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NESTING STATISTICS IN THE O(n) LOOP MODEL ON RANDOM
MAPS OF ARBITRARY TOPOLOGIES

GAETAN BOROT AND ELBA GARCIA-FAILDE

ABSTRACT. We pursue the analysis of nesting statistics in the O(n) loop model on
random maps, initiated for maps with the topology of disks and cylinders in [4], here for
arbitrary topologies. For this purpose we rely on the topological recursion results of [8, 9]
for the enumeration of maps in the O(n) model. We characterize the generating series
of maps of genus g with &’ marked points and &k boundaries and realizing a fixed nesting
graph. These generating series are amenable to explicit computations in the loop model
with bending energy on triangulations, and we characterize their behavior at criticality
in the dense and in the dilute phase.

1. INTRODUCTION

The enumeration of maps, which are models for discretized surfaces, developed initially
from the work of Tutte [59, 60, 61]. The discovery of matrix model techniques [12] and
the development of bijective techniques based on coding by decorated trees [13, 55| led
in the past 30 years to a wealth of results. An important motivation comes from the
conjecture that the geometry of large random maps is universal, i.e., there should exist
ensembles of random metric spaces depending on a small set of data (like the central
charge and a symmetry group attached to the problem) which describe the continuum
limit of random maps. Two-dimensional quantum gravity aims at the description of these
random continuum objects and physical processes on them, and the universal theory which
should underly is Liouville quantum gravity possibly coupled to a conformal field theory
[39, 35, 16]. Understanding rigorously the emergent fractal geometry of such limit objects
is nowadays a major problem in mathematical physics. Another important problem is
to establish the convergence of random maps towards such limit objects. Solving various
problems of map enumeration is often instrumental in this program, as it provides useful
probabilistic estimates.

As of now, the geometry of large random planar maps with faces of bounded degrees
(e.g., quadrangulations) is fairly well understood. In particular, their scaling limit is the
Brownian map [44, 32, 45, 43|, the complete proof of convergence in the Gromov-Hausdorff
sense being obtained in [45, 43|. This universality class is often called in physics that of
“pure gravity”. Recent progress generalized part of this understanding to planar maps
containing faces whose degrees are drawn from a heavy tail distribution. In particular,
the limiting object is the so-called a-stable map, which can be coded in terms of stable
processes whose parameter « is related to the power law decay of the degree distribution
[33].
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The next class of interesting models concerns random maps equipped with a statistical
physics model, like percolation [38], the Ising model [37, 11|, or the @-Potts model [14,
2, 62|, ... To make the distinction explicit, maps without a statistical physics model will
be called wusual maps. Tt is well-known, at least on fixed lattices [31, 1, 58, 54, 53],
that the @)-state Potts model can be reformulated as a fully packed loop model with a
fugacity /@ per loop, for random maps this equivalence is explained in detail in [5]. The
O(n) model also admits a famous representation in terms of loops [19, 53] with n the
fugacity per loop. The interesting feature of the O(n) model is that it gives rise to two
universality classes which depend continuously on n, called dense or dilute in respect to
the behavior of macroscopic loops, as can be detected at the level of critical exponents
[51, 52, 53, 23, 34, 40, 24, 41, 17]. The famous KPZ relations [39] (see also [15, 18]) relate,
at least from the physics point of view, the critical exponents of these models on a fixed
regular lattice, with their corresponding critical exponent on random planar maps, as was
repeatedly checked for a series of models [39, 37, 23, 24, 40, 21, 4]. These exponents for
random planar maps are summarized in [4, Figure 4].

It is widely believed that after a Riemann conformal map to a given planar domain,
the proper conformal structure for the continuum limit of random planar maps weighted
by the partition functions of various statistical models is described by the Liouville theory
of quantum gravity (see, e.g., the reviews [35, 16, 50| and [22, 42]). In the particular
case of pure random planar maps, the universal metric structure of the Brownian map
[43, 45, 42] has very recently been identified with that directly constructed from Liouville
quantum gravity [46, 48, 47|. After this Riemann conformal mapping, the configuration
of critical O(n) loops is believed to be described in the continuous limit by the so-called
conformal loop ensemble [56, 57|, denoted by CLE, and depending on a continuous index
K € (8/3,8), with the correspondence n = 2cosm(1 — 2) for n € (0,2] |20, 36, 21].

Yet, little is known on the metric properties of large random maps weighted by an
O(n) model, even from a physical point of view. Most of the works described above are
restricted to planar maps. In [4], one of the authors jointly with Bouttier and Duplantier
investigated the nesting properties of loops in maps with the topology of a disk or a
cylinder weighted by an O(n) model, and showed to be in perfect agreement with the
known nesting properties of CLE, [49] after taking into account a suitable version of the
KPZ relations [25]. In this article, we push this analysis forward and investigate rigorously
the nesting properties of maps of any topology weighted by an O(n) model. This includes
as a special case the description of the critical behavior of maps without loops (i.e. in
the class of pure gravity) having possibly marked points, microscopic and macroscopic
boundaries. This generalization is non-trivial as the combinatorics of maps with several
boundaries, marked points, and arbitrary genus, is much more involved than in the cases
of disks and cylinders. Our approach is based on analytic combinatorics, and relies on
two main ingredients: (1) the substitution approach developed in [7, 6] for planar
maps; and (2) the topological recursion of |29, 10| to reduce by a universal algorithm
the enumeration of maps — possibly carrying an O(n) loop model — of any topology to
the enumeration of disks and cylinders. Obtaining the desired asymptotics for generating
series of maps subjected to various constraints is then a matter of careful analysis of
singularities.
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1.1. Outline and main results.

1.1.1. Combinatorics of maps and their nesting. We introduce in detail the O(n) loop
model and the notion of nesting graph of a map in Section 2. To present informally
our findings, let us say that the primary nesting graph (I'g, %) of a map M has vertices
corresponding to the connected components of the complement of the loops, and edges
between vertices which correspond to connected components adjacent to the same loop.
Each vertex carries a genus (of the connected component it refers to) and may carry marks
— here denoted * — remembering to which connected components the marked points or
boundaries of M belong to. The nesting graph (I", x) is obtained from I'y by collapsing all
genus 0 univalent vertices which do not carry a mark, and collapsing any maximal sequence
of P consecutive edges with at least one of its endpoints being a genus 0 unmarked vertex
to a single edge remembering P — which we call an arm of length P. These two steps are
repeated until one of them leaves the graph unchanged. The collection P of arm lengths
is conventionally not included in the data of I". In other words, every edge in I'y refer
to a loop in M, and an arm of length P in I' represents P consecutive loops disposed
along a cylindric part of M which “separate” the marks. Precise definitions are provided
in § 2.1.2.

The main goal of the article is to study maps in the O(n) loop model realizing a fixed
nesting graph. Their generating series are typically denoted with script letters . We will
also encounter generating series of maps in the O(n) model which are not keeping track
of nestings, and denoted F. We review the substitution approach of 7] in Section 2.2,
describing disks with an O(n) loop model as usual maps whose faces can also be disks with
an O(n) loop model. Generically, generating series of usual maps whose faces can also be
disks with an O(n) loop model will be denoted F. We may impose geometric constraints
on the maps under consideration, by fixing the genus g, the number £’ of marked points,
the number of boundaries k and their respective perimeters (£;)¥_,, the volume (= total
number of vertices) V', and maybe the arm lengths (P(e))e. This is conveniently handled
at the level of generating series by including extra Boltzmann weights, respectively u",

;T (E“Ll), and [, s(e)” (¢). The precise definitions of these generating series and the easy
combinatorial relations between them are described in Section 2. In particular, the basic
formula for the generating series of maps with a fixed nesting graph is Proposition 2.2.

In Section 3, we review the analytic properties of these generating series, 7.e. in which
sense the Boltzmann weights can be considered as nonnegative real-valued parameters
instead of formal parameters, and their characterization by functional equations already
known in the literature. We state the topological recursion formula for F&*) and F (&%)
from [10] which will be our second basic formula, and explain how it can be used in
practice. We also explain in Section 3.5 how the addition of extra marked points can
easily be handled at the level of generating series. These results are valid in the general
O(n) loop model, where loops are allowed to cross faces of any degree.

We specialize in Section 4 them in the O(n) loop model on triangulations with bending
energy «. It also depends on the parameter h per triangle visited by a loop, and ¢ per
empty triangle. This model is the simplest one which is amenable to an explicit solution in
terms of theta functions, and still contains the dense and dilute universality classes which
are specific to loop models. At this point, it is very useful to introduce the parameter
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b € (0,3) such that
n = 2cos(7b).

We review the expression for the generating series of disks and cylinders (Section 4.2),
which are the non-trivial initial data allowing to reach higher topologies. We also trans-
form (Section 4.3-4.5) the topological recursion formula for F&*) into a more explicit sum
over trivalent graphs, which will be suited for later analysis.

1.1.2. Critical behavior. Following [6], we review in Section 5 the phase diagram of this
bending energy model. The properties of the special functions, and some details necessary
to obtain this phase diagram as well as for later use, are collected in Appendix A-D which
are mostly taken from [4]. For fixed n € (0,2), a not too large and vertex weight u = 1, it
features in the (g, h) plane a non-generic critical line, beyond which the generating series
of pointed disks are divergent. As is well-known, the radius of convergence is actually
the same for generating series of maps of any topology. The critical exponents in the
interior (resp. at the tip) of the non-generic critical line pertain to the dense (resp.
dilute) universality class. Beyond this point, the critical line continues to a generic line,
i.e. corresponding to the universality class of pure gravity. We focus on the non-generic
critical line as it is specific to the loop models. If (g,h) is chosen on the non-generic
critical line but we keep the vertex weight u < 1, the model remains off-critical. The
distance to criticality is governed by (1 — u) — 0. At the level of the explicit solution
in terms of theta functions, approaching criticality corresponds to a trigonometric limit
with a modulus scaling like

(1.1) ¢~ (1 —u)/g]

with an exponent distinguishing between the dense and the dilute phase

. ﬁ dense,
1 dilute.

It is related to the famous string susceptibility exponent g, by ¢ = —~.:0. All other
exponents can be expressed in terms of b and ¢, and we will give expressions valid for
both universality classes using

> 1 dense,
] -1 dilute.

The remainder of the text, and the main contribution of this article, is devoted to the
analysis of singularities of the generating series under consideration for (g, k) on the non-
generic critical line, in the limit v — 1, here conveniently traded for ¢ — 0 according to
(1.1). This is done in several steps in Section 5-6 summarized below. We then perform
in Section 7 a saddle point analysis to extract the asymptotics of the desired generating
series of maps with fixed volume V' — oo. The analysis reveals two interesting regimes
for boundary perimeters: either we impose the boundary to be

e microscopic (“small”), i.e. ¢; finite,
e or macroscopic (“large”), here corresponding to £; V2 for fixed ¢;.
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We argue in Section 7.3 that, as far as critical exponents for asymptotics are concerned,
marked points behave like small boundaries. So, we can present here our results in a
simpler form in absence of marked points.

Notation 1.1. We agree that F' ~ G means there exists a constant C' > 0 such that
F ~ CG in the asymptotic regime under study.

Our first main result (Theorem 7.1) concerns generating series of maps with fixed
nesting graph.

Theorem 1.2. Assume 2g—2+k > 0. Let kg, be the number of macroscopic boundaries,
ks the number of microscopic boundaries, and k = kr,+ks. Let also kéO’Q) be the number of
microscopic boundaries and marked points that belong to a genus 0 connected component
of the complement of all loops which does not contain any other mark and was adjacent to
exactly one loop. The generating series of connected maps of genus g realizing the nesting
graph (T',x) behaves as

kJL kL"‘kS
[uV [ 1] xi—wm] FERT, 4] L VI lre(@e-20R) 1)~ fhs + (1= )
i=1 i=kp+1

when V — oo.

As b € (0, %), we see that the nesting graphs most likely to occur are those in which each
microscopic mark — either a marked point or a microscopic boundary — belongs to a genus
0 univalent vertex which does not carry any other mark. This is exemplified in Figure 1
for maps of genus 0 with 4 microscopic marks. The analog statement for cylinders can
easily be extracted from [4] and is here rederived as Theorem 7.2.

Our second main result (Theorem 7.3 in Section 7.1) describes the large deviation
function of (large) arm lengths in maps realizing a given nesting graph. It is instructive
to first review the result for cylinders obtained in [4], which is expressed in terms of the
function

J(p) = ;,3121)/ | {pIn(s) + arccos(ns/2) — arccos(n/2) }
(1.2) = pln <z L) + arccot(p) — arccos(n/2).

" it

plotted in Figure 2. It has the following properties:

e J(p) > 0 for positive p, and achieves its minimum value 0 at pop = \/4%7 given
below.

e J(p) is strictly convex, and J”(p) = m.

e J(p) has a slope In(2/n) when p — co.

e When p — 0, we have J(p) = arcsin(n/2) + pln(2p/n) + O(p).
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1,2,3,4 1,2
o V—1+e(1-0b) >—4 4 V—l-‘rc(l—ab-‘r%—b)
3
1,2,3 4 .
V_1+C(1—°b+z—§
1
2 —14c(1—ob+3 —3b)
4 V 4 2
1,2 B4 o >—<
3
123 4 V- 1+e(1—vb+3-b) 1 3
X V—1+e(1—db+1-2b)
2 4
1,2 3 4 V- lte(l—ob+i—4
1 4
2 3 4 - Lte(1-ob+ 3 -b) >< V—1+e(1—ob+1-2b)
r——o— 06—
2 3

FIGURE 1. The possible nesting graphs for planar maps with 4 microscopic
boundaries labeled 1,2, 3, 4 (up to permutations of the labels), and the order
of magnitude of the number of maps realizing them for large volume V. For
n € (0,2), i.e. b e (0,3), the greatest order of magnitude is achieved for
the two last graphs in the right column.

J(p)

1.0}

FIGURE 2. The function J(p) for n = 1, n = v/2 (Ising) and n = v/3 (3-Potts).
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Theorem 1.3. The probability that, in a cylinder with volume V' — 00, the two boundaries
of perimeters (L1, Ly) are separated by P loops admits the following asymptotics

InV 1. .
[P[P:CH p‘V,leel,ngfz L (V) 2y
T J
l V c] . 1 c
P[P _ C; p‘V,Ll — 0, Ly =6VE] A (InV) FV-HI0),
T J
]. V c c | . 1 c
P[P:CH p‘V,[q:ﬁlV?,Lg:EQVi ~ (hl‘/)i5 7;J(p).
T J

We observe that the typical order of magnitude of the number of separating loops
between the two boundaries is In V. More precisely, % is almost surely equal to the value
Dopt, at which the large deviation reaches its minimum value zero, and the fluctuations of
P are Gaussian of order vInV due to the quadratic behavior of J(p) near p = popi. 7 is
a normalization constant equal to 1 for two macroscopic or two microscopic boundaries,
and equal to 2 for one microscopic and one macroscopic boundary.

In this article, for maps of any topology and any nesting graph, we show (Theorem 7.3
in Section 7.2) that individual arms have exactly the same behavior: arm lengths are
asymptotically independent from one another, and their large deviation function is uni-
versally given by (1.2), only depending on the arm being adjacent to a genus 0 vertex
carrying as only mark one microscopic boundary (or not) via a rescaling y =2 (or 3 = 1).

Theorem 1.4. Assume 2g — 2+ k > 0, fix a nesting graph (I',%), and choose which
boundaries are microsopic or macroscopic. Let E(T') the set of edges of T, E&Q, the set
of edges incident to a genus 0 univalent vertex carrying as only mark one microscopic
boundary. Consider the regime

InV 2 if ES,(T
(13 ple) = MVHE g g 2 e €l
J(e)m 1 otherwise,

where p(e) may depend on V' but remains bounded away from 0, and negligible in front of
InV. The probability to have arm lengths P in maps realizing (T, %), of volume V with
boundary perimeters L; = {; for the microscopic ones, and L; = {; V2 for the macroscopic
ones, with fixed ¢; > 0, behaves as

c

PEO[PID % VL] & [] (nv)-z v =/l

ecE(T)

The Gaussian fluctuations of arm lengths at order v/In'V around ji’:)p; InV are precisely
described in Corollary 7.5. If CLE, were properly defined on Riemann surfaces of any
topology, Theorem 1.4 could be converted into a prediction of extreme nestings of any
topology for CLE,, thanks to the scheme of KPZ transformations described in [4, Section

7].
1.1.3. Steps of the proofs. The task of Section 5 is to derive, for 2g — 2 + k > 0, the
non-generic critical behavior of:

e the generating series F®*) of maps whose faces are disk configurations of the O(n)
model, and
e the generating series F(&*) of maps in the O(n) model,
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in presence of an arbitrary fixed number of microscopic and macroscopic boundaries (The-
orem 5.8). Here we work in the canonical ensemble, i.e. considering the generating series
depending on Boltzmann weights u for vertices and z; for boundary perimeters. When all
boundaries are macroscopic, the result easily follows from the property “commuting with
singular limits” of the topological recursion, see e.g. [27, Theorem 5.3.2]. The situation
is more tricky is presence of microscopic boundaries, and our analysis in this case is new.
Our scheme analysis of the topological recursion is in fact more general than the O(n)
model, and it may be of use for other problems in enumerative geometry. Concretely,
we start from the sum over colored trivalent graphs for F &k and F&F described in
Section 4.5. We analyse the critical behavior of the weights of vertices and of edges in
Appendix E, and collect the result in Section 5.4.1. The difference between F and F only
comes from the edge weights, so both cases can be treated in parallel. Then, we deter-
mine in Section 5.5 for fixed genus g, fixed number of boundaries k, and fixed coloring of
the k legs, which graphs give the leading contribution in the critical regime. This is the
most technical part, the formula for the critical exponent of this leading contribution in
Lemma 5.7 is quite intrincate, but we should remember that it does not have a priori a
combinatorial meaning. The quantities which have a meaning are F and J, and they are
obtained by summing all these contributions over the colorings of the legs. We find the
final result for the critical behavior of F and F in Theorem 5.8 is much simpler. This
result does not concern nesting but is interesting per se. It clearly displays the affine
dependence of the critical exponents on the Euler characteristic of the maps.

We proceed in Section 6 to examine the dominant contribution to the critical behavior
of &, the generating series for fixed nesting graph (T',*). The starting point is the
combinatorial formula of Proposition 3.10, which is an appropriate glueing along the
given nesting graph I' of vertex weight and edge weights. The vertex weights are the
F’s for which we have already obtained the critical behavior in Theorem 5.8. The edge
weights are the generating series F for cylinders remembering the number of separating
loops between two boundaries, and some of their variants obtained by attaching a loop

around one (ng)) or both (]?‘22)) of their boundaries which are defined in Section 2.3; we
determine their critical behavior in Section 6.2, thanks to the explicit formula for F?
from Proposition 4.3. We deduce the critical behavior of &’s by a saddle point analysis
in Section 6.3 and Theorem 6.4. This is then converted, as explained in § 1.1.2, into
asymptotics in the microcanonical ensemble, i.e. for fixed and large volume, boundary
perimeters, and then for arm lengths as well in Section 7.

A word of caution relevant in Section 6 concerning the canonical ensemble: the dom-
inant contributions depend on the set of variables for which one wishes to study the
singularities. If one is only interested later on in fixing the volume and boundary perime-
ters, one should study singularities with respect to u — via the variable ¢ — and z;’s. If one
is interested later on in fixing as well the arm lengths, one wants to study singularities
with respect to u, x; and the collection of Boltzmann weights s for the separating loops.
It can happen that some dominant terms in the first situation contain no singularity with
respect to s, so we need to consider in the second situation terms which were subleading
in the first situation, see e.g. Theorem 6.4. The saddle point analysis here is facilitated as
similar handlings already appeared for cylinder generating series in [4], and the technical
aspects of the present article rather focus on the combinatorics of maps of higher topology.
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2. PROPERTIES OF THE GENERAL O(n) LOOP MODEL

2.1. Definitions. We start by reminding the definition of the model, following the pre-
sentation of |7, 6.

2.1.1. Loop models. A map is a finite connected graph (possibly with loops and multiple
edges) drawn on a closed orientable compact surface, in such a way that the edges do not
cross and that the connected components of the complement of the graph (called faces)
are simply connected. Maps differing by a homeomorphism of their underlying surfaces
are identified; thus there are countably many maps. The map is planar if the underlying
surface is topologically a sphere. The degree of a vertex or a face is its number of incident
edges (around a face, we count incident edges with multiplicity). To each map we may
associate its dual map which, roughly speaking, is obtained by exchanging the roles of
vertices and faces. For k > 1, a map with k boundaries is a map with k marked faces,
pairwise distinct and labeled from 1 to k. By convention all the boundary faces are rooted,
that is to say for each boundary face f we pick an oriented edge (called a root) having
f on the right. The perimeter of a boundary is the degree of the corresponding face.
Non-boundary faces are called inner faces. We may also consider maps with & marked
points, and by convention we do not assume that the &’ marked points sit on pairwise
distinct vertices. We call marked element either a marked point or a marked face.

A triangulation with k boundaries (resp. a quadrangulation with k boundaries) is a map
with k& boundaries such that each inner face has degree 3 (resp. 4).

e e

R
2

FIGURE 3. A planar triangulation with a boundary of perimeter 8 (with
root in red, the distinguished face being the outer face), endowed with a
loop configuration (drawn in green).

Given a map, a loop is an undirected simple closed path on the dual map (i.e. it covers
edges and vertices of the dual map, and hence visits faces and crosses edges of the original
map). This is not to be confused with the graph-theoretical notion of loop (edge incident
twice to the same vertex), which plays no role here. A loop configuration is a collection of
disjoint loops, and may be viewed alternatively as a collection of crossed edges such that
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every face of the map is incident to either 0 or 2 crossed edges. When considering maps
with boundaries, we assume that the boundary faces are not visited by loops. Finally,
a configuration of the O(n) loop model on random maps is a map endowed with a loop
configuration, see Figure 3 for an example. For sake of clarity, we call usual map a map
without a loop configuration.

Remark 2.1. In the original formulation of [34, 40, 41, 28|, the loops cover vertices and
edges of the map itself. Our motivation for drawing them on the dual map is that it
makes our combinatorial decompositions easier to visualize.

2.1.2. The nesting graphs. Given a configuration C' of the O(n) loop model on a connected
map M of genus g, we may cut the underlying surface along every loop, which splits
it into several connected components cy,...,cy. Let I'g be the graph on the vertex set
{c1,...,cn} in which there is an edge between ¢; and ¢; if and only if they have a common
boundary, i.e. they touch each other along a loop (thus the edges of I'y correspond to the
loops of C). We assign to each vertex v the genus h(v) of the corresponding connected
component and for each marked element in M belonging to a connected component c;,
we put a mark on the corresponding vertex of I'y. If the map is planar, I'y is a tree and
all its vertices carry genus 0. We call I'y the primary nesting graph of M.

Let us consider an ensemble of maps with &” = k + k/ marked elements. One can define
the nesting graph T' from 'y by repeteadly performing the following two steps until they
leave the graph unchanged:

(1) erasing all vertices that correspond to connected components which, in the com-
plement of all loops in M, are homeomorphic to disks, and the edge incident to
each of them;

(7i) replacing any maximal simple path of the form vy—v; —- -+ —vp with P > 2, where
the vertices (vi)f:ll represent connected components homeomorphic to cylinders,
by a single edge

P
Vo —VUp
carrying a length P. By convention, edges which are not obtained in this way
carry a length P = 1.

The outcome is (I', %, P) where I' is the nesting graph, which is connected and has vertices
labeled by genera such that

g=0(T)+ Z h(v).
veV ()

The sequence of lengths P records the number of consecutive “separating” loops for
each edge. By construction, given the total genus g and a finite set of marked elements,
one can only obtain finitely many inequivalent nesting graphs. x is the assignment of the
marked elements of M to the vertices of I'. The valency d(v) of vertices v of the nesting
graph I' with no boundaries must satisfy:

2h(v) — 2 +d(v) > 0.

This articles studies the distribution of nesting graphs and nesting variables (I', x, P)
in ensembles of random maps of the O(n) model that we now define.
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FIGURE 4. Left: schematic representations of loop configurations on a map
of genus 1 with 4 boundaries. Center: associated primary nesting graphs,
where every red vertex carries the marks of the boundaries which belong
to the corresponding connected component in the map. Right: associated
nesting graphs, where every edge is labelled with its depth. All vertices
carry genus 0, except v in the first case which has h(v) = 1.

2.1.3. Statistical weights. The O(n) loop model is a statistical ensemble of configurations
in which n plays the role of a fugacity per loop. In addition to this “nonlocal” parameter,
we need also some “local” parameters, controlling in particular the size of the maps and
of the loops. Precise instances of the model can be defined in various ways.

The simplest instance is the O(n) loop model on random triangulations [34, 40, 41, 28|:
here we require the underlying map to be a triangulation, possibly with boundaries and
marked points. There are two local parameters g and h, which are the weights per face
(triangle) distinct from a boundary and which is, respectively, not visited and visited by a
loop. The Boltzmann weight attached to a configuration C' with £ > 1 boundaries is thus
w(C) = nfg"h" | with £ the number of loops of C, T' its number of unvisited triangles
and T its number of visited triangles.

A slight generalization of this model is the bending energy model [6], where we incor-
porate in the Boltzmann weight w(C') an extra factor a®, where B is the number of pairs
of successive loop turns in the same direction, see Figure 5. Another variant is the O(n)
loop model on random quadrangulations considered in [7]| (and its “rigid” specialization).
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VACIENEN.
< <t

FIGURE 5. Top row: local weights for the O(n) loop model on random
triangulations. Bottom row: in the bending energy model, an extra weight
« is attached to each segment of a loop between two successive turns in the
same direction.

In the general O(n) loop model, the Boltzmann weight of a configuration is:

w(C) = |Aut0| nfILa" 11 l]j,lllz’bv

>3 {ll l2}
l1+l2>1

where N; is the number of unvisited faces of degree [, and N, ;, is the number of visited
faces of degree (I; + lo + 2) whose boundary consists, in cyclic order with an arbitrary
orientation, of /1 uncrossed edges, 1 crossed edge, ls uncrossed edges and 1 crossed edge.
As the loop are not oriented here, N;, ;, = N, ;, and we also assume g, ;, = g1,,. Aut(C)
is the subgroup of permutations of vertices and edges respecting the root edges and leaving
C invariant, which can be observed to be trivial if the number of boundaries k£ > 1.

2.1.4. Generating series. We now define the basic generating series of interest. Fixing
three integers k, k' > 0 and g > 0, we consider the ensemble of allowed configurations
of the O(n) model where the underlying map is a connected surface of genus g, with
k boundaries of respective lengths 1,05, ..., ¢ > 1 (called perimeters) and k" marked
points. The corresponding generating series is then the sum of the Boltzmann weights
w(C) of all such configurations. We find convenient to add an auxiliary weight w per
vertex, and define

(2.1) FER) = 5160 0u + Zu w(C),

where the sum runs over all desired configurations C, and |V (C)| denotes the number of
vertices of the underlying map of C, also called volume. We simply write F&*) when there
are no marked points, and F&**) when there is one marked point. For planar maps, i.e.
g = 0, we just write Fj, (k ) . We call cylinders the planar maps with k& = 2 boundaries,
and disks the planar maps w1th k = 1 boundary. By convention, the map consisting of
a single vertex in the sphere is considered as a disk with a boundary of length ¢; = 0,
accounting for the first term in (2.1).
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In the course of studying the O(n) loop model, we will also need the generating series
of usual maps. The Boltzmann weight of a conﬁguration in this case is chosen to be

(2.2) w(C) |Aut0| IIs"

>1

and the generating series F,~ (&:k k/ is defined as previously.

2.2. Planar case: usual maps and the nested loop approach. In maps with the
topology of a disk, there is a notion of inside and outside a loop, from the point of view of
the boundary. Then, the nested loop approach [6] puts in bijection disks M with a loop
configuration with triples (M, R, M’), where:

e M is a usual disk, called the gasket of M. It is obtained as the connected compo-
nent containing the boundary in the complement all loops in M, filling the interior
of each outermost loops by a face.

e R is a disjoint union of sequences of faces visited by a single loop so as to form
an annulus, which is rooted on its outer boundary. It is obtained as the collection
of faces crossed by the outermost loops in M — from the point of view of the
boundary — and the root edge on the outer boundary of each ring (call it B)
is conventionally defined to be the edge outgoing from the vertex in B which is
reached by the shortest leftmost geodesic between the origin of the root edge on
the boundary of M, and B.

e M’ is a disjoint union of disks carrying loop configurations. These are the inside
of the outermost loops.

FIGURE 6. Left: schematic representation of a loop configuration on a
planar map with one boundary. Right: the associated primary nesting tree
(the red vertex corresponds to the gasket).

This translates into a functional relation for the generating series of disks:

(23) Fg:fg(Gl,Gz,...>,
where the weights () of a face of degree [ must satisfy the following fixed point condition
(2.4) Gi=g + Z ApFo(Gr,Ge,...) =g + Z Ao Fp.

>0 v>1
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We have denoted by A;, the generating series of sequences of faces visited by a loop,
which are glued together so as to form an annulus, in which the outer boundary is rooted
and has length [, and the inner boundary is unrooted and has length ¢. Compared to the
notations of [6], we decide to include in A;, the weight n for the loop crossing all faces of
the annulus. We call GG; the renormalized face weights. Note that, although ¢; could be
zero for [ = 1,2 and for | > [y, G1,Gy and G, for | > [y are a priori non-zero. For this
reason, it was necessary to consider the model of usual maps with general face weights
(2.2), while we could restrict e.g. to faces (visited or not) of perimeter larger of equal to
3 in the definition of the general O(n) loop model.

In all what follows, unless explicitly mentioned, the generating series of usual maps
F&F) will always be specialized to the renormalized face weights (G, G, . ..).

Functional relations for more general planar maps can be deduced from this fixed point
equation. The operation of marking a boundary of length ¢ is realized by the operator
b 8 , while marking a vertex amounts to applying u <~ a . For instance:

2  _ (2 _ )
}“ghg2 = (52 Boes Fu,, FM2 = /y Dor, Fo,,
o 0 o 0
JT'-Z = U%fg, F@ = UEFK

By convention, the equation for F* assumes that the evaluation to renormalized face
weights G given by (2.4) is done after the derivative with respect to the vertex weight w.
In other words, F* is the generating series of maps pointed in the gasket. Therefore, we
deduce from (2.3)-(2.4)

2 2 2
(2.5) F?, = F,+ > F Ry FYY),
LU'>1
(26> Fé. - Z z l/ Rl’ l//E//
'>1,1">0

where Ry, = A; ¢/l is the generating series of annuli visited by a single loop, whose outer
and inner boundaries are both unrooted.

More generally, F,; (& ¥ ) will denote the generating series of usual maps with & marked
points, evaluated at renormahzed face weights. According to the nested loop approach, it
enumerates maps in the O(n) model where the k£ boundaries and the &’ marked points all
belong to the same connected component after removal of all loops. As already remarked
for 77, due to the constraints on the relative position of the marked points and the loops,

(8.5, ok) W (&)
]:élg,...,ek. # ( ) ) []:zlg, ,£k|{gl Gz}}
The difference comes from the order of differentiation/evaluation at u-dependent renor-
malized vertex weight {G;} from (2.4).

2.3. Separating loops and refined enumeration. In a map M with a non empty set of
marked elements P, a loop is separating® if it is not contractible in M \ P. The separating
loops (or sequences of separating loops) were encoded in the edges of the nesting graph.
If the map is planar, an equivalent definition is saying that a loop is separating if it does
not bound a disk in the underlying surface which contains no marked element.

IWith this definition, non-contractible loops in M are separating, even though the name could be
misleading in such a case.
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Let us examine the simple case of two marked elements in a planar map. Then, either
the two marked elements are not separated by a loop (the nesting graph consists of a
single vertex carrying the two marks), or they are separated by P > 1 loops (the nesting
graph consists of an edge of length P between two vertices). To fix ideas, let us say that
the first marked element is a boundary. Then, we can put such a map M in bijection
either with a cylinder having no separating loop, or a triple consisting of a cylinder with
no separating loops, an annulus of faces visited by a single loop, and another map M’ with

p — 1 separating loops. This is the combinatorial meaning of (2.5)-(2.6), and it allows an

easy refinement. Namely, let Fe(i)ez [s] (resp. F}[s]) be the generating series of cylinders

(resp. pointed disks) where the Boltzmann weight includes an extra factor s” and P is
the number of separating loops. We obtain from the previous reasoning:

2 2 2 2
(2.7) EPls) = F2,+sY B2 R FY)ls),
LU>1
(2.8) Fils) = Fi+s Y Fiy RuwFpils).
Ir>1

In full generality, we are interested in computing ﬂéﬁf:}f/) [[", x; s], the refined generating

series of maps of the O(n) model which are connected of genus g, have k& boundaries and
k' marked points, achieve the nesting graph with its markings (I', x), and for which the
usual Boltzmann weight contains an extra factor:

I se"@.

ecE(T)

The construction of the nesting graph provides a combinatorial decomposition of maps.
Indeed, we can retrieve bijectively the original map from (I',x, P), by glueing together:

e for each vertex v of valency d(v), a usual map (with renormalized weights) of genus
h(v) with k(v) labeled boundaries and d(v) other unlabeled boundaries, and &’(v)
marked points;

e for each edge e of length 1, an annulus visited by a single loop;

e for each each e of length P(e) > 2, two annuli visited by a single loop capping a
cylinder with P(e) — 2 separating loops.

Let us denote E(I") the set of edges. At a given vertex v, e(v) is the set of outcoming half-
edges, and for a given edge e, {e;,e_} is its set of half-edges. d(v) the set of boundaries
which are registered on marked elements on v — if there are no marked elements on v or
just k(v) = 0, then d(v) = . Let V5o(I") be the set of univalent vertices v of genus 0
which carry exactly 1 boundary; the outgoing half-edge (pointing towards the boundary)
is then denoted ey (v) and V(I') = V(I') \ Voo(T). Let Eu(T) be the set of edges which
are incident to vertices in Vg 5(T), and E(T') = E(T)\ Eyn(T'). We define the set of glueing
half-edges as follows:

Eglue(r> = U {eJr?e*} U U e+(V).

ecE(T) velp,a(I)
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Let us introduce the generating series of cylinders with one annulus (with unrooted
outer boundary) glued to one of the two boundaries

£ (2 (2
(2.9) 1) = 5D RedFig)ls)
1>0
and the generating series of cylinders capped with two annuli with unrooted outer bound-
aries
(2.10) Fills) = sRes + 5 Y~ RuaFi7ls) Rues
1LI'>0

By convention, we included in the latter an extra term corresponding to a single annulus
with its two boundaries unrooted.

We can determine the desired refined generating series of maps, whose corresponding
nesting graph is fixed, using the decomposition of any such map into the previously
introduced pieces.

Proposition 2.2.
)k( )+d( )k’ (v))

ok’ Z(a v))
'/6(1, )[F *, 8] = H V)l
I: Egue (D) —=N vev/(I) '
~ 2
(2.11) I 52 el H Fl((el(v) N C Nk
ecE(I) V€V02

where € : U,y O(v) = N is given by (... U

3. ANALYTIC PROPERTIES OF GENERATING SERIES

So far, all the parameters of the model were formal. We now would like to assign them
real values. In this section, we review the properties of generating series of maps obtained
by recording all possible boundary perimeters at the same time.

3.1. Usual maps. In the context of usual maps (here not specialized to the renormalized
face weigths), we say that u and a sequence (g;);>1 of nonnegative real numbers are
admissible if F} < oo for any ¢. By extension, we say that u and a sequence (g;);>1 of
real numbers are admissible if u and (|g;]);>1 are admissible. For admissible vertex and
face weights, we can define
f
Fla)=Y 25 Qi)

£>0

Then, F(z) satisfies the one-cut lemma and a functional relation coming from Tutte’s
combinatorial decomposition of rooted disks.

Theorem 3.1. (6] If (g)i>1 is admissible, then the formal series F(x) is the Laurent
series expansion at x = oo of a function, still denoted F(x), which is holomorphic for
x € C\ v, where v = [y_,v4] is a segment of the real line depending on the vertex and
face weights. Its endpoints are characterized so that v+ = s + 2¢v, and v and s are the
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evaluation at the chosen weights of the unique formal series in the variables u and (g;)i>1
such that

_ Ly
o far S e
_ Ly
(3.2) u+f{§i—iy(y %lél)gy ) _ 0,

where o(z) = V1?2 — 252 + 52 — 4v. Besides, the endpoints satisfy |y_| < vy, with equality
iff gg =0 for all odd ’s.

Theorem 3.2. [6] F(x) is uniformly bounded for x € C\ . Its boundary values on the
cut satisfy the functional relation:

(3.3) Voey,  Fle+i0)+Fz—i0)=2-> ga"",

>1

and F(x) = u/z + O(1/2%) when v — oco. These properties uniquely determine y_, 7y,
and F(z).

Although (3.3) arise as a consequence of Tutte’s equation and analytical continuation,
it has itself not received a combinatorial interpretation yet.

With Theorem 3.1 at hand, the analysis of Tutte’s equation for generating series of maps
with several rooted boundaries and their analytical continuation has been performed (in
a more general setting) in [9, 3]. The first outcome is that, if u and (g;);>1 are admissible,

then ]:éi"]f_’z:) < 00, for all g, k and k', so that we can define

F(g,k,ok’)

, Crrt -~ —
FE (o, o)=Y et e Qi3]
TS R B

The second outcome is that these are as well Laurent series expansions at oo of functions,

still denoted F®**%)(z,, .. x,), which are holomorphic for ; € C\ 7, with the same ~

as in Theorem 3.1, and which have upper/lower boundary values when z; approaches ~y

while (z;),. € (C\ 7)*! are fixed. More specifically, for cylinders:

Theorem 3.3. o(z1)0(22) FP (21, 15) remains uniformly bounded for x1, x5 € C\ . We

have the functional relation, for x1 € (y_,v4) and x5 € C\ ~:

1

F2 i0 F2 —i0 - -
(1 +10, z9) + (z1 — 10, 22) )

and we have .7:(2)(351,1’2) € O(xy%25?) when x1,15 — oo. These properties uniquely
determine F@ (xy, x5).

Once v+ have been obtained, the formula for the generating series of usual cylinders is
well-known:

1 — = (2 + x2) + -
(34) -7:(2)($1,I2) _ { 1 T1T2 2 (l‘l $2) Y=Y+ }

2(xq — x9)? o(xq)o ()
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The generating series for usual pointed disks is also particularly simple (see e.g. [6]):
1

o(z)
Theorem 3.4. |27, 9] Let 2g — 2+ k > 0. There exists r(g, k) > 0 such that

a(wl)r(g’k)f(g’k)(xl, cee, k)

(3.5) Fo(x) =

remains bounded when x, approaches v while (x;)¥_, are kept fived away from 7.
F&R (xy ... xp) has upper/lower boundary values for x1 € (y—,v4) and x; = ()5,

fixed away from v; it satisfies under the same conditions:
FER (21 +10,27) + FEX (2 —i0,2;) = 0,
and F&M (21, 2;) € O(x72) when 1 — co.
3.2. In the O(n) loop model. In the context of the O(n) model, we say that two se-
quences of real numbers (g;);>3 and (A, 4, )1, 1, are admissible if the corresponding sequence

of renormalized face weights (G, Ga, . ..) computed by (2.4) is admissible. For admissible
face weights, we can define:

F,
F(o) = Y - € Qlle ')
>0
In the remaining of the article, we always assume admissible face weights.

As consequence of (2.3), F(xz) satisfies the one-cut property (the analogue of Theo-
rem 3.1), and we still denote 4 the endpoints of the cuts, which now depend on face
weights (¢;);>3 and annuli weights (A; ), r>0. Admissibility also implies that the annuli
generating series

R(z,y) = Z Ru/xlyl/ and
4+U>1

A(l’, y) - Z Z Al,l’ Il_lyl/ = aatR('r7 y)
1>1 1>0

are holomorphic in a neighborhood of v x 7. And, F(x)’s boundary values on the cut
satisfy the following functional relation:

Theorem 3.5. [6] F(x) is uniformly bounded for x € C\ v and has upper/lower boundary
values on . For x € 7y, we have:

d
(3.6) F(x +10) + F(x — i0) + f 2 A(r,2)F(2) = 2 — > geat™!
~y 2m
k>1
and F(z) = u/x + O(1/x?) when x — oco. These properties uniquely determine F(x) and
V-
Now with Theorem 3.5 at hand, the analysis of Tutte’s equation for the partition

functions of maps having several boundaries in the loop model, and their analytical con-
tinuation, has also been performed in [9, 3|. The outcome is that

i
FER) (0 ) = Z Mll—;ékﬂ € Qlxrt, ..., 2]
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are also well-defined and Laurent series expansions at infinity of functions, still denoted
F(&kek) (2 ... a;), which are holomorphic for ; € C\ ~, with the same ~ independently
of g, k and k', and admit upper/lower boundary values for z; € v while (z;),. € (C\y)F*
are kept fixed. Besides:

Theorem 3.6. o(x1)o(x2)F® (21, 25) remains uniformly bounded for x1, x5 € C\ v. For
x1 € (7_,74) and x5 € C\ 7y, we have the following functional relation:

dy 1
FO (410 FO (2 _i0 ]{ W A NFO o
(xl +1 7x2> + (33'1 1 7:1;2) + 7 2% (xla y) <y7 .1’2) (SU1 _ 1:2)27
and F®(zy,25) € O(x%x5?) when x1,75 — oo. These properties uniquely determine
F(2) (1’1, .TQ).
Theorem 3.7. |27, 9] Let 2g — 2+ k > 0. There exists r(g, k) > 0 such that

U(l‘l)r(g’k)F(g’k)(l‘l, C ,[L’k)

remains bounded when x, approaches v while (x;)¥_, are kept fived away from 7.

F&k) (zy, ..., x1) has upper/lower boundary values for x1 € (y_,74) and x5 = (x;)%_, fived
away from v, and it satisfies under the same conditions:

d
FE (1) +10, ;) + FE (2 — 10, 27) + f 2—y Az, y) F&M(y 2;) =0
v 17T

and F&) (21, 2;) € O(x1?) when z, — 0.

3.3. Refined generating series. We now recall the results of [4] for the refined gener-
ating series of pointed disks and cylinders. First of all, for admissible weights and s € R
at least in a neighborhood of [—1, 1],

Fio) = Y. F;f[ﬂ € Q[lz1 ],

>0 1
Fe(2)e [s] -1 -
(3.7) FO(1,22) = D, i € Qller' oz ]
TSSO I

are well-defined, and are Laurent series expansions at infinity of functions, still denoted
F? (x1,22) and F2(x;), which are holomorphic of z; € C\ v, for the same ~ appearing in
Section 3.2, independently of s. Besides, we have linear functional relations very similar
to those satisfied by the unrefined generating series:

Theorem 3.8. [4] o(z1)0(22)F? (21, 22) is uniformly bounded for z1,25 € C\ ~. For
any x1 € (7_,7v4) and x5 € C\ v fized, we have:

1

dy

(2) : @) (i i (2) —
F. (x1 +10,29) + F7 (21 — 10, 22) + s%y 5 A(zy,y) FP (y,20) = O
and F¥ (z1,72) € O(zy%x5%) when 1,79 — 00. These properties uniquely determine

FE?) (lL‘l, ZEQ).
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Theorem 3.9. [4] o(x)F(x) is uniformly bounded when x € C\~. Forx € (y_,7vy), we
have:

d
Fi(x +i0) + Fi(z —i0) + s ?{ ] A(z,y)Fi(y) =0
y 21T
and F$(z) = u/x + O(1/x?) when x — oo. These properties uniquely determine F$(x).

From the analytic properties of F? and R, it follows that
14
- (2 T dy
FO (a1,20) = D Fils] —mz;ﬂ =5 ]{ %in R(z1,y)FP(y, z,)
£1,02>0 2 v

is the series expansion when z; — 0 and x5 — oo of a function denoted likewise, which is
holomorphic for x; in a neighborhood of v and x5 in C \ 7. And,

(88)  FP(xym) = Y E7ls]alaf
£1,62>0
dy; d
= sR(z,y) +827{ 21y1 2?2 R(21, 1) FP (y1, y2) R(ya, )

is the series expansion at z; — 0 of a function denoted likewise, which is holomorphic
for z; in a neighborhood of 4. This fact and the analytic properties of F®&***) for any
g, k, k" described in Section 3.2 imply, together with the formula of Proposition 2.2:

Proposition 3.10. If u, (¢;)i>3 and (Aje)ie are admissible, then at least for s(e) € R in
a neighborhood of [—1,1] for each e € E(I), the generating series for fixed nesting graph

o (g.k,ek")
f(g,k,'k’)( )_ ’ffh Ak [F’*’ S]
Txs Tl Tk) = § : RS
k

1yt >0 L1

are well-defined, and are the Laurent expansions at oo of functions, denoted with same
symbol, which are holomorphic in (z1,...,z) € (C\7y)* for the same segment v appearing
in Section 3.2. If I is a finite set, (x;);er a collection of variables and J a subset of I, we
denote x; = (z;)jes. The formula of Proposition 2.2 can be translated into

(h(v),k(v)+d(v),ek'(v))
(8,k) _ dye F (xa(v)7 ye(v))
ﬂr,*,s(xh . ,xk) - %yEgme(F) H % H d(v)!

e€Eglue(T) veV (D)
=(2)
(3.9) IT B9 erve) T] FD ) Werr Tow)-
ecE(I) veVo,2(I)

3.4. Topological recursion.

Theorem 3.11. (27, 9] The generating series F&*) for arbitrary topologies can be ob-
tained from the generating series of disks FOV = F and of cylinders F(©2 = F® by the
topological recursion of [29]. This is a universal recursion on 2g —2 + k > 0. By spe-
cialization, the generating series of usual maps at renormalized face weights F®&%) is also
given by the topological recursion: the initial data of the recursion is then F(x) = F(x)
and F® given by (3.4).



NESTING STATISTICS IN THE O(n) LOOP MODEL ... 21

The general statement of the topological recursion formula demands more notions of
complex analysis than desirable here, so we refer in general to |29, 9]. We shall describe
its somewhat simpler application to the bending energy model in the next Section.

For the general O(n) model, we cannot go much further at present. Let us summarize
the logic of computation of % (Fi’?s, which is the main quantity of interest in this article.
Firstly, one tries to solve for F(z) the linear equation of Theorem 3.5, as a function of vy,
only exploiting that o(z)F(z) remains uniformly bounded for x — ~4 — for the moment,
we do not use the stronger fact that F(z) is bounded. This problem is known a priori to
have a unique solution for any choice of v, but is hardly amenable to an explicit solution.
Secondly, imposing that F(z) is actually uniformly bounded for x € C\ ~y gives two non-
linear equations which determine v4. These equations may not have a unique solution,
but we look for the unique solution such that . are evaluations at the desired weights
of formal power series of \/u, g;, n and Aj,;. Thirdly, now knowing v, — or assuming to
know them — one tries to solve for F{? (21, 22) the linear equation of Theorem 3.8, in a
uniform way for any s. This problem is as difficult as the first step?. In a fourth step, if
v+, F(z), and F®(z, 25) are known or assumed so, the topological recursion allows the

explicit computation of F&*) (2, ... 1) by induction on 2g — 2+ k. We now have all the

ingredients to compute in a fifth step the generating series & lgg*ki in absence of marked
points.

3.5. Adding marked points. The computation of generating series of maps with marked
points is done a posteriori. For the generating series of maps with loops where the position
of the marked points is not constrained, we simply have

Flek.ek) (u@u)k/F(g’k).

To force marked points and boundaries to be all together, not separated by loops, i.e. to
compute FEF**) we proceed differently.

Consider a usual map of genus g with & boundaries of perimeters (¢;)%_,. Denote V' the
number of vertices, £ the number of edges, and (N,,)m>1 the number of (non-marked)
faces of degree m. We have the Euler relation

2-2—k=V—-E+) Np,
m>1

and counting half-edges gives

k
2F = ZmNm+Z€Z-.
1

m>1 i=
Then, the number of vertices is

k
V=2-2—k+> (Z-1N,.+> i

m>1 i=1

2As a matter of fact, there exists a general and explicit linear formula to extract F(z) (resp. F?) from
the knowledge of F(i)l(xl, x2) (resp. Fg)(arl, x2)), which we will not need here.

S
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Therefore, the operation of marking a point is realized at the level of generating series
by application of the operator

k
2—-2g—k+ Z(% — L)mgm0,,, — Z 20y,
m>1 i=1

In particular, if we denote V (z) = %:1:2 =D s1 Zmp™, the generating series of usual maps

with marked points and (non-renormalized) face weights { g, }m>1 satisfies, for all &' > 1
k
.r](aga’i,.k)(xlu"ka) = (2_2g_k_2%axle>]:£gafé.(k 71))(1'1,...,]}]6)
i=1
dy yy v (gk+1,0(k'~1))
- 2.—(5 (v) — (?J))}-bare (Y, 21, k).
., 2im

For renormalized face weights, we have to take into account the shift (2.4), resulting in

k
f(gvkv.k/) (xI’ L. 7xk> = <2 - 2g - k - Z % 8zixi>f(g7k7.(kl_l))(x17 A 7xk7)
i=1

(3.10) - 7{ = (YV'(y) = V(y)) FEFHED (g ),
Y

where

4. THE BENDING ENERGY MODEL

4.1. Definition. We shall focus on the class of loop models with bending energy on
triangulations studied in [6], for which the computations can be explicitly carried out.
On top of the loop fugacity n and the vertex weight u, it features a weight g per unvisited
triangle, h per visited triangle, and « per consecutive pair of visited triangles pointing in
the same direction. The annuli generating series in this model are:

1
(4.1) R(z,2) = nln (1 —ah(z+z)— (1- 042)/12%2)

= nln <z—;g(x))+gln <%)7
Az, z) = @CR(x; z) )
- (it )
where .

(4.2) s(@) = ah + (1 — a?)h2x

is a rational involution. We assume that the weights are admissible, and thus all relevant
generating series of maps with boundaries have a cut [y_,v4].
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Technically, the fact that A(x,y) is a rational function with a single pole allows for an
explicit solution of the linear equation for F(z) and F? (21, z2), assuming 4 are known
(see Section 4.2.2). Then, v4 are determined implicitly by two complicated equations —
cf. (4.15) below. This is nevertheless explicit enough to analyze the critical behavior of
the model (see Section 5).

4.2. Solving the linear equation.

4.2.1. Preliminaries. If f is a holomorphic function in C\ 7 such that f(x) ~ ¢;/x when
x — 00, we can evaluate the contour integral:

43 § L Alen) S6) = =n'(@) Fsle) + ey 5,
where we notice that

§”($) o 1

2¢(x)  x—¢(o0)

Therefore, a linear equation of the form

flati0)+ f =10+ § 3L M) f) = o), Vo € (1),

.
becomes
- g// (x>

(44)f0v+m)+ftv—m)—nsdﬂwfﬁtw)Zwﬂx):Hﬂw%—nﬂv§gzaw vz € (7-,74)-

When ns # +2, which is assumed here,

(4.5) o) — f(z) — 22 +4n_5@;; iﬁ;gﬁ(g(@),

with f a solution of (4.4), satisfies the following homogeneous linear equation:
(4.6) Vo€ (vo,ve), O +10) + [z —10) — nsd'(x) O (s(x) = 0.

If we assume that ¢(z) is a given rational function with poles ¢ away from v, fb=(z)
acquires poles at the same points, and we have:
om ¢y 20(x) +nss'(x)o(s(x
() = 2 - LRSI oy,

So, we are left with the problem of solving (4.6) with vanishing right-hand side, but
admitting rational singularity with prescribed divergent part at a finite set of points
g€ C\n.

The key to the solution is the use of an elliptic parametrization = = x(v). It depends
on a parameter 7 = i7" which is completely determined by the data of v+ and ¢(y+). The
domain C\ (yU¢(7)) is mapped to the fundamental rectangle (Figure 7)

(4.7) {veC, 0<Rev<1/2, |Imov|<T},
with values at the corners:
s o) = o(-r) =7 alr 1/ —a(—r+1/2) =7,

z(0) = <(74), 2(1/2) = ¢(v-).
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—3 T 7 =iT 17
V- Y+ V-
%—I—Twoo
o

o0

1 1
32 0 2

s(v-) s(v4) s(v-)

FIGURE 7. The fundamental rectangle in the v-plane. We indicate the
image of special values of z in purple, and the image of the cut « in red.
The left (resp. right) panel is the image of Imx > 0 (resp. Imz < 0).

Besides, when x is in the physical sheet,
v(s(z)) =71 —v(x).

Since the involution ¢ is decreasing, ¢(v-) belongs to the union (s(v4), +00) U (—o0,v-),
and therefore x = 0o is mapped to vy, = % + Tws With 0 < we < 1/2. When a = 1, by
symmetry we must have w., = 1/2.

The function v — x(v) is analytically continued for v € C by the relations:

(4.9) r(—v) =z(w+1) =2x(v+27) = z(v).
This parametrization allows the conversion 28, 6] of the functional equation
(4.10) Vz €7, f(x+i0) + f(z —i0) — nd'(x) f(s(z)) =0

for an analytic function f(x) in C\ 7, into the functional equation:
(411) Yo e C,  fu+20)+f(w)—n flo—7) =0,  with f(v) = f(v+1) = —f(—v),

for the analytic continuation of the function f(v) = f(z(v))2’(v). The second condition
in (4.11) enforces the continuity of f(z) on R\ . We set:
(4.12) b — arccos(n/Q)'

T
The new parameter b ranges from % to 0 when n ranges from 0 to 2. Solutions of the
first equation of (4.11) with prescribed meromorphic singularities can be build from a
fundamental solution Y, defined uniquely by the properties:
. 1
(4.13) Ty(v+1) = Ty(v), Ty(v+7) = ™ y(v), Ty(v) ~ —

v—0 U.

Its expression and main properties are reminded in Appendix A.
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4.2.2. Elementary generating series. We present the solution for the generating series of
disks, and of refined disks and cylinders. Let G(v) be the analytic continuation of

2V (a(v)) + 0V (s(x(v)) _ muln [<(a(v)] )

4 —n? 2(2+n)

(4.14) ' (v)F(z(v)) — 0, <

where V(z) = 32* — 37, %a' collects the weights of empty faces. In the model we

study, empty faces are triangles counted with weight ¢ each, so V(z) = %xQ — 927, Let
us introduce (§;);>1 as the coefficients of expansion:

P ( V() | 21nx(v)> -y (“N]L +0(1).

o —n2 _ k
Jv 4—n 24+n = (v Vso)

Their expressions for the model where all faces are triangles are recorded in Appendix C.

Proposition 4.1 (Disks). [6] We have that

Gv) =) % # O[Ty (v + voo) + Tp(v — Vo) — To(—0 + va0) — Tp(—v — va)].

1>0
The endpoints v+ are determined by the two conditions:

(4.15) G(t+¢) =0, e=0,1

)9
which follows from the fact that F(x) remains bounded when x — 7.
For use in refined generating series, let us define
b(s) = arccos(ns/?).
T

Proposition 4.2. [4] Define G2(v) as the analytic continuation of

nsu ln[g’(x(v))]) |

z'(v)Fy(z(v)) + O, < 2(2 + ns)
We have:

. u

— Tb(s) (U + Uoo) — Tb(s) (U — Uoo) + Tb(s)(—l) + Uoo) + Tb(s)(—l) — UOO)] .

Proposition 4.3. [8, 4] Define G (v1,v2) as the analytic continuation of

a 0 (21n [2(v1) — z(v2)] + nsn [¢(z(v1)) — z(v2)] )

/ / (2)
o' (v1)2 (v2) F™ (w(v1), 2(v2)) + 901 00, 122
We have:

1

4 —n2s?
Remark 4.4. When there is no bending energy, i.e. o = 1, the 4-terms expression of
Propositions 4.1-4.2 can be reduced to 2 terms using 7 — v, = v5, mod Z and the pseudo-
periodicity of the special function Y.

G (v, v5) = [TZ(S)(Ul +va) = T (V1 = va) = Vi) (=01 +v2) + Ty (=01 — 02)} :
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4.3. Topological recursion. Theorem 3.7 in the special case of the bending energy
model shows that F&*) (2, 2,, ..., 2;) for 2g — 2+ k > 0 satisfies the homogeneous linear
equation with respect to x, for fixed (x;)¥_,. Following Section 4.2, we can thus introduce
a meromorphic function G&*) (v1,...,v;) as the analytical continuation of

(4.16) FER (z(vy),. .., z(vg)) H ' (v;).

It is also convenient to introduce a shift for the case of cylinders. We consider:

G(gvk) (/U17 L. 7Uk) e G(g’k)(vla e 7Uk)

2—n?  2(v))(vy) on J(z(w))2 (v1)a (v2)
1 (105 G 2 T (e )

While G® (v, v;) satisfied the homogeneous linear equation, G(Q)(vl, v9) satisfies, with
respect to vy, the inhomogeneous version of equation (4.11) with right-hand side 1/(x(v;)—

x(vg))?.
Our starting point is the topological recursion residue formula proved in [8] or [9, Section
5]. Let us define the recursion kernel, for e € {0,1/2}:

v ~(2)
_ dv f2(7—+5)7v dv' G (Ula UO)
2 G)+G(2r —v)
Ifk>2let I ={2,...,k},andif k=1, I =(. If J is a set, we denote v; = (v;);e-.

(4.18) K. (vp,v) =

Theorem 4.5. For 2g — 2+ k > 0, we have

G(g’k)(vl, vy) = vEsi& K. (v1,v) a(gfl’kﬂ)(v, 2(1 +¢e)—v,vp)
e€{0,1/2}
no disks , ,
+ Z a(h,1+|JD(U’vJ)E(h 1+ |)(2(7_ + 5) . U,UJ/)] ’
h+h'=g
JUJ' =1

where “no disks” means that we exclude the terms containing disk generating series, that
is (h,J) or (W, J') equal to (0,0).

We are going to rewrite this recursion without involving residues. We first need to
introduce some notations. Let us define the elementary blocks:

(4.19) e€{0,3}, B.(v) = TG

Since x(7 + ¢+ w) is an even function of w, formula (4.19) is insensitive to replacing (el
by G, From the structure of G® = ngz)l shown in Proposition 4.3, we see that

(4.20) B.,(v) = 0*B.o(v).
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Proposition 4.6. For 2g — 2+ k > 0, we have a decomposition

—(g.k
G(g )(Ula s 7/Uk> = G(g’k)<vla s 7Uk) = Z C(g,k) [?1 e QZ} H BEi,li(“i)?

1, x>0 i=1

where the sum contains only finitely many non-zero terms.

As a consequence of Theorem 4.5, the coefficients C(&*) [ZEIJ satisfy the recursion given
in Proposition 4.7 below. Its proof appears right after Proposition 4.7.

4.3.1. Initial conditions. We denote y.; and y.o the first two coefficients in the Taylor
expansion at w — 0:

(421) AGWw) =Gw+7+e)+G(—w+7+e) =y 0+ % w + O(w®).
We also need the constants

, m (2m +1)!
(422) Up2m+1 = 3}13%) (TISQ +1)(U)) + W),

introduced in Appendix A. The initial conditions for the recursion concern (g, k) = (0, 3)
and (1,1):

CON b _ 201305050 9616265 CON] =4, (ﬂ U“) LA
€1 €2 €3 ?/51,1 ’ € 0 24952,1 ya,l 2495,1 ‘

)

4.3.2. The recursion coefficients. We first define

_w2l+1dw

4.2 K[Lg%] =
(4.23) 5% ] = Res 20+ 1)! A.G(w)

o

B,m(w+7+¢)By p(—w+7+¢).

Since A.G(w) is even, we have the symmetry

(4.24) K[Lmm =K[Lm ™.

eo o eo o
By counting the degree of the integrand at w = 0, we find selection rules. There are
finitely many indices for which K does not vanish:

{ezaza’ andl§m+m’+2},
or {e=o0#0 andl<m+1},
or {e#0=0"andl=0}.
We also define

Y w2+ +1
i Res dw ——— B, (7 + €+ w).

(4.25) ELwl = mroram B 2 A g

ce' o

There are finitely many values of the parameters for which K does not vanish:
{e=¢=cand i+ <m+1},
or {e=¢#ocand(l,I')=(0,0)}.
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4.3.3. The recursion formula.

Proposition 4.7. Assume 2g — 2 + k > 2, and denote L = {2,...,k}. The coefficients
of the decomposition in Proposition 4.6 satisfy:

Cole %] = 3 Klwo]cs ey
m,m’>0
o,0'€{0,1/2}
stable
S DR SER A [ A e A
h-+h'=g
JuJ'=L
m,m’>0, o,06'€{0,1/2}
(4.26) + Z 2 K[1hm] clek-1[m fC_LL\\{{ii}}L
1€L, m>0
06{071/2}

where “stable” means that we exclude the terms involving disk or cylinder generating series,

i.e. for which (h,|J| + 1) or (W,|J'| + 1) belongs to {(0,1),(0,2)}.

Although this recursion gives a non symmetric role to the first boundary, the result
ensuing from the initial conditions of § 4.3.1 is symmetric. This must be true by consis-
tency, and this is in fact a general property of the topological recursion, cf. |29, Theorem
4.6].

4.4. Proof of Propositions 4.6-4.7.

4.4.1. Properties of the elementary blocks. We have called elementary blocks the following
functions:

621
(4.27) B.,(v) = G (v, vy)

ol iy R

Lemma 4.8. B (7 + ¢ + w) is reqular at w = 0 if € # €', and behaves like (2] +
D= @+2) 4 O(1) when w — 0 if e = ¢’

Proof. We compute using Proposition 4.3 and the properties (4.13) of T:

(€2 — DYV (e + & 4+ w) + (e ™ — TPV (e + & — w)

4 —n2 '

We deduce its behavior when w — 0. Since T}, is regular at the Value , (4.28) is regular
at w =0 when ¢ # ¢’. If e = &, the simple pole of T}, produces the dlvergent behavior:

(4.28) Boy(r +¢ +w) =

(20 + 1)!
B&l(T +e+ w) = W + O(l)
O
We shall need later in the computation of G(&D:
Lemma 4.9.
_ 1
(4.29) G(2)(T+€+w,’7'+€— w) = — —up;+o(1),

w—>0 4w
where vy s the constant computed in (A.6).
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Proof. We compute with (4.17):

(4.30) 6(2)(7'—{—6—{—11),7'-}-6 —w)
2= Se(T+e+w)
T T2\ ™M 6
Lot et w) | Tjeu) £ Ty(-2w)
4—n? (x(e+w)—z(t+e+w))? 4 —n? ’

where we introduced the Schwarzian derivative:

(4.31) S, (v) = fi :/((1’)")) _ g (Z':é;’))>2.

Since o' (7 +¢e+w) is an odd function of w, the second term in (4.30) is o(1) when w — 0.
We also compute:

:L‘////(T—"-E) 2 2
1 1 "n 3 1+ T w
65$(7+€+w> _ _[l’ (T+€)_ < 2 (+€; ) +O(w2)
w

2 " (t+e
6 ZL’//(T —+ 5) 2w 1 S0 10) 2
1 2
= Tlu + O(w?)
and .
T, (2w) + Ty(—2w) = 2( “ 1 Ub) + o(w?).
Collecting all terms in (4.30) we find (4.29). O

4.4.2. Computing the residues. Now we are ready to examine the formula of Theorem 4.5.
In order to compute the residues at v — 7 + ¢, we should first compute the expansion
of the recursion kernel near those points. If we set v = (7 +¢) + w and A.G(w) =
G(T+e+w)+ G(T+ e —w), we find

-1 w 22
K.(vo, 7 +e4+w) = M/_wdz<ZBs’l<vo) D)

>0

+ (odd terms))

w2l+1

-2 (20 +1)!A.G(w)

1>0

(4.32) —

Bs,l (UO)a

in terms of the elementary blocks (4.27). Since we consider a model with off-critical
weights, A.G(w) has exactly a double zero at w — 0. Subsequently, K. (vo, T + ¢ + w)
has a simple pole at w = 0, and the term indexed by [ in the sum has a simple pole if
[ =0, and has a zero of order (2 — 1) if I > 1.

We prove Propositions 4.6-4.7 by induction on y = 2g — 2 + k > 0. The first case to
consider is y = 1, i.e. (g,k) = (0,3) or (1,1). For (g, k) = (0,3), Theorem 4.5 yields

G(O,S) (Ula V2, /03)

- Z Re% K. (v, 7 +e+w) 5(2)(7 +e+w, UQ)G@)(T +e—w,vs3)
w—r

+GP (1 + e+ w,v3)G (T 42— w, ).
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As one can check from Proposition 4.3, G® (7 + ¢ + w,v’) is regular when w — 0.
Therefore, the residue picks up the term [ = 0 in the expansion of the recursion kernel,
and evaluates the function between brackets to w = 0. The result is thus of the form
announced in Proposition 4.6, with only non-zero coefficients:

2
(4.33) COVRU =——, ee{0,3},
ys,l
computed using also the expansion (4.21) of A.G(w).
For (g, k) = (1,1), Theorem 4.5 yields

GIY(y)) = E Re% K.(v, 7 +e+w)- G(Q)(T +et+w, T+e—w).
w—
e€{0,1/2}

We have seen in Lemma 4.9 that the last factor has a double pole when w — 0, with
no simple pole and constant term —wj; defined in (A.6). Then, we have to expand the
recursion kernel up to O(w?) in order to obtain the final answer for GMY). In other words,
we only need to include the terms [ = 0 and [ = 1, and use the expansion (4.21) of the
denominator to perform the computation:

B.o(v1) 1 n <y5,2Be,0(U1) Bs,1(U1)) w

Ye 1 w a 6

K. (v, 7+e+w)=—
€<1 ) y?,l Ye1

+ o(w).
We find eventually

B.1(v1)
Gl = 3 (yf’j —l—vb’1>B50(U1)— 5101
ce{0,1/2} 243/5,1 ys,l 243/571

The answer is of the form of Proposition 4.6, with only non-zero coefficients:

e 1
(4.34) CLD] = ;iygl n ytbl, Ca[l] = T

Now, take y > 2, and assume the result is true for all G(g,7k,) = GEHF) with 0 <
2g’ — 24k’ < x. We would like to compute G(®&*) for a topology such that 2g—2+k = y.
The residue formula of Theorem 4.5 involves G®&*) for 0 < 2g' — 2 + k' < x, which we

replace by the decomposition of Proposition 4.6, as well as 5(2).

The terms which do not contain 5(2) give a contribution which is the sum over indices
(l;,€;)jer and indices (m, o), (m', 0’) of terms containing the factor:

[H Bajalj(vj)} Re§J K. (v9, T+ +w) By (T + €+ w) Byr o (T + £ — w)
jEI w—r
- Z |:HB€j7lj<Uj) : Bs,l(vo)] K[Q?Zﬂ
>0 jeI

We computed the residue thanks to the expansion of K. given in (4.32), and we introduced
the coefficient (4.23):

2041

K[l mm,] ~ Res —dww

/ Bo'm Ba/m/ - .
A R @ A.Glo) m(T+e+w) By (T +e—w)
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These terms thus form a linear combination of products of elementary blocks in the
variables vg, (v;)jer, which contribute to C&® [L1] by the two first lines in (4.26).

Since 2g — 2 + k > 2, the contribution to G&* (vy, v;) containing G% s precisely the
sum over ¢ € {0,1/2} andi e [ ={2,...,k} of

(4.35) Re% K. (vy, 7 +e+w) [G(g) (T+e+w,v) GED(r e —w,vp ) + (w — —w)|.
w—
The quantity in brackets can be decomposed using odd and even parts:

even even

2 [6(2) (T + ¢ +w,v;) GEED (1 4+ ¢ + w,vp )
—ij}d(T +e+4 w,v;) G(()%’g_l)(f +e+w,vngy)|-

When we insert in this expression the decomposition of Proposition 4.6 for G&#=1  we
have to deal with the sum over indices (/;,¢;); and (m, o) of terms of the form

2C(g’k_1) U lgl,\\{{l}} H B, (v;) [_gln(r + e+ w,v;) Bf;vf,f(T +e+4w)
JeN{3}

(4.36) — Ef)?d(r + e+ w,v;) Bgfi;i(r +e+4w)|.

According to Lemma 4.8, B9 (7 4 ¢ +w) € O(w) when w — 0. Since G? (T+e+w,v;)
is regular when w — 0, this 1mphes that the product of the odd parts does not contribute
to the residue (4.35). Besides, the expansion at w — 0 of the product of even parts in

(4.36) can be expressed in terms of the elementary blocks. We thus obtain a contribution

(4.37) 22c<gvk—1)[?g\\{{ig}} [T B () Bei(vo)Bey, (v )]f([gg’, ]

1,1;>0 jen{i}

and we have defined

’
—dw w2+ w?

S0 20+ DIA.G(w) (20!

which is the coefficient announced in (4.25). Since the prefactor of B in the residue is an
odd 1-form in w, the residue picks up the even part of B, so it did not change the result
to replace BV" by B. Let us examine the cases for which K does not vanish. If ¢ = o,

we take into account the behavior at w — 0 of B, ,,,(7 + ¢ + w) given by Lemma 4.8, and
find

f([ég’;‘]—éggz Rs ‘Bom(w+T1+¢),

[V m] - -
(438) K[E e a} - 55’5/ (2[ + 1)|(2[’)' 5—%[8) AaG(w)

where vy 2,41 are the constants introduced in (A.5). Since A.G(w) has a double zero at
w =0, (4.38) vanishes if [ +1" > m+2. If ¢ # o, Lemma 4.8 tells us that B, ,,,(7 + ¢+ w)
is regular at w = 0, hence K vanish unless (/,!') = (0,0), and we have
2m+1
K[oom} _ Bow(r+e) _ Tl(J i )(%)

ye,l ye,l

1 —dw w1 <(2m + 1)lw2

+ w ’Ub,2m+1> ;
w
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The last equality follows from (4.28) and the properties of Y} described in Appendix A.
We can study in a similar way the cases for which K does not vanish.

Collecting all the terms from (4.35) and (4.37), we arrive to Formula (4.26) and conclude
the recursive proof. 0

4.5. Diagrammatic representation. Unfolding the recursion yields a formula for G(&*)
with 2g — 2 + k > 0 as a sum over the set S®*) of graphs G with first Betti number g,
trivalent vertices equipped with a cyclic order of their incident edges, and legs (univalent
vertices) labeled {1,...,k}. With this definition, if there is an edge from a trivalent
vertex to itself (a loop), the cyclic order is just the transposition of the two distinct
incident edges. The weight given to a graph actually depends on the choice of an initial
leg ig, but the sum over graphs is independent of those choices [30].

Before stating the formula, we need a preliminary construction. If G € S®*) we denote
V(G) the set of trivalent vertices and a E(G) the set of edges. We also denote V,(G) the
set of trivalent vertices with a loop. If v is a vertex, we denote e[v] its set of incident
edges. A simple counting gives:

(4.39) IE(G)|=3g—3+2k  |V(G)|=2g—2+F

4.5.1. Ezploration of a cyclically ordered graph. The choice of an initial leg and the data
of the cyclic order determines a way to explore G, i.e. two bijections

o {1, |EQ)} = EQG), n:{l,.. |V@)|+k = V(@ UIL... k

which record in which order the edges, and the vertices or legs, are visited. Let us describe
how ¢ and 7 are constructed.

We declare that n(1) is the initial leg, and ¢(1) is the edge incident to the initial leg i,.
Since 2g — 2+ k > 0, G must have at least a trivalent vertex, so ¢(1) is also incident to a
trivalent vertex that we declare to be n(2). We define a seed with initial value (¢(1),7(2)).
Then, we apply the following algorithm. Let (e = ¢(j1),v = n(j2)) be the seed. If v is
not a leg, let e™ (resp. e”) be the edge following (resp. preceding) e in the cyclic order
around v.

e First cases: either v is a leg or, otherwise, e and e~ have already been explored (i.e.
are equal to ¢(i*) and ¢(i~) for some i+ < j;). If actually all vertices have already been
explored (i.e. jo = |V(G)| + k), the algorithm terminates; otherwise, we consider the
maximal ji < jo such that n(j5) is not a leg, and the maximal j; < j; such that ¢(j]) is
incident to 7(j5), and reset the seed to (¢(j1), n(j5))-

e Second case: e’ has not been explored. We define ¢(j; + 1) = e = {v,v*} and
n(j2 + 1) = v, and reset the seed to (e*,v").

e Third case: e’ has already been explored, but not e~. We define ¢(j; + 1) = e~ =
{v,v~} and (5’ + 1) = v—, and reset the seed to (e”,v™).

Now, at any trivalent vertex v which does not have a loop, we can label the incident
edges €0, el e starting from the edge such that ¢ 1(eY) is minimal among e[v], and
following the cyclic order. If a trivalent vertex v has a loop, we can just label €0 the
incident edge which is not a loop, and el the other one; this definition also agrees with

the order of exploration at v.
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Definition 4.10. A trivalent vertex v is bi-terminal if el and e? are incident to legs. Tt
is terminal if el xor €2 is incident to a leg. We denote V;(G) (resp. Vi (G)) the set of
(bi-)terminal vertices, and V’(G) the set of trivalent vertices which are neither terminal,
neither bi-terminal, nor have a loop.

We stress that, for a given graph, all these notions depend on the choice of an initial
leg.

4.5.2. The unfolded formula. Let Col(G; (I,€)) be the set of colorings of edges by labels
in N x {0, 1} such that

e the coloring of edges incident to legs agrees with the fixed coloring (I, &) of the
legs;

e the color of a loop is identical to the color of the other edge incident to the vertex
where the loop is attached.

If (m, o) is such a coloring, and v is a trivalent vertex which does not have a loop, we
define m|v] to be the sequence (m(el), m(el), m(e?)), and similarly for the sequence o|v].
One proves by induction:

Proposition 4.11. For 2g — 2+ k > 0, we have
C(&k) [11 .. lk}

_ m[v] m(v] , m[v m(e
= > 1II =73 H K[oal T <905 H O]
g(es(g ;€> veVv/(G) veVi(G veVi(G) vev,(G

€Col(G;(l,e))
O

4.5.3. Usual maps with renormalized face weights. F&)|,_q is the generating series of
usual triangulations, with weight g3 per triangle. This is different from F®* which is by
definition the generating series of usual maps with renormalized face weights (2.4), and
still depends on n.

Recall that F&* depends on n in two ways. Firstly, n appears as a proportionality
coefficient in A(x,y) — see (4.1) — in the linear functional relation of Theorem (3.7).
Secondly, the linear equation for F(z) gives two equations determining ~y4 as functions
of n, and this data gives the interval 2 € (y_,~,) on which the linear equation for F(&*)
holds. For (g, k) # (0,1), we can disentangle the two dependences in n: let us call ng
the variable appearing linearly in the linear equation, and ns the variable on which ~.
depends. We denote momentarily F%’% the corresponding generating series. Note that
the parametrization z(v) only depends on ns.

The previous remarks show that the generating series of maps in the O(n) model is

F&k) — gk

ni=n,n2=n’
while the generating series of usual maps with renormalized face weights is

Flek) _ gk

n1=0n2=n"

Note however that F(x) = F(z).
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Let us use curly letters to denote the analogue, in the context of usual maps with
renormalized face weights, of all quantities defined in the context of maps of the O(n)
model. We have

—(2 1
G (v, v) = 1 T jo(v1 4 va) = T jp(v1 = va) = T jp(—v1 + v2) + T o (—v1 — v2)

' (v1)z'(va)
2(z(v1) — z(v2))*’

where Ty, is a function of the elliptic modulus 7, thus a function of ny. The modified
building block is defined as:

(4.40) B =0"B.g, B.o=G6"(vr+e)

As the generating series of disks are F(z) = F(z) and the parametrization z(v) only
depends on ns, we have

A.G(v) = A.G(v).
The modified recursion coefficients (compare with (4.23)-(4.25)) are

R w2t dw
i = Bam Bo’m’ - )

KEZT] = Res oA gy Bom(@ + 7+ 9Bom(—w +7+2)

_ , _555’ d 2(1+1)

IC[QZE,;”} = ——— Res —ww—Bmp(T—i-E—i-w).

20 -2 v=0 w A.G(w)

Following the proof of Proposition 4.7, the non-zero modified initial data read:

CON[Lala] _200215.0 Ot ea.s ct[L] = 510( v Um) -~
€1 €2 €3 Yer 1 ! £ 24:1/3’1 Ye 1 24y6,1

Compared to the initial conditions for C’s, the only difference is the replacement of v, by
v1/2 (see (4.22) for their definition) in C™ [?]. Then, the analogue of Propositions 4.6-4.11
1s:

Proposition 4.12. For 2g — 2+ k > 0, we have a decomposition into a finite sum:

k

G (o) = X €I T Bl

1, ly>0 i=1

The coefficients are given by the unfolded formula:
C(g k) [ll .. lk]

= > H’C?[[vV]] IT €01 IT 20 HC11 (i)

gesSek) veV/(G veVi(G) veVi (G) veV,(G
(m,o)

€Col(G;(L,e))
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5. CRITICAL BEHAVIOR IN THE BENDING ENERGY MODEL (DISREGARDING NESTING)

5.1. Phase diagram. For fixed values (n, a, g, h), we introduce:
ue =sup{u >0 : F} < oo}

in terms of the generating series of pointed disks defined in (2.5). If u, =1 (resp. u. < 1,
u. > 1), we say that the model is at a critical (resp. subcritical, supercritical) point. At a
critical point, the generating series F(x) = F(x) has a singularity when v — 17, and the
nature (universality class) of this singularity is characterized by some critical exponents.
The phase diagram of the model with bending energy was rigorously determined in |6, 4],
and is plotted qualitatively in Figure 8, see also the early works [40, 34] for a = 1. We
now review the precise results obtained in [6, 4].

h

4
supercritical

dense

dilute

subcritical

>

9

FIGURE 8. The phase diagram of the model with bending energy is qual-
itatively insensitive to the value of n € (0,2) and « not too large.

Three universality classes can be found in the model with bending energy: generic, non-
generic dilute and non-generic dense. For n > 0, we find a dense critical line, which ends
with a dilute critical point, and continues as a generic critical line. For n = 0, only the
generic critical line remains. As the generic universality class is already present in maps
without loops, we will not pursue its study. On the contrary, the non-generic universality
class is specific to the loop model, and it corresponds to a regime where macroscopic loops
continue to exist in maps of volume V' — oo [40, 26]. The remaining of the text aims at
describing our various generating series on the non-generic critical line.

A non-generic critical point occurs when v, approaches the fixed point of :

* * 1
In this limit, the two cuts v and () merge at v}, and one can justify on the basis of
combinatorial arguments [6, Section 6] that v — ~* with

Vi <yl and  <(yr) #A4.
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In terms of the parametrization x(v), it amounts to letting 7' — 0, and this is conveniently
measured in terms of the parameter

Sl

qgq=e 1T —=0.

After establishing the behavior of z(v) and the special function Yy(v) in this regime (see
Appendix A for a summary), one can prove:

Theorem 5.1. [6] Assume a = 1, and introduce the parameter

p=1-2hy" =1- L.
Jr
There is a non-generic critical line, parametrized by p € (Pmin, Pmax)-
g _ 4(pbv/2 +n — /2 —n)

h P2(b2 —1)\/2 —n+4pbv/2 +n — 22 —n’
2 p%b PPo(1 —b)V2+n—4pV/2 —n+6byV2 +n
244 —n? —p2(1 —2)V2 —n+4pbv/2 +n—2v2 —n

It realizes the dense phase of the model. The endpoint

1 j2—n
Pmax = bV 2+n
corresponds to the fully packed model g = 0, with the critical value h = 2ﬁ\1/2+7n' The
endpoint
_V6+n—v2-n

Pmin = (1—()) ,—24—71
15 a non-generic critical point realizing the dilute phase, and it has coordinates:
g 2—n
I — 1
h + 6+n’
p2 b(2 —b) <1 B 1 >
3(1-02)(2+n) 4/(2—n)(6+n)/

The fact that the non-generic critical line ends at pyay < 2 is in agreement with [y*| <
7zl
Theorem 5.2. [4] There exists a.(n) > 1 such that, in the model with bending energy
a < ac(n), the qualitatitive conclusions of the previous theorem still hold. For a = a.(n),

only a non-generic critical point in the dilute phase exist, and for a > a.(n), non-generic
critical points do not exist.

Theorem 5.3. |4] Assume (g, h) are chosen such that the model has a non-generic critical
point for vertex weight u=1. When u < 1 tends to 1, we have

1 —wu\c¢
o~ (—2),
g«

. 1%1) dense,
1 dilute.

with the universal exponent
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The non-universal constant reads, for a = 1:

{ 6(n+2) p2(1-b)2y/2+n+2p(1—-b)v/2—n—2/2+n dense
¢ = b p2b(1-b2)v24+n—4p(1-b2)v/2—n+6by2+n )
* 24 ;

m dilute.

For a # 1, its expression is much more involved, see |4, Appendix E|.
5.2. Principles.

5.2.1. Small and large boundaries. The generating series of connected maps of genus g in
the O(n) model with fixed volume V' and fixed boundary lengths ¢y, ..., ¢} reads

V1 (k) da; @' g )
[ 1y e = ]{Qmuvﬂ j[H i F (@1, k).

The contour for integration of x; is originally around oo with negative orientation, but
we can move it to surround ~. At a critical point, the asymptotics when V' — oo are
dominated by the behavior of the generating series at v = 1. If we want to keep ¢;
finite, we can leave the contour integral over x; in a neighborhood of oo, and by setting
T = x(% + 7w;) we trade it for a contour surrounding w; = w*_. If we want to let ¢; — oo
at a rate controlled by V' — oo, the asymptotics will be dominated by the behavior of
the generating series for x; near the singularity v4 — 773, i.e. for z; = x(Tw;) with w; of
order 1. The same principle hold for any of the unrefined generating series F and Zr.

If Hy(zy...,2,) is a refined generating series of maps with & boundaries (with s a
Boltzmann weight for certain separating loops), we can compute the number of such
maps having fixed volume V', fixed number P of such separating loops, and fixed boundary
perimeters, by

PV —(t;+1) ’dxz du Hg(xq,...,zx)
[S Y 1?[% }Hs ]{217r 7{217r% L2 uV+1 sPHigV+l -

In the regime P,V — o0, the contour integral over s Wlll be determined by the behavior
of the generating series near the dominant singularity in the variable s, and u — 1.

To summarize, we need to study the behavior of generating series approaching critical-
ity, i.e. ¢ = e~ 7 with 7 = iT — 0, while z = 2(v) with v = ¢ + 7w and w is in a fixed
compact. With ¢ = % we access to the regime of finite (also called "small") boundaries,

and with € = 0 to the regime of large boundaries.

5.3. Organization of the computations. In the present Section 5, we will study maps
without marked points. The modifications arising to include a number k&’ > 0 of marked
points will be discussed in Section 7.3. We will find, as can be expected, that marked
points behave — as far as critical exponents are concerned — as small boundaries.

Our first goal is to determine the behavior of the generating series of maps F®&*) and
of usual maps with renormalized face weights F ®k)  To obtain it, we first determine the
behavior of the building blocks of Proposition 4.11-4.12 in the next paragraph, and then
study the behavior of the sum over colorings and graphs to derive the behavior of C&*) and
C®k) (Lemma 5.7). This step is rather technical, and the result for the critical exponent
for C’s and C’s is not particularly simple. Yet, the final result for the critical behavior
of the generating series of maps themselves turns out to be much simpler (Theorem 5.8).
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We recall that the C’s do not have a combinatorial interpretation in terms of maps, so
this technical part should only be seen as a (necessary) intermediate step to arrive to the
F’s and F’s.

5.4. Preliminaries.

5.4.1. Building blocks. We first examine the behavior at criticality, i.e. ¢ = e"T — 0, of
the various bricks appearing in Proposition 4.11. Let us define

0 ife=¢,

e, e €{0,1, ede =
{05} if € £ ¢,

N[ —=

and for £,0,0" € {0,1}
fle,o,0") =b[(e®o)+ (edd)] + (05 —1)(1 - 2¢),

with = 1 in the dense phase, and 9 = —1 in the dilute phase. Its table of values is
(dense on the left, dilute on the right):
ot o[ 5 [ 1 | [ote] 0O [5] 1 |
e=0|2-1|b-1|%—-1 e=0|-2-1|-1|2-1
e=3 b b 0 e=1 b b0

Lemma 5.4. In the critical regime 7 = iT with T — 0%, we have for the building blocks
of the generating series of maps in the bending energy model

K[ + 0,
) K L]+ o)
) aes{cen e + o).
conp] = (XY gl o).
)

+2 N
Bu(ro+e) = (7) "Bl (re) + 0.

And, for the building blocks of the generating series of usual maps with renormalized face
weights

K[Lrw) =

eo o

( T ) 2(m+mlfl)+l

KLEEs) =

C0.3) [000} _ (

2l

sl el RelhRelERel

clru] = (2)" e fie e o).

REee) = (3) e R o),
o) = (F) e {epes) o)

cont) = (Z) T gesafetn ) v o),
B.(ro+e) = (%)W g2 B2 () + O(¢h) }.
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Note that all exponents are identical to the previous ones, except for the elementary blocks:
the exponent of B is the exponent of B specialized to b = %

The expressions for the leading order coefficients — here denoted with * — are provided
in Appendix E. They are non-zero and satisfy the same selection rules as the unstarred
quantities on the left-hand side. An interesting feature of the result is that, in the formula
of Proposition 4.11 (resp. Proposition 4.12), the contribution to C®*) (resp. C&*)) of a
colored graph (G, o) has order of magnitude ¢/(9%) with

f(G.o)= > flalv])
)

veV(g

and f(o[v]) does not depend on the vertex being terminal, bi-terminal, having a loop or
not. Since ¢ = e~ 7 — 0 when 7' — 07, the leading term in C&*) and C&*) are given by
the colored graphs minimizing f(G, o). We will study the minimizing graphs and their
exponent in Section 5.5, but we already remark that they are identical for C&*) and C(&*).

5.4.2. Minimization over colorings.

Lemma 5.5. For a given graph G of genus g with k legs, the coloring assigning 0 to each
edge realizes the minimum of f(G; o), which is

(26—2+k) (02 —1).

Proof. Every f(e,0,0’) realizes its minimum (92 —1) at (g,0,0') = (0,0,0), and the
coloring with o|v] = (0,0,0) for all v € V(G) receives a non-zero contribution at this
order. =

5.4.3. Study of a critical exponent. Let |x] denote the unique integer such that |z| <
xz < |z|+ 1. Let us define

Bilin) = %]+ 20,1,
Balg koio) = 2g— 2+ 5] 4| Lot
We then define a function of three integers g, 7,712 such that 2g — 2 +ig + 11/ > 1:
(5.1)
Bi(i1y2)% + Ba(g,io + i1/2,70) (0% — 1) if Ba(g, io + t1/2,70) > 0,

77: 7i = i ) . »
B(g, 0, 11/2) 0 if Ba(g, io + i1/2,%0) = 0.

It will be useful later to know what happens when we decrement ¢y and increment 2, ;.
Lemma 5.6. Forig > 0, we have 3(g,10,%1/2) + A = B(g,10 — 1,412 + 1), where

22 — (02 —1), ifi=0,
) Zf Z.1/2 = 17

b
2

— (D% — 1) ., ifiie >0 even,
b ifii > 1 odd,
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except for the exceptional cases (g, k) = (0,3), (0,4) and (g, k,i0) = (1,1,1),(0,5,1). In
the last cases, we obtain

A = _(ag_l)v Zf(g,k):(l,l),Z():l,
|l 28— (0% -1), if(g.k)=(0,5), i =1,

and, in the other exceptional cases, where some configurations (ig,i1/2) give C&r) =0, we
only record the variations between configurations giving non-zero C’s:

e 3(0,3,0) — (02 — 1) = 3(0,0,3) = 0,
e 3(0,4,0)+ 5 — (32— 1) = 5(0,2,2),
e 3(0,2,2) — % — (02 — 1) = 5(0,0,4) = 0.

Proof. The exceptional cases can be easily checked with the expression for 3. For the
general situation, we separate cases according to the parity of 7o and k, and we check first
how f5(g, io + i1/2,79) varies depending on the parity of iy ,:

o If i1y is even, then fs(g, k,io — 1) = Pa(g, k,40) — 1.

o If ’il/g is Odd, then Bg(g, k?,io - 1) = 62<g, ]{?,’io).
For the variation of 1 (i1/2), we distinguish four cases:

e 51(1)=p51(0)+2=2.

e 31(2)=p/1(1)—1=1.

o If 415 > 0 is even, then SB(i1/2 + 1) = Bi(i1/2).

o If il/g >1is Odd, then ﬁg(’il/g + 1) = ﬁg(’il/g) + 1.

5.5. Coefficients C and C.

Lemma 5.7. Let g > 0 and k > 1 such that 2g — 2+ k > 0. Let e1,...,e € {0,%} be
fized, and denote ig (resp. i12) be the number of e, = 0 (resp. = 3). Then, in the critical
regime 7 = 1T with T — 0% we obtain

— i (2l+1) .
C(g,k) [211 .. ?2] — (%) ! qﬁ(g,koﬂl/z) (kag’k) [?1 R ZEIZ] + O(qg)),
T\ — i (2li+1) ; b
clemh ... h] = (T> §P&kosir2) <C£g,k) [ ] +0(q2)),

where the leading coefficients indicated with * are non-zero.

Proof. As the scaling of the elementary blocks is the same for C&*) and C&*)  the final
scaling exponent will be the same. We shall do the reasoning for C®*). The determination
of the exponent of 7 will be addressed in the third part of the proof. For the moment, we

only focus on the powers of ¢. Since we know C&"® [ ... ] is invariant by permutation
of the pairs (;,&;)F_;, the scaling exponent will only depend on g, iy and 7, /2. In the case
1172 = 0, we have:

Blek,0) = (2 -2+ [4) + M52 ) (0 —1) = (25— 2+ k) (0§ 1),

so the claim is correct according to Lemma 5.5.
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We prove all the other cases by induction on 2g — 2 + £, starting by the two base cases
with 2g — 2+ k = 1. We know in both base cases there is only one graph with single
vertex.

e (g,k) = (0,3). Remember CO# [ 23] — 0 in case we do not have £; = £, = 3. So the
only case to consider is i1, = 3 and we have f(3,3,3) = 0, which is equal to 3(0,0,3)

2022
since 35(0,3,0) = —1 < 0.

e (g,k) = (1,1). Remember the color of a loop should be identical to the color of the
other edge. So in the case i,/ = 1, we get f(%, %, %) = 0, which is equal to 5(1,0, 1) since
Pa(1,1,0) = 0.

Now we will prove the result for cases with 2g — 2 + k supposing it is true for all cases
(g, k) with 28 — 2+ k < 2g — 2 + k. We know we can decompose graphs G € S®&) in
terms of a graph P with only one trivalent vertex vy and no loops, and either one graph
G € S Lh) or two graphs ¢ € SEF+D and " € SEF 4D with g + g’ = g and
kK + k" =k —1, and excluding (g, k") = (0,0) and (g”, k") = (0,0).

The two last legs of P are shared either with two legs of G, or with one in G’ and one in
G". Consider the following decompositions i = o + 51/2, k' =if + i’1/2 and k" = ig + i’l’/z,
with i +2 =4k + 1 and (K + 1) + (k" +1) = k + 1, where 7, k& and k" correspond to the
number of legs in the respective subgraphs which are non-shared with P.

In order to extend a coloring for the corresponding subgraph G, or G’ and G” to a coloring
of the whole G, we will pick o|vg] = (09, 01,02) in a compatible way, i.e. the colorings
o1 and o9 of the two legs of P which are shared with the corresponding subgraphs will
coincide with the given ones for these legs on the subgraphs. We will make these choice to
minimize f(G; o), which will be f(o[vo])+>_ ey g) f([V]) or f(o[vo])+> ey g f(o'[V])+
ZVEV(Q”) f(a"[v]).

For every configuration iy + i1/2 = k, we will first build a graph with a coloring which
is compatible with the fixed colorings of the legs (G, o) € S©&® x Col(G;(l,€)) from the
ones from previous induction steps such that f(G; o) = (g, 0, 71/2), i.e. a graph realizing
the desired value. Secondly, we will have to prove that there is no other (¢', ") € S®* x
Col(G; (I, €)) with f(G';0') < B(g,i0,11/2), i.e. (g, %0,11/2) is actually the minimum.

Remember that the cases with iy = k and 7,/ = 0 were already checked, so we do not
consider them in the following.

First part: special cases

We will deal first with the two special cases (g, k) = (0,4), (0,5).

e (g,k) = (0,4). The graphs in S(% have only two vertices, one terminal and one bi-
terminal. This implies that the only options with CO [l ... 1] £ 0 are iy = 0,2,4. We
show in Figure 9 the graphs with a suitable coloring which realize the desired value in
every remaining case.

Observe that G” is the only graph in S(®?). Since 4/ /o = 2 and the only vertex is biterminal,
we have to set g = % here. We already checked that f(G";0”) = £(0,0,3) = 0. Therefore,
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0 3
0 3 3 3
1 1
2 2
1 1
2 2
(Ko, k1/2) = (2,2) (ko, k1/2) = (0,4)

FIGURE 9. (g, k) = (0,4)

for (ig,i12) = (2,2) we obtain f(G;o) = f(0,0,5) =22 —1+ 2 = 5(0,2,2) and for
(i, i1/2) = (0,4), f(G;0) = f(3,5.5) = 0= 5(0,0,4), as we wanted.

e (g, k) =(0,5). For every possible (ig,1/2) we choose the graph with the corresponding
colorings shown in Figure 10:

N[

(I

(k07 k1/2) = (4’ 1) (k07 kl/?) = (372)

(hokiy) = (LA) (ko, k1 j2) = (0,5)

FIGURE 10. (g, k)= (0,5)

Observe that G” € S©©% which also makes the choice of oy special.

o If ip = 4 and 7,/ = 1, with the chosen graph we can only set oy = % By induction
hypothesis, we have f(G"; ") = 5(0,2,2) = b — 1. Therefore

f(Gio)=f(0,0,1)+5(0,2,2) = 0+ 1)2—1+(0+1)2—1=224+2 (02 — 1) = (0,4,1).

o If ip = 3 and iy = 2, we can choose o, = 0. By induction hypothesis, we have
f(g"e") =5(0,2,2) = Og -1+ g Therefore

f(G;o) = £(0,0,0) + 3(0,2,2) =02 —1+ 2+ 022 —1=7(0,3,2).

o If ig = 2 and 4,/ = 3, we can only choose oy = % By induction hypothesis, we have
f(G";e") = 5(0,0,4) = 0. Therefore

f(Gio)=f(0,0,3) = (0+1)5 — 1=5(0,2,3).
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o If ig = 1 and i1/ = 4, we can only choose oo = 0. Therefore f(G;o) = f(3,4,0) +
8(0,2,2) =2+ 2 +02—1=p5(0,1,4).

o Ifig = 0 and 4,/ = 5, we can only choose gy = % Thus f(G;0) = f(%, %, %)—FB(O,O,ZL) =
0= 75(0,0,5).

First part: general cases

For the general cases with (g, k) # (0,4), (0,5) we will consider four cases. If k > 2, we
will be automatically in one of the first two cases.
Case I: ip > 2. We will choose the graph G constructed from G" and G”, with k' =ij, =1
and g = 0. Observe that G’ has 2 legs, both with coloring 0. In this case, vq is a terminal
vertex, so for the contribution to be non-zero, we have oy = 0, and we know that o1 =0
because the leg is shared with G’. Note that iy = 47 + 2 and i1/, = i/1//2-

0

OB

FIGURE 11. 45 > 2

In the general case, we can always choose o9 = 0. By the induction hypothesis, we can
choose (G",0") such that f(G";0") = B(g,i5 + 1,4} ,). Therefore

f(Gio) = b =1+ Bi(in)5 + Balg K" + Lig + 1) (05 — 1)
= Bilin2)d+ (Balg, bk — 1,00 — 1) +1) (02 — 1) = B(g, io, i1/2).
The last step is a simple computation separating the cases where k£ — 1 is even and odd.

Case II: iy /2 > 2. Again we choose the graph G constructed from G’ and G”, with &' =1
and = 0, but with &} j2 = 1 because in this case we have no assumption on 75. And again
Vo is a terminal vertex, so for the contribution to be non-zero, we have oy = oq, but here
o, = % Note that iy = if and i1/5 = i/1,/2 + 2.

1
2

(g ;}k”:k—2

FIGURE 12. 41/ > 2



44 GAETAN BOROT AND ELBA GARCIA-FAILDE

It will minimize to choose o9 = 3, if ¢ 12 = =1, and oy = 0, otherwise. If ¢ o= =1, we have

1
27
f(Gio) = 0+51(2)% + Balg k' + 1,ig) (05 — 1)
= Biliry2)s + Ba(g. k — 1,40) (0% — 1) = B(g, do, i1/2).

In the last step we separate the cases where k — 1 is even and odd, and we use 7+ 3 =k
to deduce the parity of iy in every case. If ¢} /9 # 1, we have:

f(ng') = 5 + 51('1/2)‘ +62(g,k" + 1,1'6/ + 1) (Dg o 1)
= (i) + 2)2 + Bo(g. k — 1ig+ 1) (0% — 1) = B(g, io, i1/2)-

The last step is again a simple computation separating cases according to the parity of

k—1.

Case III: iy = 1,iy/2 = 1. This is the remaining case of & = 2. Observe that here g > 0
so that 2g — 24 2 > 0. We distinguish two cases:

e g = 1. We choose the graph G constructed from G with 7 = 4 /2 = 1. Since the vertex

of G is terminal in G, at least oy or o9 should be = for the contribution of the graph to
be non-zero. Actually if we set oy = 0y = 3, we get f(Go)=f0,1 D+ 1530 =

b ORI 27272
02 —14+b=p(1,1,1).
2
1
2

FIGURE 13. (g, io,%1/2) = (1,1,1)

e g > 1. We build G from G’ and G” with k&' = i,1/2 =1,g >0, k" =0and g’ > 0, which
we can choose because g > 1. Observe that if g > 0, then 2g —2 4 1 > 0 and hence in
our cases we will have 5 > 0. Since (75 = 0 and iy = 1, 09 = 0 and we can choose

o1 =09 =0.
0 ~®)
0~

FIGURE 14. g > 1, (ig,i1/2) = (1,1)

N[ —

@)

Therefore

f(Gio) = =1+ + 05, 2,1) (05 —1) + 50§+ B(g",1,1) (05 — 1)
= b+(2g—2+1) (0t -1) =B(g 1,1).
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Case IV: k = 1. The case (1,1) was already a base one, so here we suppose g > 1. We

consider the case k = i1, = 1. So 09 = ¢, = % and we construct G from G’ and G” with

K =k'=0and g, g" >0. We can choose o, = g9 = 0.

0 &)
&)

FIGURE 15. k=1

N

Therefore

f(Gio) = b+ Ai(0)5+ Ba(g, 1, 1) (03 — 1) + Bi(0)5 + Ba(g”, 1,1) (05 — 1)
= b+ (2g—2) (02 —1) =B(g.0,1).

Second part: disconnected cases

For the second part of the proof, we will check that all other possible graphs and
colorings for every case do not give a smaller exponent. We first discuss the disconnected
case, i.e. the case where G is constructed from G’ and G” so that G', G"” ¢ S(®?). The cases
with G’ or G” in S©3) or S(®4 will be considered apart because they will have some extra
restrictions to choose o1 and o9 and will be called the exceptional cases in this part.

e
L

FIGURE 16. G from G’ and G”

Moreover, remember that a graph in S and with iy = 0, i, /2 = 5 was also giving the
special value of £5(0,5,0) = 0 and hence £(0,0,5) = 0 automatically. However, observe
that when one of the pieces G’ or G” is in S(®%) we will not have any exceptional situation
here because a graph in S(? with i'1/2 =4 and 0, = %, or i’l’/z =4 and 0y = % will never
be chosen to minimize; it will always be better to choose o; or o3 to be 0, which in this
case is possible.

Case 07 = 0. Let us check that choosing o1 = 0, if possible, always minimizes. Observe
that f(0,0,09) = f (0, ;, ) — g Then, we have

£(0,0,02) + B(g',ig + 1,41 5) < (0, 3,00) + B(g i, i1 o + 1)

Indeed, it is clear if ¢ /o # 1, and if 4} 5o =1, we always have an equality because

£(0,0,00) + B(g,ip + 1,1) = £(0,3,00) — 2 + B(g, i, 2) + 5.
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The same argument works for o5. Now, we should check that the exceptional cases, where
we cannot choose o0; = 09 = 0, do not minimize further.

o If 0y = 5,00 =0,(g/,k +1) = (0,3),4) , = 2, we have
f(Gio)=(0+1)%—1)+0+ B(g.io,irje — 1) = Oiy 1,3 0 + B(g, 90, 11/2),

where we have used that here 7,/5 > 2.

o lf o = %,02 =0,(g,K+1)= (0,4),@"1/2 = 1, we have

f(Go) = @+12—14+2+(0%—1)+Bi(t12— 1) + Balg, k — 4,30 — 2) (02 — 1)
= (Biline—1)+2)% + (Bo(g, k — 4,00 — 2) +2) (02 — 1)
= (Biline—1)+2)2 + (Ba(g, k.io) — 1) (02 — 1) > B(g, o, i1/2).
In the last step we have used that (1 (i1 — 1) +2 > B(i1)2).
o If 0y = 5,00 =0,(g/,k +1) = (0,4),4 , = 3, we have

f(Gio) = (02 —1+5) +0+Bi(ine —3)% + Balg. k — 4,i0) (05 — 1)

= (Bilire —3) +1)8 + (Balg, kb — 4,i0) + 1) (0L — 1)

= (Bilir2 —3) + 1)8 + (Balg, k. ig) — 1) (05 — 1)
(Bi(irg2) — 1)8 + (Balg, k,ig) — 1) (25 — 1)

= [(g,io,i1/2) — (Dg -1+ g) > B(g, 0, 11/2)-

v

%,02 = % consist of G,G" € SO4. G ¢ SO and

G' € SOY and symmetric ones by exchanging the role of oy and o,. They can be checked
casily from the results for the base cases (0,3) and (0,4).

e The remaining cases with o7 =

= (Biling) + Bu(i)2))3
+(Balg K + 1 kg + 1) + Ba(g”, K+ Lkg + 1) +1) (05 —1).
On the one hand, separating cases according to the parity of & and k”, and the parity of
i, and i, we check that
Bolg kK + 1, ki + 1)+ Bo(g" K"+ 1, kg +1) + 1
(5.2) < Ba(g +g" K + K"+ 1,45 +ig + 1) = Ba(g, k, i)

and hence with this part we cannot minimize further.
On the other hand, distinguishing cases according to the parity of k] /o and i /o0 and

considering the special cases with one or the two of them equal to 1, we see that (] /2) +
Bui 15) = Br(dh o+ 1) +1 = Bulinge) +1, i 1) o, 8] 5 > 1 and odd, and By (i} ,)+ B (i] 5) >
B1(i1/2), otherwise.

Finally, we check easily that in the case of odd i} 5,7}, > 1, where we have minimized

p1 by 1, we lie in the cases with Ba(g’, &'+ 1,k + 1)+ Bo(g”, K"+ 1, k{ +1)+1 < Ba(g, k, i0).
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Therefore, we also do not minimize globally, i.e.

f(g7 0') 2 ﬁ(ga iOa Z'1/2>7
because —g > Dg — 1 and thus, with a minimizing purpose, we prefer 8y + 1 to 51 — 1.

Case 0¢ = % As in the previous cases, it can be checked first that the exceptional cases
do not minimize further. Let us check now which o; we should choose to minimize, making
use of Lemma 5.6.

f(%a 07 0-2) + ﬂl(glaié + ]-a 1/1/2) = f(%a %7 0-2) + g + ﬂl(g,7i67 le/2 + 1) —A.
If i/1/2 #1, A > % and hence o1 = 0 minimizes. But, if i’1/2 =1, A = —g and hence

Oy = 5 is the minimizing choice. By the symmetry of the situation, the same argument

works for the choice of o5 depending on 7 /-

® iy =iy, = 1. Using the inequality (5.2), we have

f(Gio) = 0+8(gig i1+ 1)+ B(g", 0,71 + 1)

Bi(2)b+ (Balg K + 1, k) + Balg” K + 1, k() (05 — 1)
> Bi1(3)% + (Balg ki + i — 1) — 1) (05 — 1)

> Bi(3)% + Ba(g, ki +1ig) (05 — 1) = B(g, o, i1/2)-

oty =14, #1 (and the analogous case g # 11Y )y = 1). Again using (5.2), we
obtain

f(Gio) = §+B(g ig, 1y + 1) + 88" ig + 1,77 ))
5+ (Bu(2) + Bu(i])2)) 5 + (Ba(g K + 1, kg) + Ba(g” K" + 1, kg + 1)) (05 — 1)
5+ Buil) +2)5 + (Ba(g koo +15) — 1) (95 — 1)

> Biling) %+ Ba(g, ki +ig) (05 — 1) = B(g, i, i12)-
. 21/2 #1 21/2 # 1.
f(Gio) = b+B(gig+ Liy,) +B(g" i + 1,41

= b+ (Bilirg) + Bii2)3
+(Ba(g, K + 1, kG + 1) + Bo(g” K" + 1, kg + 1)) (05 — 1)
b+ﬁl(i/1/2+il1l/2+1) + (Ba(g, Ky i + i +1) = 1) (
b+ Bi(i )y + i1 o + 1)5 + (Ba(g, by ig + g +1) — 1)
b+ Bi(ih )y + i1 o + 1)5 + (Ba(g, kyig +ig) +1—1)

v

v

—_
S—

vV
—~
o <o <
NS NS NS
—_
~—

v

~~
—_
~—

= /B(ga iU? Z‘1/2)‘

Second part: connected case

Now let us examine the case in which G is constructed from G. Firstly it can be easily
checked apart that special cases with G € S©3), S04 do not minimize further.
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01
a0 ( }k
02

FIGURE 17. G from G

Case 09 = 0. When we are not in the exceptional cases, we can always choose 01 = g9 = 0
to minimize.

(05 — 1) + Bi(inj2) 5 + Bolg — 1,k + 1dg +1) (05 — 1)
= 61(11/2)3 + (62(g7 k+ 1ai0 + 1) - 1) (og - 1) = /B(g7 i07i1/2)a
where for the last computation we distinguish cases according to the parity of k.

Case 0g = 1. By the symmetry argument at the beginning of the proof, the only case
2 y y y arg

remaining to be checked is the one corresponding to ig = 0 and 7,/ = k. By a computation
%, we get that if i1/2 = 1, (0'1,0'2) =
(3,0) or (o1,02) = (0,3) are the minimizing choices and if if i1/2 # 1, then we choose
(01,02) = (0,0) to minimize.

similar to the one in the previous case with oy =

L] %1/2 =1 (]{7 = il/g == 2)

J(Gio) = §+5(2)5+Pa(g—1,3.1) (95 — 1)
5 +01(2)5 + (B2(8:2,0) — 1) (03 — 1)
51(2)% + BZ(g72>O) (ag - 1) = B(gaoa 2)

v

f(g70') = b—i‘ﬁl@l/g)g—i‘ﬁg(g—1,]€+1,2) (Og— )
= b+ Bl — D+ Balg— 1,k +1,2) (02— 1) (22 - 1)
> 51@1/2)% + B2(g, k,0) (D% - 1) = B(g,0,141/2),

where the last inequality is simple to check distinguishing the usual cases.
This exhausts all possible graphs and shows that the colored graphs constructed in the
first part for each (g,1o,%1/2) achieve the minimal value for the exponent, and this value

is given by (g, 40,%1/2) of (5.1).
Third part

We show recursion on 2g—2+k > 1 that C®&*) [l ... I+ ] receives a power (%)_Zle(%“)
as prefactor. It is already correct for (g, k) = (0,3) and (1, 1) according to Lemma 5.4. If
it is true for all (g’, £’) such that 2g" — 2+ k" < x, then one easily check with the recursive
formula of Proposition 4.7, the behavior of K and ¢, and the induction hypothesis that it
continue to holds for all (g, k) such that 2g — 2+ k = .
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Together with the identification of the leading power of ¢ in the previous steps, this

concludes the proof for the critical behavior of C&* . The arguments are identical for
C(&F).

0

5.6. Generating series of maps. We arrive to the final result for the generating series
of maps in the O(n) model.

Theorem 5.8. Let k = ko + ki > 1 and g > 0 such that 2g — 2 + k > 0. Let
zj=x(s +7¢;) for j € {1,... kip}, i.e. T; remains finite and away from [y*,~%]. Let
y; = x(1v;) for 5 € {1,... ko}, i.e. y; scales with ¢ — 0 such that y; — v+ € O(q%).
Then, we have in the critical regime q — 0:

_ b_y_ kbt b
g2 2HR) @5 1) =5+ 5 ko (F&gyk)(gbl,,..,gbklﬂ;@/)l,...,d)ko)—1—O(q2)>’

and for the generating series of usual maps with renormalized face weights:

j:'(&k)(xb . 7xk’1/27y17 Ce 7yk0)
~ b
_ qﬁ(g7k,k1/2)<‘7:'>(kg,k)(¢l"”’¢k1/2;¢1’_”,¢k0)+O(q2)>’

with B(g, k, ki) = (28 — 2+ k) (0% —1) — £ + 3k 5. Recall that 9 =1 in the dense phase
and 0 = —1 in the dilute phase.

The result for (g, k) = (0, 2) is much easier to derive: this is done in Corollary 6.2 below,
and the outcome is that Theorem 5.8 is still valid for (g, k) = (0,2). Remark that in this
case, the first term in the critical exponent vanishes so the result is the same in the dense
and dilute phase — only the relation between v and ¢ differ, according to Theorem 5.3.

Proof. First, we study the critical behavior of G®&*) (v, ..., v;). From the decomposition
of Proposition 4.6, the critical behavior for its coefficients C®*) from Lemma 5.7 and the
asymptotic behavior for B, ;(v) in the two regimes v = 7¢ and v = %4—7’(;5 given in Lemma

5.4, it follows that each summand with &1, ...,y fixed behaves like ¢?®%0:11/2:0:71/2)  with
(53) B(gv i07il/2aj07jl/2) = 5<g7 Z.Oa i1/2) + (]0 +.j1/2)%7
where jo + jio = {j € {1,...,k} : ¢; # €}}| and, more concretely,
g = Hief{l,. kel - 0=¢;#¢; =1},
Jo = |{j€{/€1/2+1,...,]€1/2+[€0} : 5263#8220}’

Since we are interested in the dominant behavior of G (&) ((vi)le) with fixed ko and ks,
we need to decide which 0 S jo S k?() and 0 S j1/2 S kl/g minimize ﬁ(g,i07’i1/2,j0,j1/2).
Observe that 19 = ko — jo + ji/2 and 412 = k12 — ji2 + Jo-

We will consider first the special base cases, where some configurations (ig,%1/2) give
vanishing C’s.
e (g, k) = (0,3). Since the only configurations with C®* =£ 0 are (ig,41/2) = (3,0) and
(i0,11/2) = (0,3), we have (jo, j1/2) = (0, k1/2) and (jo, j1/2) = (40, 0), respectively.

B<07370707 kl/?) = 6(07370) + kl/?g <0< 6(07073) + ZO% = 6(0)0737 kan)'
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e (g, k) = (0,4). First, similarly to the previous case, we have
5(0747 OJ 07 kl/?) = ﬁ(oa 47 O) + ]{71/2% < _% <0< ﬁ(ov 074) + ZO% = B(Ov 07 47 kOu O)

The only possibility remaining to compare is (ig,i1/2) = (2,2). Here we use £(0,2,2) =
£(0,4,0) + 1 from the previous lemma.

o @(0,2,2,2,k1/2) = 3(0,4,0) + 1+ (2+k1/2)g z_B( ,4,0,0, ky/2).

o B(0,2,2,1, kijp — 1) = B(0,4,0) + 1 + k1 o2 > 5(0,4,0,0, ky o).

o B(0,2,2,0, k12 —2) = 5(0,4,0) + 1 + (k12 — 2)5 > 5(0,4,0,0, k1/2).

Using Lemma 5.6, observe that in all the remaining cases, for 7o > 0, we have
B(g, i0,i1y2) + A = (g, 10 — 1,412 + 1),
with A > g, except for 17/, = 1.
e We now justify that it is always better to decrease jo. If i1/ # 1,
Blg,io — Loy + L jo, jip2) = Blgdo — Lyiajz +1) + (o + Jiy2)5

B(g: o i1j2) + A+ (Jo + Jij2)3
B(g, io, i1/2) + (Jo + Jij2 — 1)%

( 20721/2730 —1 ]1/2)

v

And if 112 = 1,
B(g,io — 1,2, jo,j1j2) = Blg,do, 1) — % + (Jo +j1/2)§
- 6(g72071)+(j0 +jl/2_1)%
= B(g7i071aj0_1aj1/2)-

e Now, if i1/ # 1, it is also better to increase ji/o:

Blg,io — Lirya + 1 jo, jij2) = B(8i0si1j2) + A+ (o + ji2)s
> B(g,i0,%12) + (Jo + Jij2 + 1)%
= Plg, i0, 12, Jo, Jij2 + 1).
And if 7,5 = 1, it is better to increase j;/» by 2:

B(g, k- 2,250, J12) = B(g k,0)+ % - (03 - 1) + (Jo +j1/2)§
> B(g,k,0) +b+ (jo+ jij2)s
= Ag.k, 0, jo, j1/2 + 2).
Therefore, the minimal exponent corresponds to the minimum j, and the maximum
Ji2, 1.e. jo =0 and ji/2 = k12, and 79 = k and ¢,/ = 0:
B(g,k,0,0,ki2) = B(g, k,0) + kijo2 = (28 — 2+ k) (0% — 1) + ko2

The final result follows from
2

FEO (o), 2on)| [T 00)] = GE90r, e,

i=1
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the critical behavior we just found for G®&* (v, ... v;) and the asymptotic behavior for
z(v) in the two regimes v = 7¢ and v = 3+ 7¢ given in Appendix B. The resulting power
of q is

(28 —2+k) (0% — 1) + k123 — 3ko
ko+k
= (28 —2+ko+ ki) (0%—1)—%—1—/61/2%—1.

For F’s, the only difference compared to (5.3) is the factor 1 instead of 2 in the total
exponent for fixed jo, ji/2:

B/(g7i07i1/2aj07j1/2) = (g, %0, 11/2) + (Jo +j1/2)%-

One can check that the minimum of this exponent is again reached when j, = 0 and
Ji/2 = k12, and this entails the claim. H

6. CRITICAL BEHAVIOR OF NESTINGS IN THE BENDING ENERGY MODEL

6.1. Summary of strategy. Our first goal here is to determine the behavior of the
generating series % of maps realizing a given nesting graph I', without remembering the
arm lengths — i.e. setting s(e) = 1 — and in absence of marked points. For this purpose,
we perform a saddle point analysis of the expression of Proposition 3.10 using the previous
results on the behavior of F, and of the generating series of capped cylinders F? and F?
in Section 6.2. The final result is Theorem 6.4 below. The second goal is to extend these
computations to the refined generating series (Fg*ki of maps realizing a given nesting
graph. Here, we just need to repeat the computations of our first goal in presence of
the variable s, which roughly amounts to replacing b by b(s) when necessary. The only
important difference is that we wish to extract the leading contribution containing the
dominant singularity in the variable s, and this sometimes brings some modification to
the hierarchy of dominant terms. The result is described in Section 6.3.

In Section 7.1 we convert the critical behavior of all those generating series into asymp-
totics for fixed large volume V' and fixed boundary perimeters (L;); in the regime of small
or large boundaries. In Section 7.2, we also examine the critical behavior in this setting
of the probability of having fixed arm lengths P(e) tending to oo at rate In V' — which nat-
urally appears from the analysis. In particular, we compute the large deviation function
for the arm lengths.

Finally, in Section 7.3, we show that all these results continue to be valid in presence
of marked points, provided one treats each marked point as a small boundary.

(&:k)
I'\x,s?

6.2. Cylinders and capped cylinders. In order to derive the critical behavior of #
we need one more ingredient, namely the critical behaviors of ) (1, x9) and F (21, 22).

For this purpose, we first derive the critical behavior of G in the various regimes,
which can be straightforwardly obtained using the expression in Proposition 4.3 together

with the asymptotic behavior of the special function T, in Lemma A.2 in Appendix.
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Lemma 6.1. Set v; = ¢; + Tw; fore; € {0, %} In the limit ¢ — 0, we have
(%)2 g(e18=2)b(s)
4 —n2s2 1 — gt

Hb(s) ('I.Ul, w?) - ql b(s)Hb(s)_Q,i(wlawZ) + O( ) if &1 7£ €9,

G (v1,v0) =

1
2

where

Hyo(wi,wy) = (b—1) <Sin (b —1)(wy + wy) _sin 7(b—1)(w; — w2)>

cos T(wy + wg) cos (b — 1)(wq + wy)

sin 7 (wy + wa) sin 7 (wy, — wy)

sin? 7 (wy + wy)
cosm(wy — wsy) cosm(b — 1)(w; — wy)

sin? 7(w; — wy)

7
Hbé(wl, wy) = 8b sinmwbw; sin wbws.
The errors are uniform for wy,wy in any compact and stable under differentiation.

The first consequence of this Lemma is the critical behavior of the “singular part” of
F? (x1, z2) with respect to the variables v and (x1, z3), which will be used in Theorem 7.2
to obtain the asymptotics of the cylinder generating series for fixed large volumes and fixed
boundary perimeters. We warn the reader about two subtleties in this analysis regarding
what we mean by this “singular part”. F? is directly expressed in terms of GY? in
Proposition 4.3 up to a shift term. This shift term can actually be dropped as far as
fixing boundary perimeter is concerned, as it gives a zero contribution when performing

L L
dxq 1’1 1 dxo Zq 2
2im

contour integrations of the form § == F (x1,25). Powers ¢° should also be

dropped from this “singular term” as they disappear in contour integrals ¢ T HF(Q)
used to fix the volume; in such a case, the next-to-leading order will play the leadmg role
in the computations for fixed volume. Taking these subtleties into account, the result for
this “singular part” of F? straightforwardly follows from Lemma 6.1 and the behavior of
x(v) given in Lemma B.3 in Appendix:

Corollary 6.2. Set z; = x(e; + 7¢;) for e; € {0,3}. In the limit ¢ — 0, the singular
parts (for this we use the sign =) with respect to the variables u, xq,xs of the cylinder
generating series are

FP(2),15) = qrE(O’?)(s,sl,@){Fggg (1, 92) +qb(s)Fg2*)*(¢1a¢2> +O(gmnTREN) L
(

.7:2)(1'1,{L‘2) = qB(OQ (Oer.ez {ng)o* ¢17¢2) q2 Fs 0**(¢17¢2) +O( )}
where
-1 if E1 = &9 = 0,
(6.1) BOD (s 1, ¢5) = % if €1 # 9,

b(s) if E1 = &9 = %,
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F(2 — 1 Hb(S),ElEBEQ <¢17 ¢2)
At (an) (6 () (62)

and for e1 = es:

1 (His)0 — Hys)120) (01, $2)
4—n2s?  (x5)(o)(az,) (¢2)

The value of FP, for ey # g9 will be irrelevant.

Fg *)*(th ¢2) =

The second Consequence of Lemma 6.1 is the critical behavior of the generating series of
capped cylinders F ) and F ) which appear in the evaluation of # via Proposition 3.10.

Lemma 6.3. Let x; = x(¢; + 7¢;) for j = 1,2, and consider the critical regime ¢ — 0.
Let H(xz) be a generating series which is holomorphic for x € C\ [y_,v4] such that
H(z) € O(1/2%) when v — oo, and when x = x(e + 7¢) admits the critical behavior

T™\¢ 3.
H(w) = () @b {Haul0) + O},
where C' stands for an arbitrary real number. When computing the integral
dIl ~
6.2 — F®
(62 § 5 HEDF 0,2,

the effective part (for this we use the sign =) of s
(63) ng)(xl> 332) % (€2 {F§222 * ¢17 ¢2) + O(qb(S))}a
with £1 = 0 and the exponent
“ —1 if E9 = 0
%(52) = { b(sz) 1
2

5 if E9g =

And, the effective part containing the dommant singularity in the variable s is

~

(6.4) FP (21, 2,) = Q*”{ Foo, (01, 62) + O(¢"")},
with e1 = 0 and

Likewise, let H(x1, ) be a generating series which is holomorphic for (z1,z,) € (C\
(v, 74 ])? and such that H(z1, z2) € O(x] x5 ?) when z; — oo, and admitting the following
critical behavior when x; = x(c; + T¢;):

Hiw,w2) = (1) @O [Fey ey (01, 00) + O},

where C' is an arbitrary number. When computing the contour integral

(6.5) f““f§?m%mﬁ9mwﬁ

21w

the effective part of FP s

(6.6) FO (21, 29) = F& (61, 62) + O(¢"Y),
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with €1 = €9 = 0. And, the effective part containing the dominant singularity in the
variable s is

(6.7) FO) (1, 25) = " {EC) (61, 62) + O(¢") ),

with €1 = €3 = 0. The non-zero constant prefactors are given in (6.11)-(6.12) and (6.13)-
(6.14) in the course of the proof.

The discrepancy between s’s and s’s stems from the fact that the leading terms in
(6.3)-(6.6) sometimes only contain a singularity in the variable s, which is a pole at
s = 42/n, which turns out to be subdominant when we study the coefficient of [s”'] when
P — oo (see [4, Section 6.4 and 6.5] or the proof of Theorem 7.3). In such a case, we have
to look for the first next-to-leading term with a singular dependence in s — here always
coming from a power of ¢ depending on s.

Proof of Lemma 6.3. We shall estimate the contour integrals (6.2) and (6.5) in the
regime ¢ — 0 by the steepest descent method. In particular, we will have to determine
which region of the complex plane gives the dominant contribution of the integral, and
the proof will show that it is always the vicinity of v%. It is however convenient to first

transform the expressions of F? and F?

Using 0,R(z,y) = A(z,y), the evaluation (4.3) of the contour integral of a function
against A (z,y) and the definition of G (v1,v9) in Proposition 4.3, setting z; = z(v;) and
analytically continuing in (vy,vy), we obtain

B () 2y) = f SR (21, ) POy, 3)
. [ dy @)
= 17 A Fs (y,$2)+0($2)
217T

= —/ dZinsg (ml)F§2)(§($1),$2) + C ()

v(z1) G(2) o~
— ns/ do, — (T — 01, v2)

' (v2)
ns ( 2 L ¢'(x2)

4—n2s% \xo —g(z1)  <(x2) —¢(x7)

(6.8) +

) + C(z2),

where we stress that C(z3) does not depend on x;, and for this reason will disappear
when performing contour integration against H(z;) as H(z1) € O(z;?). We can then do
a partial fraction expansion with respect to x:

1 = (x9) 1
xo —s(x1) B iL“l—G(il?Q)+932—<(00)7
¢ (z2) _ LI ¢ (x2)

s(to) —s(x1) @i —my  o(w9) —o(00)
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Therefore:

d - d v(@1) 4 ng) -
fﬁﬂ(l"l)Fg)(l"l,zz) = nsy{ﬂ’ﬂ( )/ Y1 /(T U1, U2)
K g '(v2)

(26" (z2) H(s(22)) + nsH(z2)).

N ns
4 —n2s?

The second term is of order of magnitude q%”. To examine the behavior of the first
term, we fix the value of g5 € {0, %} When the variable x; is in the regime z; =
x(e1 + 7¢1), the integrand (including dz;) is of order of magnitude

(6.10) g3 ert(G—e)—(3—e2)b(s)(erdez)
If e5 = 0, this is for & = 0 equal to ¢°, While for e, = 5 it is equal to qi +%5  Wwhich is
negligible compared to the former. If 9 = (6 10) is equal fore; =0toq Het , while for

€ = % it is equal to q% — which is neghglble compared to the former. So, 1ndependently
of the value of €5, we move the contour for x; to pass close to 77 and the integral will be
dominated by the regime x1 = x(e1 + 7¢;) with £; = 0. And, the first term in (6.9) is of

b(s)+1 .
order ¢° when 5 = 0, and of order ¢~ 2 when g, = 1. Since b(s) € (0,3), we deduce
b(s)+1

that (6.9) is of order ¢° if e, = 0, and of order ¢~ 2 if g9 = 2

Combining everything, the effective part of F(? which is relevant to extract the leading
term in (6.9) is

~

FO(01,05) = ¢*{FE, (61, 02) + O("Y) },

with €; = 0, the exponent

R —1 if E9 = 0,
%(€2> = { b(82) lf £o = 1
29

and the prefactors:

X é1 ~ H s (1 - &17 ¢2>
) - Aot
(6.11) Fyg.(f1,02) = 4 n2s2 { / den (x5) (o)

(25)' (1 — ¢2) 2 B ns }
(@) (d2)  ai(1) — a5(1 —d2)  a5(d1) — a5(¢2) J
8ns cos mbpy sin whoo

a 4 —n2s? .

+

(6 12) (¢1, ¢2) =

l\.')\»—‘v

In the case 5 = 0, this leading term only contains the subdominant singularity s = £2/n
in the variable s. Therefore, we need to retain the next-to-leading order, which is of order
¢*®) and will give the dominant contribution when we are interested in the coefficient of
st for P — oo. In this case, the effective part of F® which is relevant to extract the
leading term in (6.9) is

Fg)(xl,ﬂb) — %(22 {F882*+O(qb(5))}’
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with €; = 0, the exponent

01
- (2) ns - (Hys)0 — Ho(s)+2,0)(1 — 1, ¢2)
(6.13) B = s [ 06 () (62) |
. (2) .
(6.14) F.. = FS;*(¢17 $2).

Let us now turn to F. We compute from the definition (3.8):

FO (21, 5)
dy; d
- 8R($l’x2)+82]{ Ty; 25/2R( Ty, yl)R(any2)Fg2)<ylvy2)

dy; d -
= sR(z1,29 +S/ dx1/ do S S A(F1, 1) A(Z2, y2)FP (y1, ya)

217r 21

+C(z1) + Ca(x2)

= sR(zy,29) + n282/ dz; / Aty ' (71)< (#2)FP (¢(21), <(%2))di1d s
+C(z1) + Ca(x2)

= sR(zy,22) +n?s? ( /U(xl) do, /U(m) do, ng) (T — 01,7 — o)

2 In [§($1) — §(x2)] +ns In [xl — g(xZ)} _ B
B 4 _ n2s2 + Cy (1) +CQ(I2)).

(6.15)

The functions C(x1), Cy(z1), Co(xy) and Cy(x,) do not depend simultaneously on
and x5 and will thus disappear when we perform the contour integral against ?:L(ml, T9)
as it behaves like O(x;?2;?) when x; — oo. Given the expression (4.1) for R, the term
sR(x1,x2) in the first line combines with the ratio in the second line, up to an extra term

which only depends on x5 and will also disappear:

B v(z1) po(z2)
Fff) (x1,m9) = / / do; dos G( )(7' — 01, T — Uy)

2nsnslnx — 29| + 2 Inlx; — ¢(z A A
2l =) | ) + Catea),
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where again C’Z(xz) does not depend simultaneously on both xy and x5 so that they will
disappear in the next step. Now, we can compute

dz dz ~
% ! %—2H(ZL‘1,ZE2) Ff)(xl,mg)

21w

d dry -~ v(z1) v(z2)
= st O e [ [ 606
2d£131 ( 2 + nsg’(~ ) )
ns(4 —n?s?) \7; — ¢(x2) i) — <(x2)
d d ~ (1) (w2)
- n252{7{ 2?7; /(I{ 2?712' (F1, 22 / / ddyddy G (1 — 0y, 7 — )

(6.16) —n8(4_n252)£‘;‘3 <2/ iy H (1, (1)) ¢ (m1)+ns/m d@lﬁ(fl,xl))}.

The same arguments we used for F? show that the dominant contribution to the integrals
always come from the part of the integration where z; = x(7¢;) with ¢; of order 1. So,

the effective part of F{” which allows extracting the dominant contribution of (6.16) is:

ng) (21, 22) = F§2>2<¢17 P2) + O(qb(s))>

where z; = z(e; + 7¢;) with €1 = 5 = 0 and:

5 $1 o2
PO = _n”/ [ 61062 o1 = 61,1~ )
2ns
4 — n2g2

(2mfwy(61) - 25(1 — 62)] + nsInfa(1 — 6r) — w51 — 60)]).

And, the effective part of F¥ which contains the dominant singularity in the variable s
is

FO(21,25) = O {E (61, 62) + O(¢"},

where z; = x(e; + 7¢;) with ¢; = €2 = 0 and:

é1 o2
(6.17) (2)(¢1, $2) = 52 / / doyde, (Hy(s),0 — Hy(s)42,0)(1 — 61,1 — ¢2)

OJ

6.3. Fixed nesting graph. Now we can deduce the critical behavior of the generating
series of maps with a fixed nesting graph I'. Recall that we denoted Vjo(I') the set
of univalent vertices of genus 0 carrying exactly one boundary. Let us introduce the

notations V', (I') (resp. VJf(F)) for the vertices for which we keep the boundary large
(resp. small). Let k©2 k" and k:g(;; denote the cardinalities of V2(I'), Viy(I') and
VO%Q(F), respectively.
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Theorem 6.4. Let x; = z(c; +7¢;) for j =1,...,k, and ky and ky o denote the number
of ¢; = 0 (large boundaries) and of €; = 1/2 (small boundaries). When ¢ — 0, we have
for the singular part with respect to u and x;’s

m\a-

(0,2)
FEn (o) = ORI FED] (61 6n) + O

)}

where
0,2

And, for the singular part with respect to s,u and x;’s

(0,2) s(e
018)  FE 1) = ST o0 0 T 6],

ecE(T)

where

Z(& k) kl/27k§(;722)|s) = %(g7 k7k1/27k§322 |O)

L3 bs@]+ 3 blsler )]+ 3 Lbls(es(v))]

ecE V€V002 v€V1/2

Remarkably, the result does not depend on the details of I', but only on its genus
g, and number of boundaries of different types. For a fixed topology (g, k), the graphs
minimizing the number of small boundaries have the biggest contribution and if we also
fix a configuration (Ko, k1/2), the graphs maximizing k:l /2 contribute the most.

Proof. We want to estimate the expression of Proposition 3.10 for F& F* S in the regime
g — 0. Given that the vertex weights are F’s whose leading term accordmg to Theo-
rem 5.8 has the property to receive an extra factor qg whenever a boundary variable x;
is not close to 7} at scale q%, we are in the conditions of Lemma 6.3. We can apply the
steepest descent method to approximate the integral, and we have argued in the proof of
Lemma 6.3 that the contour should be moved to pass close to 77} because the dominant
contribution comes from the regime where each y. — v} € O(q%), i.e. Yo = 2(T¢e) for e

of order 1. Therefore, combining Theorem 5.8 for F’s and Lemma 6.3 for F? and ]?‘9),
we arrive to:

FEN (e, )

_ 7{ H dye H FOOEIEI) (250, Yerw))
N ,yEglue(F) 217T ~ d(V)'
eeEglue(F) VGV(F)
—(2
X H ng)l (yeJraye H F ye+ Ia(v))
ecB(T) vEVp 2(T)

_ H ¢ H ¢2h) =2k (v )+d(v)] (05 —1)— B0 | 3 () H -1 H b
V

eeEglue(F) VEV V€V1/2

w\m-

(6.19) x{[ﬂ%%;,lwl, k) +0(g
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with
I S I | e
F*l 1y« Pk - 6Eglue(r) AL g d(v)!
eeEglue(F) VGV(F)
X H FgQ:)I*(Q;e+7Q;e H F ¢e+ gba(v))
eEE(F) velp Q(F)

Since we refer all the time to a fixed nesting graph I', we omit it in the notations for
simplicity. Let us now simplify the total exponent. The first Betti number of the graph is

L= |V|+|E|=g—) h(v)
vev
and we recall that |V| = |V| + k2 and |E| = |E| + k. Then, we observe that
S k() =k =k and > kya(v) = ki — Ky .

veVv veVv
By counting inner half-edges we also find
Zd(v> - 2’E’ o ‘Eun, = Q‘E‘ + O = |Eglue"
vev

Moreover, we obviously have k(02 = kr(o D 4 k1 /2 . Substituting these relations in (6.19)
gives a total exponent

% = YBawl+ (2@~ |E|+|V] = 1) = 2[V|+ &k — kP + 2|B| — ) (28 — 1)
_%(/{; — k(o,z)) _ %| Egiue| + 2 (k1/2 . kg; ) — 1 k; (0,2) + k1/2
= (28—2+k) (02— 1) =543k + (L~ Z)kf}f).
A similar computation for general s = (s(e))ecp(r) using the behavior of the singular part

of F¥ and F? with respect to s, leads to the claim (6.18), with prefactor

_ d'TS(QNSe) ‘7:>(k (k) v (¢8 (v)» ¢e (v) )
(FE (b1 ) = é%em II = 11 el
ec glue( ) veV ()

X H F ¢e+>¢e ) i(e+ (v)) * (¢e+ ¢8(V))

ecE(T) veVo,a(I)

7. LARGE VOLUME ASYMPTOTICS

Recall from Theorem 5.3 the scaling of ¢ with respect to the variable v coupled to the

volume
(1—u>c 1
qN ) C:—7
G 1-%—2%

with 9 = 1 in dense phase, 0 = —1 in dilute phase.
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7.1. Relative amplitude of nesting graphs. We now extract from Theorem 6.4 the
leading asymptotics of the generating series of maps of given volume V', given boundary
perimeters, and given nesting graph I', not keeping track of the number of separating
loops on each arm — i.e. for s(e) = 1, in the regime V' — 0o, while we impose either small
or large boundaries.

Theorem 7.1. Take (g, h) on the non-generic critical line. Assume 2g —2+k > 0. The
generating series of connected maps of volume V', of genus g, with ky /o boundaries of finite

perimeter L; = {;, among which kS’;) are carried by a genus 0 leaf as only mark, and ko

boundaries of perimeters L; = £;V/* ~ for fived positive £ = (£;)*_, — and realizing the
nesting graph (I', %), behaves when V' — oo as

(0,2)

k
(7.1) [uvnx;(mﬂ)]g(rg,*k)l -~ W(rg;k)l(e) VI Fe(e—24k) (1-05) = ki o+ (5= 5)ky )],
i=1

where k = ko + ky /2 1s the total number of boundaries, and an expression for the non-zero
prefactor is given in (7.9).

Several remarkable conclusions can be drawn from this result. Firstly, if we keep all
boundaries large, we have

y(rg*ki N V—1+c(2g—2+k)(1—ag)

and the order of magnitude only depends on the global topology of I'; i.e. on the genus
g and the number of boundaries k. In other words, for given g and k, all nesting graphs
have comparable probabilities to be realized.

Secondly, if we keep a certain number k;/o > 0 of small boundaries, the nesting graphs
most likely to be realized when V' — oo at criticality are the ones with ki(;’;) = ky2, t.e.,
where each small boundary belongs as the only marked element to a connected component
with the topology of a cylinder on the complement of all loops (see Figure 18). And, all
nesting graphs with this property have comparable probabilities.

For completeness, we also study the case of cylinders (g, k) = (0,2) — for which the
computations already appeared in [4]. There are only two possible nesting graphs:
(7.2) (T, %) = o2 (g, %) = Le—e?
Before conditioning on the volume and the boundary perimeters, the generating series for
(Ty, %) is FP (21, 2,), while the generating series for the (T'y, %) is (Ff:)1 — FO(zy, 1,).
We derive from Corollary 6.2:

Theorem 7.2. Take (g,h) on the non-generic critical line. Fix {; positive independent
of V, and ¢; € {0, %} If &, = 0, we choose L; = (;V?, and if e; = %, we rather choose
L; =¥{;. We have when V — o0:

(7.3) [vaf(hﬂ)xz_(hﬂ)} FON @y, 1) ~ FVY (0, L) VTITEEEE)

Fl,*

(74) [qu;(L1+1)x;(L2+1)] e9‘(0,2) (xh $2) ~ y%O,Q) (61, EZ) V—l—cb(£1®52)’

FQ,*,SZ]. 2,*,521

with a non-zero prefactor.
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FIGURE 18. A typical map of the O(n) model with small boundaries.
These are most likely to be incident to distinct long arms (containing
O(InV') separating loops). We have only drawn in green the loops which
are separating.

The constant prefactors & are computed in the course of the proofs. Although their
structure is combinatorially clear — we essentially have to replace in the formula of Propo-
sition 3.10 all the factors by their effective leading asymptotics derived throughout the
previous Section, and perform the extra contour integrations in @ and & whose effect is
simply displayed in (7.9) — it is however a formidable task to obtain explicit formulas (as
functions of ¢;) for a given nesting graph I". For us, the formula serves as showing that
this prefactor is non trivial.

Proofs. We briefly sketch the proof as the details of the saddle point analysis are essen-
tially the same as in [4, Section 6.4 and 6.5]. Let dy(I") the set of boundaries for which
we want to impose perimeter L; = £; V/? (i.e. we declare ¢; = 0), and 01/2(I") the set of
boundaries for which we rather impose L; = ¢; (i.e. we declare ¢; = %) The analysis re-
veals that this scaling /2 for large boundaries is the one for which a non-trivial behavior
will be obtained.

Conditioning on boundary perimeters

We first study integrals of the form

w5z T1 F50 T 5 o ot o ()
: u) = i u; (i) I e w— 5
Sy 2 . 2im P\ T)i€0 (1) T Jieam

i€do(T i€dy /o qz
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°
@)
Ql

FIGURE 19. The contour C.

where @ is a function which has a non-zero limit when v — 1, and the convergence is
uniform when its variables belong to any compact. We also take from Corollary B.7 in
Appendix that

i =7 = 0(q).
We use the change of variables

i 7+ q% ry(d:)  if i€ 0y,
T i) iieanD)
and deform the contour in (fl = q_% (xi_7i))ieal/2(r) and y. to the one shown in Figure 19.

In the limit v — 1, the properties of the integrand on those steepest descent contours
ensure that we can use the monotone convergence theorem to find

dat(¢;) €0 806/7: (273 (¢4))" da’ ()
T() ~ ghEa®+o TT f o 11 : :

A 2im
Zea() 1681/2

< ® [u; ( ”%(gzﬁl))zeal/2 ()’ ( (sz))zeao r)}

Conditioning on volume V'

Next, we would like to estimate integrals of the form

— du
T—¢ —" T(wq
]{ S v L)

for some exponent 1. We recall ¢ is a function of v for which Theorem 5.3 gives

1— c
qN( u), u — 1.
qx

We perform the change of variables

<|=
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and deform the contour in u to the one shown in Figure 20. Now assume

n+ 3ko # 0.

In the limit V' — oo, by the properties of the integrand on this steepest descent contour,
we can complete the integral to a contour which is again C shown in Figure 19 and find

A /—1—c(n+3ko) j{_dﬂé( c(n+3ko) H% dxo ) e%0(@:)ti/ 7}
¢ 2m (@)1 217r
1€ 0)

LlDRL G
i€dy 2 (x*%)‘l(v) 2im

15 (5 (90))ieon i (76(00) |-

l\.’)\»—‘*

The integral over 4 factors out and yields a Gamma function

7 _ V—l—C(TH-;klo) f de(sz) 6.508(@)51‘/71
—T[—cln+3k)] i3 S @ 2im

zi ()% day (o
. M e,

. [ D (x
1€0) /2 (x*%)il(w 21

[Nl

(6 icont (25(6) 0]

FIGURE 20. The contour of integration for u.

Specialization to Theorem 7.1

We obtain Theorem 7.1 for & %g*k)l with 2g — 2 4+ k£ > 0 by taking from the proof of
Theorem 6.4 the exponent

(7.7) n= (28 =2+ k)@ —1) = 5+ F ko + (5 — DAL
and
(7.8) @15 (&3 (6o oy (16(00) sy oy = FFE-(0n, - 1)
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Since k = ko + ki /2, we remark that
N+ ik = (28— 2+ k)L — 1)+ Ly + (2 — Dk

is non-zero. The constant prefactor is thus

dx $0(¢1)Z/7+
(8:k) I v N 0
AENWO) = T [—c(n+= k:o gyf - QW
(21 (¢4))" dai (¢4)
(79) H% )-1(7) : %7 : [ Fg*k:)l] (¢l>"'7¢k’>
% ) 1(y

*
’L'Gal/g %

Specialization to Theorem 7.2

We first consider & %‘(?;239:1‘ From Corollary 6.2, the first term leads us to the previous
setting with

0 if 61 =¢9=0,
blo) if€17é€2,

2
() if€1:€2:%,

(7.10) n+ %ko = E(O’Q)(S, £1,€2) + %k?o =

with s = 0 for (I'y, %) and s = 1 for (I'y, %). However, in the case of two large boundaries
(e1 = 9 = 0), we see that this first term contains no power of ¢, so is regular in u. The
leading contribution in this case comes from the second term, hence corresponds to an
exponent

(7.11) n+ 3ko =b(s), ife =e,=0.

So, we obtain the desired result by specializing (7.6) to the exponent (7.10) corrected by
(7.11) and

FCL(¢1,d0)  if ey =&y =0,

7.12 P|1;
( ) [ (z FEQ (01, ¢2) otherwise,

(O0ict e (75060 ] = {

M\»—‘*

with again s = 0 for (I'y, %) and s = 1 for (T'y, x). If we define [ﬁ(r?f)l]*(qﬁl, ¢2) to be the
right-hand side of (7.12), the prefactors in (7.3)-(7.4) are then also given by (7.9) with

the exponents 1 we just saw.
0

7.2. Large deviation for arm lengths in a fixed nesting graph. Next, we also
determine the asymptotics of the probability

e k —(L;+1 k
0 My (&7 O T 2 0 FE @1, )
—(L;+1 k
[UVHZ 1 z( )] ygg,*,)l('rlv"'axk)

that a connected map of genus g, of fixed volume V', with k boundaries of fixed perimeters
L = (L;)¥_,, fixed nesting graph (I',x), has a number P(e) of separating loops on every

(7.13)  PEN[PT,%,V,L] =
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J(p)
150

10}

e | A — —_— L R 1 p
1 2 3 4

FIGURE 21. The function J(p): blue for n = 1, green for n = v/2 (Ising),
and orange for n = v/3 (3-Potts).

arm e € E(I'). We assume that I' has at least one arm for this to make sense. We
introduce

J(p) = 8;;15”] {pIn(s) + arccos(ns/2) — arccos(n/2)}
(7.14) = pln <2 \/%) + arccot(p) — arccos(n/2).

This function is plotted in Figure 21.

Theorem 7.3. Take (g, h) on the non-generic critical line. Assume 2g — 2+ k > 0, fix

positive variables £ = (¢;)%_, independent of V, and positive p = (p(e))eEE(F) such that

p(e) < InV. We consider the regime where ky boundaries have perimeter L; = {;V°/2,
k12 boundaries have perimeter L; = {;, and

(7.15) P(e) = cle(e) ) % if e is incident to a vertex in \/01427
@ 1 otherwise.

In the limit V — oo, we have
(7.16) PEM[P|T, %, V,L]

gk r E —QJ 2 Jlp(e+ V——J p(e+(v))]
~ *
p\ o H \/an H \/an H vVInV Vv

EE( ) 6‘/()0,2( ) vev, 1/2 (1)

where an expression for the non-zero prefactor is given in (7.19).
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For completeness we recall the result for (g, k) = (0,2) from [4, Theorem 7.1]. Let
PO2[P|V, Ly, Ly] be the probability that a cylinder with boundaries of perimeters L; and
L- has exactly P separating loops.

Theorem 7.4. Take (g, h) on the non-generic critical line. Fix positive variables ({1, (z)
independent of V', and p positive such that p < InV. We have when V — oo

clnV

™

V—2J )

m1r) P[P =2V L=t L=t ~ 2, 0,0)

clnV
27

PO P = S p |V L= b, L= V]~ 2P (000

clnV

™

p(0:2) [P - P ‘ VL= 0V, Ly =6V~ 20D 0 0)

The main conclusion drawn from Theorems 7.3 is that, for a given nesting graph, the
arm lengths typically behave like independent random variables of order In V| with large
deviation function proportional to J(p). Note that there is a factor of % involved in the
definition (7.15) of the reduced variable P(e) and in the large deviation function in (7.16)
for arms whose ends are a small boundary and an annulus (carrying a loop). This factor
is absent for an inner arm (whose ends are two annuli) and an arm whose end is a large
boundary and an annulus. The details of the proof show that large lengths for annuli
carrying loops give effectively dominant contributions. So, the (non-)appearance of 2 in
Theorems 7.3 and 7.4 for cylinders follows the same pattern. Up to these factors of 2
which are prescribed by the geometry, the function J(p) is universal. Focusing around

the point
n

Popt = ﬁu

where J reaches its minimum value 0, we obtain:

Corollary 7.5. Consider the ensemble of connected maps of genus g with k boundaries
of perimeters L, with volume V', realizing a fived nesting graph (I',x). Let j(e) = 2 if e
is incident to a vertexr in ‘/01’427 and j(e) = 1 otherwise. Under the assumptions and the
regime described in Theorem 7.3, the vector of random variables

P(e) — cpops n V/j(e)m
VInV

converges in law when V — oo to the random Gaussian vector (W(O,Jf(e)))eeE(F) with
variances
) 237Inc
o, =—"73.
(4 —n?)2

Proof of Theorem 7.3. We shall again be brief, as the saddle point analysis is again
similar to [4, Section 6.4 and 6.5]. The asymptotic behavior for the denominator in (7.13)
was already obtained in Theorem 7.1. We now focus on the numerator. We are in the
general setting of the proof of § 7.1, namely integrals Z(u) = Zs(u) of the form (7.5), with
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now an s-dependent exponent of the form

ae) =i+ 2 e e q1,2),

= J(e)

and a function ® = &4 depending also smoothly on s, when v — 1 uniformly. We can
start from the asymptotic result (7.6) when V' — oo, just missing to estimate the contour
integral with respect to s:

ds(e) =
j{ H 27 S<e)P(e)+1 Zs
1/ —cbs(e))/s(e)
~ 1—c(n+3 Lko)
v H j{ 2im s(e)P©+1 —T'[ — ¢(n(s) + ko)

H ]{ dxo oo (@il /% H j{ (a:g(qbi))fi dx’%(@)
(z 21” @) 2im

€00 0)” 1 i€81/2

x D, [1; (a:’% (1))icay o(r); (x0(¢l>)z€30(r)]

It is natural to study the regime

|
Ple) cp(e)InV
J(e)m
for p(e) > 0 independent of V', as then the singular part of the integrand is of the form
1
Hexp( &) InV Spels(e)]), with Sp(s):Cp ns—cb(s).
T

eckE

We first compute the saddle point s(p) of S, i.e. the point such that S)(s(p)) = 0. We
find
2 _p

s(p) = " \/Tin

We also compute in terms of the function J introduced in (7.14)
c(mb— J(p
s,(stp) = ),

T
We then perform the change of variables

and find by Taylor expansion of S, at order 2 around s = s(p):

ds —eb(s)/s ds en?(p? +1)2 §2>
i sP+1 2im s(p) 8ymp ’

which remains valid when p is allowed to depend on V such that p < InV and p is
uniformly bounded away from 0. We then deform the contour in §(e) to a steepest

(In V)2 VS 6E) exp (
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descent contour iR, and the properties of the integrand imply we can apply the monotone
convergence theorem and computation of the Gaussian integral in S yields when V' — oo:

o Vcb/g(e —cJ(p(e))/s(e)
Ay + ko) H 1
[ —¢(n(s(p)) 0)

o V2 tep(e)(pP(e) + 1) InV
dz§(o 0 (¢1)6 /7y xl ¢z)) g(gbz)
{Zl;)lo% zeal_ll/g j{:g ~1(y) 2
(7.18) Dy [ 15 (2} (60 i mcry (xz;wi))@o(r)} }

where

s5(p) = (s[p(e)]) cp-

Specialization to Theorem 7.3

We observe that in all situations, the probability we desire is given by the ratio % where
the exponent 7] to take into account for the numerator — see (7.18) —, and the one 7 for
the denominator — see (7.18) and the value (7.7) for n — are related by

n=mn-—>o.
This implies that the power of V' which does not involve the function J in (7.18) disappear,
and yields the claim with

(g,k)

oy, (&p)
(7.19) PED (4 p) = —
'MF,* (’6)
where the denominator is given by (7.9) and the numerator by
y ( »k) _ ]. L _1
oy, (p) = T [ =ecn(sp) + k)] [] (@i ep(e)@(e) + 1)
ecE(T)

dI xS((bz‘)fi/’Yi ( (¢2))
H}'{ . 2i7r 11 7{ 2im

*

1€00 1€01 /9 (55%)71(7)
F*g(p)<¢17 LR 7¢k>

We could also rederive Theorem 7.4 — already obtained in [4] — in the same way.

3 (i)

mp_.*
w\.—*

O

7.3. Addendum: generating series of maps with marked points. We now gener-
alize Theorem 5.8 to allow marked points.

Lemma 7.6. Let k = ko+kijo > 1 and g > 0 such that (g, k) # (0,1). Let x; = x(3+7¢;)
forj € {1,...,kis2}, t.e. x; remains finite and away from [v*,~%]. Let y; = x(1v;) for
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JjgeA{l,... ko}, i.e. y; scales with ¢ — 0 such that y; — v+ € O(q%). We have in the
critical regime ¢ — 0

FEESE) () s Thy gy Yls -+ s Yko)
g R FERE (1 By, ) + Ol
This is also true for (g, k) = (0,1).

(SIS

)}

The outcome is that marked points behave as small boundaries. Subsequently, the
asymptotics of the generating series & (Fg*ki given by Proposition 3.10 in presence of £’
marked points are the same as obtained in Theorem 6.4, provided one replaces ko with
k12 + k', and likewise for Theorem 7.1 concerning fixed volume asymptotics, and Theo-

rem 7.3 concerning fixed volume and fixed arm lengths asymptotics.

Proof. First assume (g, k) # (0,1). We proceed by recursion, starting from the base case
k" = 0 obtained in Theorem 5.8:

FEb(x,y) = /&Hh2) ¢ [U; () (yi _lﬁ)ko } :
qz i=1

where ® is a function which has a uniform limit when v — 1 and its other variables
remain in a compact, and

(7.20) B(g k,kij2) = (28 — 2+ k)@% -1)- % + %k’l/Q.

We shall use (3.10) to decrease the value of k’. Assume the claim holds for &” marked
points with £” < k’. Equation (3.10) gives us

k1/2 ko
FER(,y) = (2= 28— k=3 10w~ Y 30y0) FEE Dk y)
=1 =1
dz , - - i
(7.21) - 74 5 (GV'(2) = V(2)) FEHED( x ),
ol

with
V@) = Vi) - § A 2E)
ol
nus” (z)
2¢'(x)
We can substitute in this expression the function G introduced in (4.14):

G(r —v) N n (2 (@) V'(s(z)) + nV'(z))  nus"(z)
z'(v) 4 —n? J(x)
The critical behavior of G(v) when v = ¢ + 7w with ¢ € {0,3}, and ¢ = €™ — 0 is

obtained from substituting its expression from Proposition 4.1, using the asymptotics of
the function Y, in A.2, and the identities (D.1)-(D.2). The result takes the form

G(r —v) = ¢ LG(g) + O(¢?) ).

= V'(z) +nd(2)F(s(z)) -

V'(z)=V'(z) —n
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Besides, the induction hypothesis tells us that the order of magnitude of
FEE D (5(0), x,y)

receives an extra factor of q% when v = % + 7¢ with ¢ in a compact. As b € (0, %), in any

case we have 3 < 1—0% and therefore the contribution of the vicinity (at scale q%) of v} in
the contour integral over v in the second line of (7.21) remains negligible compared to the
contribution of the bulk of the contour (given by the regime ¢ = %) And, by induction

hypothesis, this contribution is of order ¢?®(+F=D+1L(kio+k'=D+1) where the +1 come

from the variable z € . On the other hand, the first line in (7.21) has a contribution of

! !
order @P@HF+HF —Lk1ptk/=1) - Ag

E(gvk+k,_ Lk +k —1) _E(g7k+k/,k1/2+k/) = % —03 >0
the first line is always negligible compared to the second line, and this gives the claim for
k" marked points. We conclude for all (g, k) # (0, 1) by induction.
Now consider (g, k) = (0,1). For & = 1, we have from (3.5):
1

V=)@ —12)
Therefore with © = z(7¢) =775 + q2x;(¢) in the critical regime
F(x) ~q 2 Fie),
whose exponent agrees with E(g,k + k' = 2,kiys + K = 1). On the other hand, for
x = x(1 4+ 7¢) in the critical regime, we have

N e e REGEAOREE)

coming from the behavior of v, when ¢ — 0 as given by Corollary B.5. This exponent %

agrees with B (8=0,k+k =2,k + Kk =2). With these two cases as initial conditions
and the previous results, we can repeat the previous steps to show from (7.21) that the
claim holds for (g, k) = (0,1) for any k" > 0. O

F*(z) =

F(z) =
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APPENDIX A. THE SPECIAL FUNCTION T,

Let 7 be a complex number in the upper-half plane. The Jacobi theta function is the
entire function of v € C defined by

(A1) Di(vfr) = = 3 @momtaintea ) Cmi
meZ
Its main properties are

(A.2) i (=v|T) = v+ 1|7) = =01 (v|7), O1(v + 7|7) = —e AT 9, (v]7)

and the effect of the modular transformation:
i7'r'u2
e T
Or (2] = 1)

T

(A.3) W (v|T) =

—ir 7

Definition A.1. T,(v) is the unique meromorphic function with a simple pole at u =0
with residue 1, and the pseudo-periodicity properties:

To(v+1) = Ty(v), Ty(v+7) = ™Yy (v).
We have several expressions:

Tp(v) = Z e ™™ cotan (v + mr)

91 (0]7) V(v —3I7)
Vi(=3lm)  Va(vlT)

e 90— 1) w0y (2] - )

A4 = T T/
i T 0(-2[-0) (-
We have the expansion:
1
<A5) Tb(w) = — + ZU{,J’U), w — 0,
w j=0
with
(a0 oy = LUGID_1970m
’ 2 fﬁl(%h) 6 v1(0|7)
1 1 19'1’(%%|7~') L9y(0|7) . 19’1(%7|%) 772b2>
= — — - — — — im - — ,
(iT)2\2 9,(Z|7) 6 91(0]7) (2 ]7) 2

where 7 = —1/7 and 7 = iT. The value of the constant term in (A.5) is irrelevant for our
purposes. The expressions involving 7 or

S

q= 6i7r7~' =e
are convenient to study the regime 7" — 0, i.e. ¢ — 0.
Lemma A.2. Let v =¢+ Tw. We have, for b€ (0,1):

2mq°? { T o(w) — quZJrQ,O(w) +0(¢*™") if e =0,
: 1
j.

T(1—¢) | Tpalw) - (¢t - DY}y 1 (W) +qT5 1 (w) + O(¢g't?) ife=

Tp(v) =
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The errors are uniform for w in any compact independent of T — 0, stable under differ-
entiation, and the expressions for the limit functions are

) i (b=1)w
(A7) Tb,o(w) = m,
(A.8) Tz’% (w) = —e™v.
We also have

™21 2
(A.9) Up,1 = (T) {g +b+ 5T O(qb)}-

APPENDIX B. THE PARAMETRIZATION & < v

Consider given values of 4 and ¢(74) such that

(B.1) V- < <s(ys) <<s(r-).
We set
(B.2) v =iC dy

<o V=<))W — <))y — )y —v-)

The normalizing constant is chosen such that, for £ moving from the origin ¢(~;) to ¢(v_)
with a small negative imaginary part, v is moving from 0 to % When z moves on the
real axis from ¢(7,) to 74, v moves from 0 to a purely imaginary value denoted 7 = iT.

Then, the function v — x(v) has the properties:
z(v+27) =2z(v+1) =2(—v) = z(v), s(x(v)) =z(v—T1),

and is depicted in Figure 7. 2'(v) has zeroes when v € %Z + 77, and double poles at
VU = Vs + Z + 277Z. From (B.2), paying attention to the determination of the squareroot
at infinity obtained by analytic continuation, we can read in particular:

i

m, UV — Voo

(B.3) z'(v) ~
From (B.1), we know that ve = £ 4 Tws, where wy, € (0,1) is determined as a function

of v+ and ¢(v4).
There is an alternative expression for (B.2) in terms of Jacobi functions:

2iC arcsn! [\/g(%)—% 2=s(y4) . .
_ s(r)=v— z—s(r-) "’

V() =)o) =)

with
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By specialization at z = y_ and x = ¢(y_), we deduce the expressions:

VGO =) 0-) =)
(B.4) C = a0 ,
K (k)
(B5) 2K ()’

in terms of the complete elliptic integrals. By matching poles and zeroes, we can infer an
expression for z(v) — 4 in terms of Jacobi theta functions:
¥1(0|27)01 (2000 |27) V1 (v — 7|27)91 (v + T|27)

(B.6)  x(v) =y =—iC U1 (Voo — T[27)01 (Voo + 7(27) V1 (v — 06 |27)01 (0 + veo[27)

From (B.2), one can derive the expansion of z(v) when v — vo..

Lemma B.1. When v — v, we have the expansion

_ —iC B i 3E}—8FE, —E} +4E,E, — 8F;3
W=t te T s T 64C?
where we introduced the symmetric polynomials in the endpoints:
(B.7)  Ei = v 4y +sm) <),
(B8)  Er = y-{v +s(rs) F ()} + e {s(re) + ()} +s(r)s(r-),
(B.9) By = 7-745(74) + 7=745(7=) + 7= (7=-)s(74) + v ()5 (=)

More generally, the coefficient of (v —vs)* in this expansion is a homogeneous symmetric
polynomial of degree (k + 1) with respect to the endpoints, with rational coefficients up to
an overall factor (iC)~*. O

(V—050) 2+ O (V-1 )?,

In the study of non-generic critical points, we want to take the limit where v, and
¢(7v4) collide to the fixed point of the involution:

1
(a+ 1)’
while 7~ — 4* remains distinct from ¢(7*). This implies 7' — 0, or equivalently k£ —

0. This limit is easily studied using the modular transformation (A.3) in (B.6), or the
properties of the elliptic integrals. If we set

*

T+ =

S

g=eT,
we arrive to:
Lemma B.2.
o = () {reom}
we = wi{1+0(H)}.
([l

We can then derive the critical behavior of the parametrization z(v) in the two regimes
of interest:
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Lemma B.3. Let v =¢ + 1w for e € {0,5}. We have

1. . 1
z(v) = e = ¢ {al(w) + O(q?)}.
The error is uniform for w in any compact independent of T — 0, and this is stable under

differentiation with respect to v. It 1s actually an asymptotic series in q%. The limat
functions are

mi(w) = 8y/(<() =) = 77) sin(rul) cos” (1),

2
Biw) = /() =301 - 2)

~7 cos(mw) — cos(mwr,)

sin(rw?,)

O

If we specialize the second equation to v = % + 7, use the expression (4.2) of ¢(x) and
perform elementary trigonometric manipulations, we find:

Corollary B.4.

( *) l -« 1—]1(14—05)’7*
COS(TTw = . .
< 1+a 1+h(l—a)y*

O

We may consider w}_ as a parameter for the non-generic critical line. Specializing again
Lemma B.3 to v = ¢ + 7 and using Corollary B.4 yields:
Corollary B.5. There exists a constant py such that:
16 cos(mw?,) 1
2h(~yy — = ———>2q2+0(q),
(v —+) i—a2) ¢ (9)

2h(v* =) = pg? + O(q),

and
. s 2 * * 1
B i) 0 e O
2 _ in? ) — — —
Ey, = 2{(Se (a21)_311r;2(hﬁ21:§12(7ru21§f;é 2 * h2(1 — jf)l((l?)o—é cozs)(ﬁwfio))2 i +0(a)
£ 4(a?sin®(rws,) — a2 + cos?(rwy,) + 1)) 1 O(q%)-

(1 — a)2(1 + a)3sin®(7rw?, )h3

The first four lines are used in [4| to describe the phase diagram (reviewed here in
Section 5.1) and the critical exponents of the model. Straightforward computations with
(B.4)-(B.5) yield:

Corollary B.6.
wC
T = \/(C(Y—) —73)(; =) +0(g),

2 cot * 1 * 1
_ 2c0 (rwk) N (14 cos(mw?,))ps 4 +0(9)

(1—a?)h = 2(1 — cos(mw,)) sin(mw?,)
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There are some simplifications in absence of bending energy, i.e., « = 1. We then have
wh, = % which is in agreement with Corollary B.4. The non-generic critical line is then
parametrized by p = 1 — 2h~*, which is related to the former parametrization by letting

a—1and wl, — % in such a way that

(B.10) (% — w;o> ~ (1=a) p

Corollary B.5 specializes to:

Corollary B.7. For a =1, we have:

2h(vy —v+) = Olq),

2

By = 5 +0(q),
6—p* pp1 1

By = W_Q_f;q2+O(Q)’
2—,02 1

Ly = WJFO(QQ),

™ p P11

T = oo o TOW

O

The fact that ¢(z) = % —xand v} = % gives the exact relation £ = %, in agreement
with the second line.

APPENDIX C. THE COEFFICIENTS §

In the loop model with bending energy where all faces are triangles, the parameters
are: g (resp. h) the weight per face not visited (resp. visited) by a loop, a the bending
energy, and n the weight per loop. We can compute g from their definition (4.2.2) if we
insert the expansion of Lemma B.1. We recall that C' is the constant in (B.2), and E’s
are symmetric polynomials in the endpoints defined in Lemma (B.1). If we introduce

we find
~ 2
g3 = -2
- 2—gk
o= T
. y(3E} —4E,) — 6E;
Bz 1204 —n2)
~ 2u
o= oy

We remark that g3 and gy depend on the parameters of the model in a very simple way,
whereas g; and g, have a non-trivial behavior in the non-generic critical regime, which
can be deduced up to O(q) from Corollary B.5, either in terms of the parameter w? , or
the parameter p if o = 1.
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Corollary C.1. We have:

—~ 1 2
92 = m[1+ Tg(a_ sin? (mw?, >]
g p1 cos(mw?,) N
h (1 — cos(mw?,))?(4 — n2)
- 29[(3a? + 1) sin*(rw?,) + 2(3a — 2) sin®*(mw},) + 6]
3(1 — a?)2h2(4 — n2) sin*(rwr,)
3hsin?(mw?,)(1 — o) (asin®(7w?,) + 1)
3(1 — a?)2h2(4 — n2) sin*(rwz,)
p1 cos(w){2g[4 — asin®(mw,) + 2 cos?(mw, )| — 3hsin®(rwi)(1 — a?)}
* (1 — cos(rwe))2sin (rwe) (1 — a2)12(4 —n?)

l\)\)—l

O(9),

[N

q
+0(q).
O

There are some simplifications for & = 1. Owing to the exact relation E; = %, only g
has a non-trivial dependence in the non-critical regime:

Corollary C.2. For a = 1, we have:

= ()
gz - 4_n2 h,’

T S QSR _9pp 4
9= h(4—n2)< L+, +6)>+h2(4—n2)q +0l@).

APPENDIX D. DETERMINATION OF THE ENDPOINTS AND PHASE DIAGRAM

In this section, we recall the elements leading to the proofs of the theorems of Sec-
tion 5.1, see [4] for more details. The equations A.G*(0) = 0 for £ € {0, 1} determine 4
in terms of the weights of the model. We compute from Proposition 4.1 and the behavior
of Ty(T¢ + 1/2) given in Lemma A.2:

(D.1) DY, 0(mweo) — ¢ DYy s o(mwee) +O(q) = 0,
(D.2) DY, 1 (mwee) = "Y1} s (rwe) + O(g) = 0,
where
(D.3)
_ _ sin[(1 = b)w] _ L (=1)'Gi (7CNLy
Y, 0(w) = cos(bw), Y},y%(w) e— D= Z 0 <T) Orrp. -

Exactly at criticality, we must have u = 1 and ¢ = 0, thus using Corollary B.6:

2,3 UG oty i v

_ =0 € {0,3}.
2+n k! (1—a?®)h /) Y, (rws) ’ €03}
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We note that the critical values gj obtained in Section C are such that (D.1)-(D.2) give a
system of two linear equations determining ¢ and h? in terms of the parameter w? . For
a = 1, we rather use p as parameter, and the solution is

g _ 4(pbv/2 +n — /2 —n)

D4 = )
(D-4) h P20 —1)vV2 —n+4pbv2+n—2y/2—n
(D.5) 2 p*b PP0(1 —b3)V2+n—4pV/2 —n+6byV2 +n

244 —n? —p2(1 —2)V2 —n+4pbv/2 +n—2v2 —n

Since ¢ and h? must be nonnegative, we must have p € [0/, Pmax] With

h
(D.6) ;2102 —n—V2/(10+n)b? — 4+ 2n
' Prmin = b1 —0%v/2 —n ’
1 /2—n

D. max — 7 .
(D7) P bV2+n

However, we will see later that the non-generic critical line only exists until some value
Pmin > Poins 80 (D.6) will become irrelevant. For a # 1, see |4, Appendix D].

Now, let us examine the approach of criticality. We fix (g, h) on the non-generic critical
line for u = 1, and we now study the behavior when u # 1 but u — 1 of the endpoints
~v+. In particular, since the behavior of the elliptic functions is conveniently expressed in
this regime in terms of ¢ = e~ 7, our first task is to relate (1 — u) to ¢ — 0. For this
purpose, we look at (D.1), and note that u only appears in go. There could be a term of

order q2 stemming from near-criticality corrections to ws., gr and %%, but computation
reveals that it is absent. Therefore, we obtain:
3 O] *
n + 2 2 cot(mw? )\! Yy o o(mwl,) .
l—u= ( ) ’ v+ 0(g),
v z ) )+ ol
where g5 = —Q%n

and (g;)g>1 should be replaced by their values in terms of (g, h, w? )
from Section C, and (g, h) by their parametrization (D.4)-(D.5) on the critical line.

We examine the case o = 1. Using the parametrization (D.4)-(D.5), the resulting
formula is:

(D.8) l—u=qq¢" "+ (g1+p)g+o(q).
with:

12 pPP1-0)AV2+n+2p(1—b)V2—n—2v2+n
e V2t dp(l— V2 —n— 62t
24 2B+ 1DV2+n+ 2002 —n+2v2+n
T TR - V2t n - dp(l— V2 —n— 6bv2 10

The value of ¢ is irrelevant because we will soon show that p; = 0. As (1 — u) should be
nonnegative for ¢ > 0, we must have g, > 0, which demands p € [pmin, Pmax] With:

V6+n—+v2—n
(1-0)vV2+n

(Dg) Pmin =



78 GAETAN BOROT AND ELBA GARCIA-FAILDE

We observe that this lower bound is larger than p/ . given by (D.6) for any n € [0, 2],
therefore the non-generic critical line can only exist in the range p € [pmin, Pmax] Provided
by (D.9)-(D.7). These necessary conditions were also obtained in [6] — where the lower
bound arose from the constraint of positivity of the spectral density associated with the
generating series of disks F(x) — and it was checked that these conditions are sufficient.

We now turn to the second equation (D.2). We have checked that the term in ¢° van-
ishes, as we expect by consistency with (D.8). Then, the term of order q% is proportional
to p1, therefore we must have, in both dense and dilute phase:

P11 = 07
which means that v~ —v* € O(q).
We see that for p € (pmin, Pmax):

1
q~ g (1—u)=r.
for some constant ¢, > 0. This corresponds, by definition, to the dense phase. For
P = Pmin (i.e. the dilute phase) we have ¢, = 0, and (D.8) specializes to:
1 24 +o(q)
—u= o(q).
b(1—b)2 b 1M
For general o not too large (see the statement of Theorem 5.2), the result is qualitatively
the same, only the non-zero constant prefactor differs — see [4, Appendix D|.

APPENDIX E. PROOF OF LEMMA 5.4

The goal in this appendix is to obtain the critical behavior of the building blocks. From
the expression (4.19)-(4.20) and the behavior of the special function T, from Lemma A.2
we find:

Lemma E.1. We have in the regime T — 0:

(1)1 /oy 2+2 NP
B.y(<' +70) = ﬁ(f) " BLE (m0) + O}

AN 4 i
Bale 7o) = (U7 (F) @B o)+ 0},

where (1 — 8o
. sin(1 — .
Bjy(6) = W7 ;b(gb) = 2cos bo.
The error is uniform for ¢ in any compact, and stable by differentiation.

We next focus on the denominator of the recursion kernel.
Lemma E.2. We have in the regime T" — 0
(A.G)(r0) = (%) a""002 {G2(6) + O(") },
where 0 = 1 in the dense phase, and 0 = —1 in the dilute phase. We have

Go(0) = {

—Dj ,sinm¢ sinm(l —b)¢  in dense phase,
Dy, sinmg sinm(1+b)¢ in dilute phase,
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with D; given in (E.3) below. In each phase, G§(¢) # 0. We have
i 1 —-b)w} i 1—-0)(wk, — i 1—0)(ws
£ o(6) = I D (251n7r( Jwi, sin( )(wi, —¢) sinm( Y(wi, + qb))’

sin mw?*, sin w(w*, — ) sin w(w, + @)

where D* is a differential operator given in (E.2) below.

Proof. From Proposition 4.1 and the behavior of Y(7¢ + %) given in Lemma A.2, we
repeat in a finer way the computation of the beginning of Section 5.1.:

(E1) (AG)(7¢)
8j b/2
= V4 —n? % 1q_ 7

—q(cos (b — 2)¢ DY} _20(Twes) + cos (b + 2)¢ DYjp00(Twes)) + O(q”b)},

{ — cos b DYy 0(mwso) + ¢ cosm(b — 2)é DYp_p.0(mwec)

where Y, o are D were introduced in (D.3). One of the exact condition determining the
endpoint was AgG(0) = 0, i.e.

DYy 0(Twso) = ¢* DYy 00(Tweo) — qD(Yy_00 + Yra0)(Twee) + O(¢' ) = 0,

which we can substitute in (E.1) to obtain

(A0G)(7¢)
16ir ¢*% (|, . .
= V4—n? T 1_a)Y sinT@sin (1 — b)pDYy—2,0(Tws)
—q

+¢sin 7r¢(sin (1 = b)p DYy—20(TwWes) + sinm(1 + b)¢ DYE)+2,0(7TUJOO)) + O(ql—i-b)}'

The dense phase was characterized by
* * * (_1)1/9\7 !
(E.2) DYy po(mwl) #0,  D* = lZ o O
>0

Therefore, the first term, of order ¢'~?, is indeed the subleading term. The dilute phase
is characterized by D*Y,_o(mw},) = 0 and then one can check that D*Y, o (mw?,) # 0. So,
in the dilute phase the leading term is of order O(gq). This gives the announced results
with

(E.3) Dy = 16iv4 — n? D*Y,(mw},).
For (A%G)(T@ﬁ), we easily arrive to the result using the behavior of Y;(7¢) from Lem-
ma A.2, and exploiting the freedom to subtract A%G(O) =0. O

Corollary E.3. We have when T — 0 in the dense phase, for r = 1,2 and ¢ € {0, %}

T 2r+1 . _ "
Yer = (T) g2 Ly 4+ O(gh)
with yZ, # 0 computable from Lemma E.2, and y5/ys, = —2 + 2b — b2,

Inserting the previous results into the expressions (4.33)-(4.34) for the initial conditions,
we find:
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Corollary E.4. When T' — 0 in the dense phase:

C(03) [g 0 g} _ <z) -3 ¢(1-29)@b/2-1) {Cio,?,) [g 0 g} +O(q) }’

T
~1
cno] — (E) (1—25)(017/2—1){(:(1,1) 01 L O(eb }
H 7) SUE] O s
-3
cany <Z> (1—25)(01)/2—1){(:(1,1) 1 1+ O }
[5} T q * |:5:| + (q ) )
(E.4)
and likewise for C’s, with:
2
0,3)[000] __
ka )[666] - T % 0
ye,l
2
CS}’U[S] _ 6+26b+11b7
24y54
i 2
Cil’l)[?] _ Yio +2—|—6b+3b7
2 24(y1 ,)? 6y3 |
1
canmy — .
: [E] 249:,1

From Corollary E.3 we can then deduce the critical behavior of K’s and K’s.
Corollary E.5. Fore, 0,0’ € {0,1}, we denote:
fle,o0)=b{(c®o)+ (c@do)] + (2 —1)(1 - 2e).
When T — 0 in the dense phase, we have

/ 2(m+m,_l)+1 ’ ’
Klrw] = (%) o K [ a] + o)},

T
% "'m 7\ 20m—i=1) -1 £,6,0 r % "m
KLtw) = (%) e { KLU+ o)},
with
, 4(_1)l+m+m’ d(b ¢2l+1 ,
«Tl mm o *,(2m+1) *,(2m/+1)
Klw]l = M @i e et By e - 1)
N , 2(_1)m+l+l’+1 d¢ ¢2(l+l’)+1 _—
FoxLUm BHEmtl) 1)1,
7] Visw S @ n@nice) e Mot

Proof. This is a direct computation from Lemma E.1-E.2. We note that for K, we find
an exponent ¢/(&?) | with f(e,0) = b(e ® o) + (4 —1)(1 —2¢). But since e ®e = 0, this is
also equal to f(g,¢,0). O

We also remark that the order of magnitude of C%[29%] and C("V[!] is ¢/(=<). There-
fore, for a given graph G and coloring o of its edges appearing in the sum of Proposi-
tion 4.11, and any vertex v € V(G), the factor associated to v — either K, K, CO3) or
CY — s of order of magnitude ¢/ with

fo=flo(e)), o(ey), o(ey)).
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