg , of the right hand side of (6.26) is 0. Moreover, ¢; is the only inverse of f which allows the right hand side of (6.26)
to be positive. We record our choice of ¢ below:

(6.26)

"cl—‘

p=g;: arg, Q) =g; (6.27)

The following proposition shows that (6.25) and (6.26) provides an R \ J-parametrization of the frozen boundary.
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Proposition 6.16. Each ¢ € R\ J is a double root of (6.2) for some unique (x, y) € R?.

Proof. Let ¢ € R\ J. Consider first { =0 (when 0 ¢ J); note that Vy > —oo is equivalent to 0 ¢ 7. Then (6.20)
becomes

- Z e Yo =—3%(0).

UES

The right hand side is positive by (6.23), and so we can solve for x. The companion equation also gives us
¢ =Gu(0) =B

so that we can solve for y. This proves the ¢ = 0 case.

For ¢ # 0, we show that the right hand sides of (6.25) and (6.26) are positive. The positivity of the right hand side of
(6.26) follows from the choice of inverse ¢. We note that the uniqueness of (x, y) follows from the fact that the choice of
inverse ¢ of f is the only one that gives positivity (of (6.26)) as mentioned above.

It remains to show that the right hand side of (6.25) is positive. Suppose j € [0, d]] so that ¢ = ¢;. We proceed by
case analysis.

Suppose j # 0,d. Then ¢({ X (¢)) € E; CR.o and arg, Py(¢) = ¢;. These imply ¢;(¢X(¢)) > 0 and ¢ > 0. Thus
the right hand side of (6.25) is positive.

In preparation for the remaining cases, we note that (6.22) and (6.23) imply

1 1 1 1
CE(“:EZS[ (D) 1+Z <§"]<1—er(0§)—1 - 1—eVz1(o§>—l)} o
(XS]

1 1 L 1 1
B ;026;5[1 — V(o)™ +€§1[3 (i )2“](1 —eVe1(o0)"1 1_ew(a;)1)} (6:29)

We also record

arg+Q(§)———Z Yo B (V) 2] - 1B (V)2 s )1[oe" <]

Z 0 oeS
o-leVeely,
= IS E ) ze]= L S lE () 25 (630
O'ES oeS

where £, = max{£:0 " leV-1 < z}.

If j =d, we must check £ X(¢) > 1, i.e. is in the domain of ¢4. Since arg, Q(¢) = —m, by (6.30) we have B/(V(;) >
¢ for all o € S. Plugging this into (6.28), along with the fact that ¢ € (6 ~'e"% =1, 6 ~1e"%) with the convention that

Vp+1 = 400, we have £ X(¢) > 1. Thus ¢ X(¢) is in the domain of ¢. Since ¢(¢X(¢)) € Eg and ¢ > 0, the right hand

side of (6.25) is positive.

If j =0, we must check that { X (¢) <0 or 0 < ¢X(¢) < 1, i.e. is in the domain of ¢g. If ¢ < 0, then (6.28) implies
£3(¢) > 0 and (6.29) implies ¢ 2(¢) < 1. We then have ¢(¢ X (¢)) < 0. Thus (¢ X(¢)) > 0.

Otherwise, ¢ > 0. Since arg, Q(¢) =0, by (6.30) we have B/(Ve;) < ¢, for all o € S. We note that ¢ < o~ leVn for
each o € S, otherwise it cannot be the case that arg, Q(¢) = 0. Plugging this into (6.29), we have ¢ X(¢)) < 0. Then
©(£2(¢)) > 0 so that the right hand side of (6.25) is positive. O

The next proposition explains what happens as ¢{ approaches an element of 7.

Proposition 6.17. Let V be an non-differentiable point of B. As { — o~ leV e Jy in (6.25) and (6.26), we have x — V
and y converges to a finite limit if B'(VT) — B (V™) > 0,and y — +o0 if B(VT) — B (V™) <0.

Proof. Let n =0, '¢" for some i € [[1,d]l. By (6.30)

1 1
arg, Q(ne) = YB (V) =]+ > Y BV =] (6.31)

! 5:7[71
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0 1 2 3 4
Fig. 11. Frozen boundary for periodic weights 2, 2, }T, 4 linear back wall pieces with slopes 0, % % 1 from left to right. Each non-differentiable point
is equally spaced from one another and corresponds to a singular point.

If B' (V') — B'(V™) > 0 (< 0), then by Lemma 6.8,
arg, Q(n*)=—mgi (=—mgi-1),
arg, Q(n7) =—mgi—1 (=—7g),

and T(nF) = +oo (= Foo). By (6.27) and the manner in which ¢; maps into E; for j € [[0,d]l, we have
lim,_, p+ (¢ 2(¢)) = 0;. Thus lim,_, .+ Lo X(S)) = eV. We also have that Q has a branch zero (pole) at ai_lev

of order ‘Spil

Thus if B (V') — B (V™) > 0, then as £ — 1 we have ¢¥ = % has a finite limit since the branch zero of Q is met
by the branch zero of P, of equal order. In the case B'(V™) — B'(V™) <0, then ¢’ = % approaches +00 as ¢ — 7.
This proves the proposition. |

Remark 13. Proposition 6.17 asserts that the points o~ leV e Jy suchthat B(VY) —B/(V™) <0 correspond to parts of
the frozen region where the vertical coordinate is unbounded. These are the fentacles in the frozen region which arise due
to singular points of the back wall, see Figures 11 and 12. The cusps correspond to other points in Jy .

7. Limit shapes and the Gaussian free field

In this section, we combine the results from the previous sections to obtain the main results of this article: the limit shape
and Gaussian free field fluctuations for the height functions. These correspond to Theorems 2.7 and 2.8 given in Section 2.
However, we provide more precise reformulations of these theorems.

Throughout this section, we fix a family Pg”f’s satisfying the Limit Conditions, as defined in the beginning of Sec-

tion 4.1, with limiting back wall B : I — R. We write Gy := Qf .

Definition 7.1. We say x(eg) € I¢ is separated from singular points if x(g) is d-separated from singular points (see
Definition 5.1) for every d > 0.

_ Let¢= (B : £ — H denote the diffeomorphism from Theorem 6.3. As in Remark 10, we can extend ¢ to a function
¢ : I x R — H such that

lim E(X, y) = min Jy = aflevo.
y——00
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sl ]
6 4
4t J
2r 4
or 4
0.0 0.2 0.4 0.6 0.8
Fig. 12. Frozen boundary for periodic weights 4, %, 2, %, %, %, 1 linear back wall piece with slope % See Figure 2 for a large sample.

Theorem 7.2. Suppose IP’g,’{ S satisfies the Limit Conditions with B € B2 (S). There exists a deterministic Lipschitz 1

function 'H = HB:IxR—>R independent of «, t such that for any (x,y) € I x R and x(¢) € I° separated from
singular points with ex(e) — X, we have the convergence of random measures on'y € R

eh <x(8), g) > é’H(x, ¥) (7.1)

weakly in probability as € — 0. We have the following explicit description of H. For each x € I, we have H(x,y) =0 for
sufficiently negative y, and

1 1 ~ ~
VH(Y) = (WHO D), ) =~ (Z arg(1 = 07100 ). 7 Lo — are B y)) (72)
oeS

for (x,y) € I x R such that the right hand side is well-defined and where the arg branches are chosen so that argz =0
for z > 0.

Remark 14. Although the choice of E was not shown to be well-defined, we note that aIgE(x, y) and arg(l —
o~ leXz (x,y)) are well-defined (upon specification of the branch). This follows from Remark 10.

The condition in the indicator function e ¥ < Gx(0) is always true in the liquid region. To see this, let .y, be the slice
{(x0,Y) :y €R, (x0,y) € Z}. Note 0 is aroot of the (x, — log Gx(0))-companion equation. By Remark 11, if e™¥ > G4 (0),
then —log Gx(0) < min %4.

By the preceding discussion, we have the following corollary:

Corollary 7.3. The limiting height function H from Theorem 1.2 has the following gradient for (x,y) € Z:

1 1
VHEX,y) = ; <Z — arg(l — J_lexg‘(x, y)), T —arg (X, y)). (7.3)

oceS

Theorem 7.4. Suppose Pg’{’s satisfies the Limit Conditions with B € B2(S), ¢(x,y) = ;B (x, ¥) denotes the homeo-
morphism of Theorem 6.3, and

h(x,y) = h(x,y) —Eh(x, y)
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denotes the centered height function. Then /o - h converges to the ¢ -pullback of the GFF in the following sense. For any

X1,...,Xy €1, integers ki, ..., ky >0, and x1(¢), ..., xyu () € I? such that x;(g) is tk;-separated from singular points
and ex;(e) — X; for each i € [[1, m]|, we have the convergence of random vectors
(Jom / E(xi (€), X)e"‘f‘Ydy) - ( / sa(g*(xi,y))e—"f*wy) (7.4)
€ ielll,m] iel[l,m]]

in distribution as € — 0, where ) is the Gaussian free field on H.

Let xo € R and define

Dy, ={¢(x,y):x <x0,y R, (x,y) € £}, (7.5)
Dy =cl({z:z2 €Dy, orz € Dy }). (7.6)

The boundary of Dj(fo is

aDg =cl({c(x0.y) 1y €R, (x0.y) € L} U{C(x0, ) : y € R, (30, y) € Z}). (1.7)

The points gained in taking the closure are all in R.
By the parametrization of the frozen boundary in Section 6.3 and Proposition 6.17, we have:

Lemma 7.5. The set Dfo contains a neighborhood of Jy, if V¢ < xq, and is separated from Jy, if V¢ > xo.
7.1. Limit shape: Proof of Theorem 7.2

Let x € I and x(¢) € I be separated from singular points with ex(¢) — x. By Theorem 5.2 and Proposition 3.1, the
rescaled height function eh(x (¢), %) converges to some limiting distribution H%* determined by

kt
/e_tkyH“’t(x,y)dyz ! liygg"@ dz (7.8)
C

ak22 27 z

for k € Z-¢ and where the contour C is described in Theorem 5.2.
We first show that H*! is independent of t, and dependent on & by a simple scaling factor. The function y >
Eeh(x(¢e), %) is é-LipschitZ by (3.2), nonnegative and monotonically increasing. By considering a subsequence of

y > Eeh(x(e), %), we deduce that H%t(x, y) is %-Lipschitz, nonnegative, and monotonically increasing in y in the
sense that its weak derivative is a positive measure.

Definition 7.6. Given a measure x on R, let {/ e_k“‘,u(du)}kez>o be the set of t-exponential moments of ; for t =1

we simply say exponential moments of 1. Denote by E*tu the measure defined by
(E'n)(du) = pu(d(exp(—tu))).
Let us write Ex = E' 0.

Lemma 7.7. Fix x € I. There exists some M such that H*(x,y) =0 on {y < M}, and H*" is determined by its t-
exponential moments.

Proof. Introduce the auxiliary measure x' with moments defined

o 11 G (2)kt
k=D gy = — ol d 7.9
/0 u e (du) a(kt)? 2ni7€ PR (7.9)

for k € Z~o. Then ufc = EYH{%(x, ). It follows that u;‘c is a finite positive measure supported in [0, +00). By scaling by
an appropriate ¢ > 0, we may view ¢! as a probability measure. From the form of the contour integral, we see that there
is a large enough L > 0 such that E ;¢ u* < L. By a standard Markov inequality argument, this implies u;‘c is compactly
supported in [0, +00). By changing variables, we obtain the lemma. (|
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Let H :=H"!. The exponential moments of 7{ can be analytically extended in the variable k. By the preceding lemma
and (7.8), for any «, t > 0 we have

o, t _l 1,1 .
H (x,y)—aH (x,y) =1 H(x,y).

To prove Theorem 7.2, it remains to show (7.2). Note that we don’t know 9, H(x, y) exists at the moment. However,
by Lemma 7.7, H(x, y) is determined by d,H(x, y), and we will first compute d,H (x, y) from which it will be apparent
that 9, H(x, y) exists.

We reduce to the case —oo < Vj, V;, < 0o. Suppose Vy = —oo or V,, = 4-00. Let us revive the superscripts for the back
walls for the sake of this reduction. We have our limiting back wall B, and construct a sequence B, of back walls which

is simply the restriction of Bto I N[—N, N]so Vo =—N and V,, = N. Since QB — QB uniformly on compactum in

C\ R, we see that the exponential moments of HB" converge to the exponential moments of 2. Moreover, £BN which
solves (6.2) for GB~ converges to ; pointwise. Thus the reduction is valid by (7.2). We suppress the BB superscript for
the remainder of the proof.

As mentioned above we first compute d,H(x, y). The computation for d,H(x, y) will then be similar and use many
of facts collected from the computation of 9, H(x, y).

Computation of Density for d,H(x, y). By (7.8), we have

1 k
[ et ay=i [ e e ay = oL f
27i Jo  kz

for k € Z~¢. By Lemma 7.7, we know vy = E(d,H(x, -)) is compactly supported in [0, 00). Since Vy > —o0, from our
explicit formula (6.1) we see that the poles of G, are strictly positive. The set of poles of the integrand contained in C is
exactly {0} U‘B, where

LBy = {branch poles p of Q)l? in Jy such that V < x} C U Jy. (7.10)
B (VH)-B'(V-)<0

V<x

Let us split C into a contour yq containing 0 but no poles in 3, and a contour y which does not contain 0 but contains
B,. For v large enough so that supp(vy) < v and |%| < 1 along 7z € y, we have the Stieltjes transform

_ [ _ whve(du) 1 G: ()" dz
S, (0) = /0 u—v Z/ Skl T 2711 vkk

—17¢ <
Z@@ 1i G:(2)* dz
N vkk 2mi vk 7
0 1 d
:log(l G )>+—j£10g<1—w>—z. (7.11)
27i J, v z
For v large enough so that supp(vy) < v and |%| < 1 along y, define the auxiliary function
0)? 1 PNd
Tx(v)=10g<1—gx(—))+—.yglog<l—gx& &= (7.12)
vP 2ri J, vP b4

We can extend Y, (v) to the domain {| arg z| < 27 /p} \ supp v,. Indeed, setting v = e2™/P | we have

/Gy (0) Cllog(l — &y L] .
Ty (v) = Zl ( ; > 2m?§2—d _Zsux v~ (7.13)

for v large, but since the right hand side is an analytic function in {| argz| < 27/p} \ supp vy this identity extends to this
larger domain.

The idea is that we want to evaluate the residues for the contour integral formula of the Stieltjes transform, but since the
integrand is not meromorphic we consider an the auxiliary function Y, (v). The auxiliary function allows us to consider
an alternative meromorphic integrand. The following lemma establishes that T, (v) may be considered instead of the
Stieltjes transform.
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Lemma 7.8. For vg > 0,

1 1
3+ L (o) = =348, (vo) = px (v0), (7.14)

where py is the density of vy (with respect to the Lebesgue measure) and 3+ is the imaginary part taken from the limit
from the upper half plane.

Proof. The second equality of (7.14) is a property of the Stieltjes transform of a measure. We prove the first equality of
(7.}1“2& vo > 0. Since m =Sy, (v) for v e C\ suppv, =C\ [0, 00),

34 (81, (1007) + 81, (10)) =0
for j #0 and j # p/2 if p is even. If p is even, then

S48y, (vow?’?) = 348y, (—v9) =0

since supp vy C [0, 00). By (7.13), this proves the lemma. ]

By Lemma 7.8, we are left to find I Y (v) = px(v) and change variables v = e~ to compute d,H(x, y). To this end
we consider the following equation

Gx(2)P =P, (7.15)
The solutions of (6.2) are exactly solutions of

Ge(2) = w'v (7.16)
for some j € [[0, p — 1]]. A solution to the companion equation (6.2) is a solution to (7.16) with j =0 and v =e¢77.

Definition 7.9. We say that z(x, v) is a root function of (7.15) if z(x, v) is a root of (7.15) for each (x, v) and continuous
in (x, v).

Let z(x, v) be a root function of (7.15). Note that as v — 400, z(x, v) converges to a pole of G, (z)?, equivalently a
branch pole of G, (z).

Definition 7.10. If p is a branch pole of G,(z), let us say that p is the source of a root function z(x, v) of (7.15) if
limy s 400 2(x, V) = p.

Let 3, be the multiset of I3, where the multiplicity of an element p € ‘B, in 3, is the multiplicity of the pole in G, (z)”.

We will abuse notation and treat p € 3, as an element of 13, in statements such as “limy_, 4~ z(x, v) = p”. Let M be the
set of v € C such that G, (z)? — v” has a root of order > 1.

Lemma 7.11. For v € R.q, we have that

_%@)

— > (logzp(x, v) —logp), (7.17)

Yy (v) = log(l
pe3x

where zy,(x, v) is a root function of (7.15). Furthermore the root functions z,(x, v) satisfy the following properties:

(i) ForveR.q\ M, the root functions zy (x, v) are distinct from one another.
(ii) If zp(x, vo) is a root of (7.16) for j =0, then z,(x, v) is a root of (7.16) for j =0 for all v > 0.
(iii) Ifzp(x,v0) € DS is a root of (7.16) for some j # 0, then z,(x, v) € DS forall v > 0.
(iv) If v > 0 and zp(x,v) is a root of (7.16) for j # 0 which is either a double root of (7.15) or zp(x,v) € C\ R, then
there exists q € 3y different from p such that z,(x,v) = z4(x, V).
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Fig. 13. Dots represent points of M. We extend from v to v along a path that remains in the grey strip.

Proof. Since the poles of 1 — %ﬁ)p in y occur exactly in 3,, we have
0 1 d P
Tx(v)=10g<1 —%>——.%(logz)—log<l—&>dz (7.18)
v 27i J, dz vP
0
=10g<1 — %) - Z (logzp(x,v) —logp) (7.19)
PE3x

for zp (x, v) aroot function with source p, where this formula is initially valid for v large. For large enough v, there is no
ambiguity in the choice of zy, (x, v). We want to extend this formula to v € (0, +00). To do this, we require care in the
choice of analytic extension to avoid ambiguity near double roots.

The set M is finite. Indeed, the discriminant of G, (z)? — vP € (R[v])[z] is a polynomial in R[v], and the set of roots
of the discriminant is exactly the set M. Thus, from some large vg > 0, z (x, v) can be extended to any v € R \ M
via a path from vg to v which avoids M. This extension is not unique, as windings around M may change the value.
This ambiguity is lost if we enforce the path from v to v to lie in a strip U = {0 < Iz < &} where § is chosen so that
MNU CR.ForveR\M,let z,(x, v) denote the root function extended via a path from some large vg to v within the
strip U \ M, see Figure 13. We extend the definition to all v € R by continuity.

We now prove that the root function zp (x, v) satisfy properties (i)—(iv). Property (i) follows from the definition of our
root function, and since the roots must remain separated on U \ M.

For properties (ii) and (iii), we note that a point z € C cannot be both a root of (7.16) for j; =0 at (x,v;) and
jo € [[1, p — 1] at (x, v2); the special position of j = 0 is a consequence of our choice of branch cut for Gy. This
immediately implies property (ii). For property (iii), we use the additional fact that z, (x, v1) € DS and zp(x,v2) ¢ Df
implies that z, (x, v) crosses the boundary of Df at some v3. The boundary of Df is the closure of

{t.y)iyeR, (x,y) e L Uftx,y) 1y eR, (x,y) € £},

which means that zy, (x, v3) is a root of (7.16) for j = 0. By Property (ii), this implies z, (x, v) is aroot of (7.16) for j =0
for all v > 0.

For property (iv), observe that the set of root functions zy (x, v) of (7.16) for j # 0 is exactly the set of all roots of
(7.16) for j € [[1, p — 1]] contained in Df. Indeed, this is the case as v — 400, and by property (iii) this is therefore the
case forall v > 0. If zp(x,v) € Df \ R for some p € 3 1, then z, (x, v) € Dj? is aroot of (7.16) for some j € [[1, p — 1]].
Property (iv) follows from this fact; note that the double root case is a limiting case. |

Given Lemma 7.11, we may define the sub(multi)set 3, o of 3, consisting of p such that z, (x, v) is a root of (7.16) for
J =0. Similarly, let 3, ; be the sub(multi)set of 3, consisting of q such that z4(x, v) is aroot of (7.16) for j € [1, p — 1]].
We rewrite (7.17) as

x (0)P
T, (v) =1og<1 - gv%) - g (logzp(x, v) —logp) — ; (logzp(x, v) —logp).
PEIX0 PEIx,I

By property (iv) of Lemma 7.11, this expression for Y, (v) implies

ST =7 lyeg, ) — Y argzp(x,v). (7.20)
peBx,O
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The argument branch is taken so that arg z;, (x, v) = 0 for v sufficiently large. This formula is valid except where v = G, (0)
and zy (x, v) = 0 for some p € 3, . Since we are evaluating the density of a measure, these finitely many exceptional
points are immaterial.

By our choice of E, we have po = min J; € 3.0 such that E(x, ¥) = Zp,(x, v) for some v > 0 where ¢™” = v. From
Remark 10, we have that zy,(x, vo) = E(x, yo) at some point vy = e >° where E(x, y) € H; recall that nonreal pair of
roots first appear (as we increase y) when the two roots in the external component coalesce. Moreover, we can find
yo sufficiently negative so that the other z, (x, v) for p € 3; \ {po} are confined in their respective components (which
are not the external component). We note that z, (x, vo) = E(x, yo0), rather than its conjugate, because we must have
0< %SJFT = px < 1 by the positivity of d,H and 1-Lipschitz condition on H. Define the set

={(x, e L:yeR, I(x,y) =zp(x,e ) for some p € 3.0,
and ¢ (x, y) # Zp(x, ") forall p € 3y 0}

Since (x, yo) € €, we have € is nonempty. We use a connectedness argument to show that ¥’ = .Z. Since the measures vy
are compactly supported and bounded, and the moments depend continuously in x, we have that the Stieltjes transforms
Sy, (v) are continuous in (x, v) for x € I and v € C\ R. Then Y, (v) is continuous in (x, v) for x € [ and v € {|argz| <
27/ p} \ supp vy. By the form (7.18), this continuity can be extended to (x, v) where v € R ¢ as long as zp (x, v) # 0 for
all p € 3, and v # G, (0) (which is generically the case). It follows that 4’ must be both an open and closed subset of
£, where the open condition is immediate and the closed condition follows from continuity. Since we showed that ¢ is
nonempty, we deduce that ¢ = .Z since . is homeomorphic to the simply connected set H by Theorem 6.3. With this
fact and (7.20), we have (for v =e77)

1 1 ~
—34 Y (0) = Ly, o) — —argZ (x, ~logw). (7.21)
where the argument is chosen so that arg z = 0 when z > 0. Indeed, the indicator takes value 1 whenever E is nonreal (see

the discussion following Remark 14) and we require 0 < %Tx <1, so this determines the choice of argument. Changing
variables, we have

1 ~
ay,H(xa y)= 1e—)’<gx(0) - ; arg¢(x,y).

Computation of Density for 0, H(x,y). We follow a similar argument, and have already done most of the work for it.
Notice that

axgx(z)
= 7.22
G.@ p ZS [—oez 722

so that by (7.8), we have

gx<z)’< 19.6:@ 1 s 55 G: () o
2ri 1

2mi kz

/ RH(x, y)e ™ = dz. (7.23)

—oe 'z

Recall that we had split C into y and yq before in the computation of 9, (x, y). This time, we can simply deform C to y
which encircle 3, and not 0 since there is no pole at 0. Let & = E (9, H(x, -)). As before, we have for large v,

k —Xx —x
Se, (v) = Z Z 9:(2) ae_ dz:l L 10g<1—ng(z)) ae_ dz.

= rf 82711 vkk 1 —o0e ¥z p0682n1 Y l—0ce*z

We consider, also for large v,

1 1 gx(z)P> oe ¥
= =— — @ log| 1— d
W=, % i froe(1- 20 ) 2 s
_ 1 e d Gx(2)?P
= — ¢ 1 —oe )dZ IOg(l — v—p) dz. (724)
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As before with Yy (v), we can extend E, (v) to {|argz| < 2w /p} \ suppé&,, and we have an analogue of Lemma 7.8

1 1
—34Ex(v) = =348, (v) =0(v), (7.25)
b4 b4

where o(v) is the density of &, with respect to Lebesgue. From (7.24), we have the following formula

1]

1
(V) = " Z Z (log(1 — oe ™ zp(x,v)) —log(1 — e p)) (7.26)
oeSpel;

for v > 0 where zy (x, v) are defined as in Lemma 7.11. The log branches here are chosen so that log(1 —oe™zp(x, v)) —
log(1 —oe™"p) = 0 for v large (so that z, (x, v) is near p). Define foro € S

fo(x,v) = Z (arg(l —oe Mzp(x, v)) - arg(l — ae_xp)), (7.27)
pe3n.1
go(x,v) = Z (arg(l —oe "zp(x, v)) — arg(l - Ue_xp)) (7.28)
pPe3r0
so that

1
B ) == D (fo (¥, 0) + o (x, ).
pUES

Given the following lemma, we can compute that

1 1 1 ~
—J: By (e) ==Y —log(l—ote :
—NpBe(e) =— ) —log(l—0 e T(x, 1)
oceS
Changing variables gives us d,H(x, y) and completes the proof of the Theorem.

Lemma 7.12. For any o € S, both sets {y e R: fy(x,e™Y) =0} and {y e R: go(x,e™7) = arg(1 — ae’xz(x, y)} are
equal to R.

Proof. We use a connectedness argument. Fix o € S, let Ay ={y eR: fo(x,e™)=0}and Ay ={yeR: g, (x,e77) =
arg(l — ae‘xz(x, v))}. Both A| and A, are nonempty and closed subsets of R. It suffices to prove that A| and A; are
open subsets of R.

Suppose yp € A1. We show that [yg, yo + ) C A for some & > 0. The argument for (yg — 8, yo] is identical, and so
this shows that A is open. Let p € 3&1. If zp(x,e™Y) is real for y € [yo, yo + 8) for some § > 0, then zp(x, e™”) must
be in some connected component of R \ J,. Note that it cannot be in the external component since arg G, = 0 on the
external component. Then arg(1 — o"zp (x, ™)) is constant on [yg, yo + 3).

Otherwise, for sufficiently small § > 0, we have z;, (x, e™) € C\Rforall y € (yo, yo+6). This means that z;, (x, e~ 70)
is either a nonreal root of (7.16) or a double root. In either case, by property (iv) of Lemma 7.11, there exists some
q € 3,1 different from p such that z4(x, e ™) =75 (x, 7). If 7y (x, e77) e C\R for y € (yo, yo+ ), then z4(x,e™) =
Zp(x,e™Y) for y € (yo, yo + &) by continuity and property (i) of Lemma 7.11. Then

(arg(l —oe "zp(x, y)) — arg(l —oe “zp(x, yo)))
+ (arg(l —oe ¥ zq(x,y)) —arg(l1 —oe *zq(x, y0))) =0

for y € (yo, yo + ). Summing over all p € 3 1, we see that f(x,e™) — f5(x,e™0) =0 for y € [yo, yo + 5). Thus A,
is open.

The argument for the openness of A, is similar in structure. Before proceeding, note that from the argument that
€ = £ in the computation of dyH(x,y), we have that (—oo, y'] C A, where 1/ is the minimal y such that (6.2) has
a double root. We have that ¢ (x, y) is contained in the external component of R \ 7 if and only if y € (—o0, ¥'] (see
Remark 11).

Take yg € Az \ (—00, ¥'). As before, we show that [yg, yo + &) C A, for some § > 0, and the argument for (yg — &, yo]
is identical for yg € Ap \ (—o0, y']. If zp(x, e ) is real for y € [yo, yo + ), then it must be confined to some component
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of R \ Jx which is not the external component. As before, this implies arg(1 — ce™*z,(x,e™Y)) is constant for y €
[0, yo +8).

Otherwise, there exists § > 0 small enough so that z, (x,e™) € C\ R for y € (yo, yo + ). Smce © = £, this corre-
sponds exactly to the case where { (x,y) € C\R, for y € (y9, yo + 8). Moreover, we must have ;(x y) =zp(x,e™”) for

some p € 3y,0 and zq(x, e™Y) are real for q € 3x 0, q # p for y € [yo, yo + 8). In particular, z4(x, e™”) are confined to
some junction component of R \ 7, which is not the external component. Then

g (x, e_y) — & (x, e_yo) =— arg(l — e "7 (x, y)) + arg(l — e "7 (x, yo)).

Thus A5 is open. O

7.2. Fluctuations: Proof of Theorem 7.4

Proof of Theorem 2.8. For x € I and k € Z-(, by Proposition 3.1 we have for x(¢) € I¢

y AN ey/mttBe) ]
\/ﬁ/<h(x(8)s g) _Eh<x(8)7 g)) ktydy [kZ(lOgt)Z (6{)]{(7'[ g, t) ]Epk(ﬂ ;q’t))

kB
= %(w(n)‘; q.1) —Egr(7; q.1)).

Letx) <---<Xpin [l and ky, ..., k;, € Z~¢. Let x1(¢) <--- < x;;(¢) be points in /¢ such that x;(¢) is k;t-separated
from singular points. By Theorem 5.3, the random vector indexed by i € [[1, m]] whose components are given by

M/(h (x,- (e), %) —Eh <x,~ (e), %))e‘kity dy

converges to the Gaussian vector whose ith and jth component for i < j has the covariance

s gxi (Z)kitgx./ (w)kjJL
Qmo)2kik;2 72_ 72 Gy 4w (7.29)

where Cy, ..., C; are contours meeting the criteria in Theorem 5.3, in particular C; is enclosed by C; for i < j and the set
of branch poles of Gy, enclosed by C; is exactly P3,, as defined in (7.10).

Suppose X; < X; so that the contours C; and C; are separated. By Lemma 7.5, we can deform C; to the boundary of
Dg in (7.29). From (7.7), we can express the boundary as the union of

{txiy):yeR, (xi,y) e Z}U{t(xi,y) Yy €R, (xi,y) € £}

up to finitely many points in the set difference. Let Yy, = {y € R : (x;,y) € £} which is a union of finitely many open
intervals. Parametrizing the boundary of Dg by ¢(x;,y) and its conjugate, we may rewrite (7.29) as the sum

e kity1 p—kjty2 ac ¢ o
47[kk 12 /x /x € xi,y1) — £(xj,¥2))? 3)’1( “Y1) (X],yz) yiayz

/ / e kity1p—kjty: ac
—( z,Y1) (X ,y2)dyi1dys
4nkk i Jn, Ir, C&iy) = E(x;,¥2)% 0N !

/ / e kity1 p—kjty2 8{
— ,yl) (X ,y2)dyi1dys
" dmkik; @ Yo, Jrg €O, ¥D) = $(x;,¥2))2 N1 X "

kt}ﬂe kjtyz a; v d “
is ’ . 7
 dmkik 2 /Yx /Yx T y1) — 2(xj. y2))2 Oy S Y1) (Xj y2) dy1dy> (7.30)
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Integrate by parts on y; and y for each summand in (7.30), observing that the boundary terms cancel since the value of
£ (x, -) at the end points of any connected component of Yx is real, to obtain

1 _
‘E/ / e i1 e~k (log (¢ (xi, y1) — ¢(x, ¥1)) — log(¢(xi, y1) — C(xj,¥1))
Xj X,'
—log(¢(xi,¥1) — ¢(xj,¥1)) + log(¢ (xi, y1) — £ (xj.¥1))) dy1 dyi

:—L'/ / e—kityle—kjtyl log g(xz,YI)_f(XPYI)
27 X; X;

{(Xiv YI) - E(Xja YI)
where the final equality follows from the fact that this covariance is real so there is no imaginary part arising from branch
considerations of the logarithms. The latter term is exactly the covariance

3

Cov(/ﬁ(g“(xi,y))e_kitydy,/Y)({(xj,y))e_kf"ydy>.

The case x; = x; follows from taking the limit. (]

Appendix
We recall the notion of cumulants and some basic properties.

Definition A.1. For any positive integer v, let ®,, be the collection of all set partitions of [1, v]], namely

d
Oy =1{U1.....Ug}:d >0, | JU;=[[1.v], UiNU; =@ Vi #j, U; #@ Vi e [1.d]§.

i=1
For a random vector u = (uy, ..., u,) and any vy, ..., v, € {uy, ..., uy,}, define the (order v) cumulant « (vy, ..., v,) as

d
U EE (—1)d1(d—1)!]_[E[]_[v,~]. (A.1)

d>0 =1 ieUy
{U1....Uq}€0,

From the definition we see that for any random vector u, the existence of all cumulants of order up to v is equivalent
to the existence of all moments of order up to v. Note that the cumulants of order 2 are exactly the covariances:

Kk (v1, v2) = Cov(vy, v2).

We have the following alternative definition for cumulants.

Definition A.2. Let u = (uy, ..., u,;;) be a random vector. For any vy, ..., v, € {uy, ..., un}, define the (order v) cumu-
lant k(vy,...,vy) as
Y -
— _. v 3 . .
ki, ...,vy) = (—i) 7&1 e logE| exp 1Zt]vj R (A2)
/:1 1 v

For further details see [27, Section 3.1, Section 3.2] wherein the agreement between Definitions A.1 and A.2 is shown
by taking the second definition and proving (A.1).
As a consequence of the second definition we have the following lemma.

Lemma A.3. A random vector is Gaussian if and only if all cumulants of order > 3 vanish.
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We have the following formal versions of (A.1) and (A.2). Let E,, . ,, € C with Eq o= 1. Define the following
formal power series

Eny,..n n
E(tlvn-»tv): Z #tll...tﬁv’

ny!---ny!
ni,...,ny>0 1 v

Knl vy 1
K(ti,...,ty)=1ogE(t, ..., 1,) =: Z ﬁtl'mtﬁ”.
ni,...,ny>0 1 Ve

Let E(U)=Ey,,.. n, where n; =1if j € U and O otherwise, and likewise define K (U). Letting Oy be the collection of
all set partitions of U, we have

d
KU)= Z (-4 1a - 1)!1_[E(Ug). (A.3)
d>0 =1
{Uy,...,Ug}e®p

By exponentiating K (#1, ..., t,) we also obtain
d
En= Y  J]xwo. (A.4)
=1

d>0
{U1,....Us}e0®yp

where the sum is over all set partitions of U. This gives us the following lemma.

Lemma A.4. Suppose that K and E are functions which take values on nonempty subsets of [[1, v]l. Then

d
Ey= Y  [[xw. (A.5)
d>0 i=1
{Ul,...,Ud}E@U
if and only if
d
K= Y  (=DTa-n]]Ew. (A.6)
d>0 i=1
{Uy,...,Ug}e®p
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