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NESTING STATISTICS IN THE O(n) LOOP MODEL ON RANDOM
PLANAR MAPS

GAETAN BOROT, JEREMIE BOUTTIER, AND BERTRAND DUPLANTIER

ABSTRACT. In the O(n) loop model on random planar maps, we study the depth — in
terms of the number of levels of nesting — of the loop configuration, by means of analytic
combinatorics. We focus on the “refined” generating series of pointed disks or cylinders,
which keep track of the number of loops separating the marked point from the boundary
(for disks), or the two boundaries (for cylinders). For the general O(n) loop model, we
show that these generating series satisfy functional relations obtained by a modification
of those satisfied by the unrefined generating series. In a more specific O(n) model
where loops cross only triangles and have a bending energy, we can explicitly compute
the refined generating series. We analyze their non-generic critical behavior in the dense
and dilute phases, and obtain the large deviations function of the nesting distribution,
which is expected to be universal. By a continuous generalization of the KPZ relation in
Liouville quantum gravity, i.e., by taking into account the probability distribution of the
Euclidean radius of a ball of given quantum area, our results are in full agreement with
the multifractal spectra of extreme nesting of CLE, in the disk, as obtained by Miller,
Watson and Wilson [71], and with its natural generalization to the Riemann sphere.

1. INTRODUCTION

The enumeration of maps, which are models for discretized surfaces, developed initially
from the work of Tutte [90, 9T, O2]. The discovery of matrix model techniques [19] and
the development of bijective techniques based on coding by decorated trees [21], [79] 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
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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 it is Liouville quantum gravity possibly coupled to a conformal field theory
[57, 47, 43]. 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 [65], 611 [66], 62], the complete proof of convergence in the Gromov-Hausdorff
sense being obtained in [60] [62]. 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
[64].

The next class of interesting models concerns random maps equipped with a statistical
physics model, like percolation [55], the Ising model [54, [16], or the @-Potts model [22]
8, 93]. It is well-known, at least on fixed lattices [42] 5], 89, [76, [75], that the @Q-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 [I0]. The O(n) model
also admits a famous representation in terms of loops [26] [75] with n the fugacity per
loop. The interesting feature of the O(n) model is that it gives rise to universality classes
which depend continuously on n, as can be detected at the level of critical exponents
[73, (74, [75], 311, 46, 58, [32], (59, [44]. The famous KPZ relations [57] (see also [23, 25]) 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 [57, 54 BT, 32, 58, 29].

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 Liouwville theory
of quantum gravity (see, e.g., the reviews [47, 43, [72] and [30, [63]). In the particular
case of pure random planar maps, the universal metric structure of the Brownian map
[62, 66, 63] has very recently been identified with that directly constructed from Liouville
quantum gravity [67, 69 68]. 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 [84] [86], denoted by CLE,, and depending on a continuous index
k € (8/3,8), with the correspondence n = 2cos7(1 — %) for n € (0,2] [28, 51, 29]. In
Liouville quantum gravity, the CLE,, is in presence of an independent Gaussian free field
(GFF), which both governs the random area measure and quantum conformal welding
along SLE curves [37, 85 [38], B3], 30], and expectedly also the random metric associated
with the random map in the continuous limit [63], 67, 69, [68]. In the framework of Liouville
quantum gravity, the KPZ relations have now been mathematically proven for the GFF
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[37], for multiplicative cascades [7] and in the framework of Gaussian multiplicative chaos
[78, 35].

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. In this work, we shall rigorously investigate the
nesting properties of loops in those maps. From the point of view of 2d quantum gravity,
it is a necessary, albeit perhaps modest, step towards a more complete understanding
of the geometry of these large random maps. For instance, one should first determine
the typical ‘depth’ (i.e., the number of loops crossed) on a random map before trying to
determine how deep geodesics are penetrating the nested loop configuration. While this
last question seems at present to be out of reach, its answer is expected to be related to
the value of the almost sure Hausdorff dimension of large random maps with an O(n)
model, a question which is still under active debate (see, e.g., Refs. |27, [I]).

Our approach is based on analytic combinatorics, and mainly relies on the substitution
approach developed in [12, [11]. For instance, we compute generating series of cylinders
(planar maps with two boundary faces) weighted by s”, where P is the number of loops
separating the two boundaries. This type of results is new and has a combinatorial
interest per se; we find that the new variable s appears in a remarkably simple way in the
generating series. While the present article is restricted to the case of planar maps, the
tools that we present will be applied to investigate in a subsequent work the topology of
nesting in maps of arbitrary genus and number of boundaries [15].

We also relate the asymptotic of our findings for large number of loops and volume, to
extreme nesting in CLE, in the plane. The large deviations functions, obtained here for
nesting on random planar maps, are shown to be rigorously identical to some transforms
in Liouville quantum gravity, of the Euclidean large deviations functions for CLE, as
obtained in Ref. [T1], via a somehow subtle resurgence and extension of the KPZ relation.

Notations. If ' and G are non-zero and depend on some parameter ¢ — 0, F' < G
means that In /' ~ In G when ¢ — 0, while F' ~ G means there exists C' > 0 such that
F ~ CG when e — 0. If F'is a formal series in some parameter u, [u™] F' is the coefficient
of u™ in F.

2. GENERAL DEFINITIONS, REMINDERS AND MAIN RESULTS

2.1. The O(n) loop model on random maps. We start by reminding the definition
of the model, following the presentation of Refs. [12], [TT].

2.1.1. Maps and loop configurations. 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 an homeomorphism of their
underlying surfaces are identified, so that 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 (counted 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 m > 1, a map with m boundaries is a map with m distinguished
faces, labeled from 1 to m. 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 its right.
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The perimeter of a boundary is the degree of the corresponding face. Non-boundary faces
are called inner faces. A triangulation with m boundaries (resp. a quadrangulation with
m boundaries) is a map with m boundaries such that each inner face has degree 3 (resp.

i
£

FIGURE 1. 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 (an
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 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 [I| for an example.

Remark 2.1. In the original formulation in Refs. [46, [58] 59] 40], the loops cover vertices
and edges 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. Statistical weights and partition functions. Colloquially speaking, 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 [46l, 58, 59, [40]:
here we require the underlying map to be a triangulation, possibly with boundaries. There
are two local parameters g and h, which are the weights per inner face (triangle) which
is, respectively, not visited and visited by a loop. The Boltzmann weight attached to a
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configuration C' is thus w(C) = n*¢g™ h™2, with £ the number of loops of C, T} its number
of unvisited triangles and 75 its number of visited triangles.

VAVIENWAN,
< <t

FIGURE 2. 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.

A slight generalization of this model is the bending energy model [I1], 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 2] Another variant is the O(n)
loop model on random quadrangulations considered in [12] (and its “rigid” specialization).
Finally, a fairly general model encompassing all the above, and amenable to a combinato-
rial decomposition, is described in |11} Section 2.2|. We now define the partition function.
Fixing an integer m > 1, we consider the ensemble of allowed configurations where the
underlying map is planar and has m boundaries of respective perimeters ¢, /s, ..., ¢, > 1
(called perimeters). We will mainly be interested in m = 1 (disks) and m = 2 (cylinders).
The corresponding partition function is then the sum of the Boltzmann weights w(C') of
all such configurations. We find convenient to add an auxiliary weight u per vertex, and
define the partition function as

(2.1) Fz(ff?.,em — G100 U+ Z u!V Ol (),
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. For m = 1, we introduce the
shorthand notations

(2.2) F,=FY.

By convention, the partition function for m = 1 includes an extra term d,, ou, which
means that we consider the map consisting of a single vertex on a sphere to be a planar
map with m = 1 boundary of perimeter ¢; = 0.

2.2. Phase diagram and critical points. When we choose the parameters to be real
positive numbers such that the sum converges, we say that the model is well-defined
(it induces a probability distribution over the set of configurations). Under mild assump-
tions on the model (e.g., the face degrees are bounded), this is the case for u small, and
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there exists a critical value u, above which the model ceases to be well-defined:
(2.3) ue =sup{u >0 : Yl F,<oo}.

If u. =1 (resp. u. > 1, u, < 1), we say that the model is at a critical (resp. subcritical,
supercritical) point.

supercritical

dense

dilute

subcritical

)

FIGURE 3. Qualitative phase diagram of O(n) loop model on random maps:
there is a line of critical points separating the subcritical and supercritical
phase. Critical points may be in three different universality classes: generic,
dilute and dense.

At a critical point, the partition function has a singularity at « = 1, and the nature
(universality class) of this singularity is characterized by some critical exponents, to be
discussed below. For n € (0,2), three different universality classes of critical points may
be obtained in the O(n) loop model on random triangulations, which we call generic,
dilute and dense. [5§]

The generic universality class is that of “pure gravity”, also obtained in models of maps
without loops. The location of these points in the (g, h) plane forms the phase diagram of
the model, displayed qualitatively on Figure (3} and established in [I1] — see also the earlier
works [58], 46, [59] 40]. For the bending energy model, the phase diagram is similar for «
not too large, but as a grows the line of nongeneric critical points shrinks and vanishes
eventually [10, Section 5.5]. The same universality classes, and a similar phase diagram,
is also obtained for the rigid O(n) loop model on quadrangulations [I2], and is expected
for more general loop models, where g and h should be thought as a fugacity per empty
and visited faces, respectively.

2.3. Critical exponents. We now discuss some exponents that characterize the different
universality classes of critical points of the O(n) loop model. Some of them are well-known
while others are introduced here for the purposes of the study of nesting. In the case of
the dilute and dense universality classes, the known exponents are rational functions of
the parameter:

(2.4) b= %arccos (g) ,
1

which decreases from 5 to 0 as n increases from 0 to 2. An entry e indicates that the
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exponent subcrit. | generic | dilute || dense | n =0 | Perc. | Ising | 3-Potts | KT
b b b : 3 : 3 0
o SN NI
central charge 0 — lﬁ;fb 1— f’i_zb —2 0 % % 1
¢ 1 e 2 3 E 3 1
0 5 Sl own | 2-b | 3 | 3 | T | I |
di 2 4 ° ° ° 4 ° ° °
%t 2 4 | 342 | 3-2b| 2 s g 3
v 0 0 | 5=b | s | O | & | 5 | % |3
: 2 & [ s 6 [%®] % |4

FIGURE 4. Summary of critical exponents for the O(n) model. (The last
5 columns are for the dense phase.) Pure gravity corresponds to n = 0
model in the dilute phase, critical percolation to the n = 1 model in the
dense phase, the Ising model and its interfaces to both the n = 1 model in
the dilute phase and the n = v/2 model in the dense phase; the Kosterlitz-
Thouless transition is that of the n = 2 model. More generally, the critical
Q-Potts model and its FK cluster boundaries correspond to the O(n = /Q)
model in the dense phase.

exponent is not unknown. At the time of writing, there is no consensus about the value of
d%°°" in the physics literature, although the value 4 (independently of n), or a so-called
Watabiki formula have been proposed (see e.g., [I8, 27, [I] and references therein). All
other exponents can be derived rigorously in the O(n) model on triangulations, as well
as the model with bending energy, and are expected to be universal. We actually reprove
these results — the only new statement concerns v — for the dense and dilute phase of the
model with bending energy with not too large oo during the course of the article.

2.3.1. Volume exponent. The singularity of the partition function in the vicinity of a
critical point is captured in the so-called string susceptibility exponent g,:

(2.5) Fol g ~ (1T =)', u— 1,

where / is fixed, and Fylsne denotes the leading singular part in the asymptotic expansion
of Fy around v = 1. As u is coupled to the volume, the generating series of maps with
fixed volume V' behaves as:

W] F, < V2 Vo 0.
In the context of the O(n) loop model, vy, may take the generic value —%, already
observed in models of maps without loops (n = 0) ; the dilute value —b ; and the dense
value —%_b. In all cases we consider, vy, is comprised between —1 and 0. The parameter
¢ € (1,2) defined by:
Ystr := —bc
will play an important role (note that it has nothing to do with the central charge).
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FIGURE 5. The gasket of the map depicted in Figure [1}

2.3.2. Perimeter exponent. A second exponent is obtained as we keep u = 1 fixed but
take one boundary to be of large perimeter. Clearly, this requires Fy to be finite for all
¢, hence the model to be either subcritical or critical, since v, € (—1,0). We have the
asymptotic behavior:

(2.6) Fy < 0 — o0,

E_a7

where 7, is a non-universal constant, and a is a universal exponent comprised between

% and g, which can take more precisely four values for a given value of n: % (subcritical
point), 3 (generic critical point), 2 + b (dilute critical point) and 2 — b (dense critical

point).

2.3.3. Gasket exponents. Consider a disk D with one boundary face and a loop config-
uration. If we (i) take the connected component, in the complement in D of all faces
carrying loops, which contain the boundary face, and (ii) fill in the holes of perimeter k
by a face of degree k, we obtain a disk D’ (which does not contain a loop configuration),
called the gasket. (Compare Figures |1| and ) In Corollary , we will combine known
properties of the generating series of disks in the model with bending energy to show that
the probability that a vertex chosen at random uniformly in a disk of volume V" and finite
perimeter belongs to the gasket behaves like:

P[e € gasket | V] ~ V7, V — o0,

with v = ¢(3 — b).

Relying on the work of Le Gall and Miermont [64], we showed in [12] that the almost
sure fractal dimension of the gasket when V — oo, denoted d%***", is equal to 3 — 2b in
the dense phase, 3 + 2b in the dilute phase. This contrasts with the well-known value
dy = 4 for the fractal dimension of disks at the generic critical point. We can only expect
dy > d¥*". Ref. [27] relates it to the value of yet another critical exponent, which
expresses how deep geodesics enter in the nested configuration of loops.
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2.4. Main results on random maps. This paper is concerned with the statistical prop-
erties of nesting between loops. The situation is simpler in the planar case since every
loop is contractible, and divides the underlying surface into two components. The nesting
structure of large maps of arbitrary topology will be analyzed in a forthcoming work [15].

In the general O(n) loop model, the generating series of disks and cylinders have been
characterized in [12] [1T), [14], and explicitly computed in the model with bending energy in
[11], building on the previous works |40} 13]. This characterization is a linear functional
relation which depends explicitly on n, accompanied by a non-linear consistency relation
depending implicitly on n. We remind the steps leading to this characterization in Sec-
tions B4l In particular, we review in Section [3] the nested loop approach developed in [12],
which allows enumerating maps with loop configurations in terms of generating series of
usual maps. We then derive in Section [ the functional relations for maps with loops as
direct consequences of the well-known functional relations for generating series of usual
maps. The key to our results is the derivation in Section of an analog characterization
for refined generating series of pointed disks (resp. cylinders), in which the loops which
separates the origin (resp. the second boundary) and the (first) boundary face are counted
with an extra weight s each. We find that the characterization of the generating series
is only modified by replacing n with ns in the linear functional relation, while keeping
n in the consistency relation. Subsequently, in the model with bending energy, we can
compute explicitly the refined generating series, in Section[5] We analyze in Section [6] the
behavior of those generating series at a non-generic critical point which pertains to the
O(n) model. In the process, we rederive the phase diagram of the model with bending
energy, and we eventually find:

Theorem 2.2. Fiz (g,h,a) and n € (0,2) such that the model with bending energy
achieves a non-generic critical point for the vertex weight w = 1. In the ensemble of
random pointed disks of volume V' and perimeter L, the distribution of the number P of
separating loops between the marked point and the boundary face behaves as:

l 1 c
p[p: ¢ nvp‘v, L:g] (V) PV,
™
1 c c
P[P:C;Vp‘V,L:VM] & (InV)"2 Va0,
™

where £ > 0 s fived, and p < In'V', and:

J(p) =In (2 L) + arccot(p) — arccos(n/2).

n 1/1—}-1)2

We expect this result to be universal among all O(n) loop models at non-generic critical
points. The explicit, non-universal finite prefactors in those asymptotics are given in the
more precise Theorem [6.8] We establish a similar result in Section [7] and Theorem [7.1] for
the number of loops separating the boundaries in cylinders.

The large deviations function has the following properties (see Figure @:

e J(p) > 0 for positive p, and achieves its minimum value 0 at p,, given below.

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

e J(p) has a slope In(2/n) when p — co.
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J(p)
150

10}

FIGURE 6. The function J(p) for n = 1, n = v/2 (Ising) and n = v/3 (3-Potts).

e When p — 0, we have J(p) = arcsin(n/2) + pIn(2p/n) + O(p).
The Gaussian behavior of the large deviations function around its minimum p,p, implies:
Corollary 2.3. In pointed disks as above, the depth behaves almost surely like C’;LW” InV,
with Gaussian fluctuations of order O(V/InV):
P — 22t n Y
———=— — N(0,0%), = -

(¢} = T g EEEEEENER
VinV Port = U112 m(4 —n2)2

with 7 =1 if we keep L finite, or j = 2 if we scale L = (V% for a finite positive (.

) 23=Inc

Establishing the critical behavior of the generating series and the phase diagram requires
analyzing special functions related to the Jacobi theta functions and elliptic functions
in the trigonometric limit. The lengthy computations with these special functions are
postponed to the Appendix to ease the reading. In Section [§, we generalize these results
to a model where loops are weighted by independent, identically distributed random
variables. Lastly, Section[J] the content of which is briefly described below, uses a different
perspective, and re-derives the above results on random maps from the Liouville quantum
gravity approach. The latter is applied to similar earlier results obtained in REf. [71] for
a CLE,, in the unit disk.

2.5. Comparison with CLE properties. It is strongly believed that, if the random
disks were embedded conformally to the unit disk D, the loop configuration would be
described in the thermodynamic V' — oo limit by the conformal loop ensemble in presence
of Liouville quantum gravity. On a regular planar lattice, the critical O(n)-model on a
regular planar lattice is expected to converge in the continuum limit to the universality
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class of the SLE, /CLE,, for

K € (8/3,4], dilute phase
Kk € [4,8), dense phase

(2.7) n=2cos [r(1—4/k)] n € (0,2] {

and the same is expected to hold at a non-generic critical point in the dilute or dense
phase on a random planar map. Although both conjectures are far from being rigorously
established, we may try to relate the large deviations properties of nesting, as derived in
the critical regime in the O(n) loop model on a random planar map, to the corresponding
nesting properties of CLE,,, in order to support both conjectures altogether.

In [71] (see also [70]), Miller, Watson and Wilson were able to derive the almost sure
multifractal dimension spectrum of extreme nesting in the conformal loop ensemble. Let
I' be a CLE, in D. For each point 2z € D, let N (g) be the number of loops of T" which
surround the ball B(z,¢) centered at z and of radius € > 0. For v > 0, define

o, = &,() = {z eD : tm 22 u} .
e—0In(1/e)
The almost-sure Hausdorff dimension of this set is given in terms of the distribution of
conformal radii of outermost loops in CLE,. More precisely, let & be the connected
component containing the origin in the complement I\ £ of the largest loop £ of '
surrounding the origin in D. The cumulant generating function of 7' = — In(CR(0,U))
was computed in [82], and is given by

— cos(4n /)
cos (n (1-4)*+ %)

for A € (—o0,1 — % — ‘;—’;) The symmetric Legendre-Fenchel transform, A% : R — R of
A, is defined by

(2.8) Ay(N) :==E [e] =In

b

(2.9) N (z) :==sup (A\x — Ay (N)).
AeR
The authors of [71] then define
| vAL(1)v), if v>0
(2.10) Ve(V) = { 1 % a i_,; it =0,

which is right continuous at 0. Then, for x € (8/3,8), the Hausdorff dimension of the set
®, is almost surely [71, Theorem 1.1.|,

dimy ¢, = max(0,2 — v.(v)).
Aa a Lemma to this result, the authors of Ref. [71] estimate, for ¢ — 0, the asymptotic
nesting probability around point z,
(2.11) P(N.(e) = vIn(1/e) | e) =< W),

where the sign ~ stands for a growth of the form (v + o(1))In(1/¢), and where < means
an asymptotic equivalence of logarithms. In Section [9) we consider the unit disk in
Liouville quantum gravity (LQG), i.e., we equip it with a random measure, formally
written here as p, = e"md?z, where v € [0,2] and h is an instance of a GFF on D, d%z
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being Lebesgue measure. The random measure p., is called Liouville quantum measure.
We define accordingly ¢ := [ B(ze) My 8 the (random) quantum area of the ball B(z,¢). In
this setting, the KPZ formula, which relates a Euclidean conformal weight = to its LQG
counterpart A [37], reads

2 2
(2.12) r=U,(A) = ZA2 + <1 - Z) A.

Studying extreme nesting in LQG then consists in looking for the distribution of loops
of a CLE, around the same ball B(z,¢), the latter being now conditioned to have a given
quantum measure ¢, and to measure this nesting in terms of the logarithmic variable

In(1/9), instead of In(1/¢). We thus look for the probability,
(2.13) Po (N, =~ pln(1/6)|6), p € RT,

which is the analogue of the left-hand side of in Liouville quantum gravity, and
which we may call the quantum nesting probability.

By taking into account the distribution of the Euclidean radius ¢ for a given § |36}, 37],
we obtain two main results, a first general one deriving via the KPZ relation the large
deviations in nesting of a CLE, in LQG from those in the Euclidean disk D, as derived in
Ref. [71], and a second one identifying these Liouville quantum gravity results to those
obtained here for the critical O(n) model on a random map.

Theorem 2.4. In Liouville quantum gravity, the cumulant generating function A, (2.8)
with k € (8/3,8), is transformed into the quantum one,

(2.14) A2 = A, 02U,

where A, is given by (2.8) and U, is the KPZ function (2.12), with v = min{\/k,4/\/k}.
The Legendre-Fenchel transform, A2* : R — RT of A2 is defined by

AZ (@) = sup (A — A2(N)

The quantum nesting distribution (2.13)) in the disk is then, when § — 0,
Po(N. ~ pln(1/5)|§) < §°P),

pAZ*(1/p), if p>0
O(p) =1 3/4—-2/k if p=0and k € (8/3,4]
1/2 - k/16 if p=0and k € [4,8).

Corollary 2.5. The generating function associated with CLE, nesting in Liouville quan-
tum gravity is explicitly given for k € (£,8) by
cos [m(1 — 4/k)]

AS(\) = A, 02U, (\) =1In
cos {n (2eX + |1 —4/@)}

,  c¢=min{l,k/4},

Remark 2.6. ©(p) is right-continuous at p = 0.
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Remark 2.7. Theorem [2.4] shows that the KPZ relation can directly act on an arbitrary
continuum variable, here the conjugate variable in the cumulant generating function
for the CLE, log-conformal radius. This seems the first occurrence of such a role for the
KPZ relation, which usually concerns scaling dimensions.

Remark 2.8. As the derivation in Sec. [9] will show, the map A, = A2 in to go from
Euclidean geometry to Liouville quantum gravity is fairly general: the composition of A
by the KPZ function U, would hold for any large deviations problem, the large deviations
function being the Legendre-Fenchel transform of a certain generating function A.

Theorem 2.9. The quantum nesting probability of a CLE, in a proper simply connected
domain D C C, for the number N, of loops surrounding a ball centered at z and condi-
tioned to have a given Liouville quantum area 0, has the large deviations form,

Po (Nz ~ % In(1/6) ‘ 5) =550 § 0,

where ¢ and J are the same as in Theorem [2.2.
A complementary result concerns the case of the Riemann sphere.

Theorem 2.10. On the Riemann sphere ((Af, the large deviations function © which governs
the quantum nesting probability,

PS(V ~ pIn(1/6)[8) < 6°®, 50,
1s related to the similar function © for the disk topology, as obtained in Theorem by

~

O(2p) = 26(p).
From Theorem[2.9, we get explicitly,
~ ep .
PG (N~ L In(1/6) ] 6 0) = 65/,
where ¢ and J are as in Theorem ([2.2)).

Remark 2.11. The reader will have noticed the perfect matching of the LQG results for
CLE, in Theorems [2.4] and with the main Theorem for the O(n) model on
a random planar map, with the proviso that the first ones are local versions (i.e., in the
9 — 0 limit), while the latter one gives a global version (i.e., in the V' — oo limit).

3. FIRST COMBINATORIAL RESULTS ON PLANAR MAPS

3.1. Reminder on the nested loop approach. We remind that Fj, is the partition
function for a loop model on a planar map with a boundary of perimeter /. The nested
loop approach describes it in terms of F, = F,(g1,92,...). By definition, this is the
generating series of usual maps (i.e., without a loop configuration) which are planar, have
a rooted boundary of perimeter p, and counted with a Boltzmann weight g, per inner
face of degree k (k > 1). By convention, we assume that boundaries are rooted. We then
have the fundamental relation [I]

(31) Fg:Fg(Gl,GQ,...>,
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FIGURE 7. Left: schematic representation of a loop configuration on a
planar map with one boundary. Right: the associated nesting tree (the red
vertex corresponds to the gasket).

where the G}’s satisfy the fixed point condition
(3.2) Gr = gr + Z Ao Fuo(G1,Gs,...) = gp + Z Ao Fy,

>0 o>1

where Ay, is 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
perimeter k, and the inner boundary is unrooted and has perimeter ¢. Compared to the
notations of [I1], we decide to include in Ay, the weight n for the loop crossing all faces
of the annulus. We call G} the renormalized face weights.

Throughout the text, unless it is precised in the paragraph headline that we are working
with usual maps, the occurrence of F will always refer to F(G1, G, .. .).

3.2. The nesting graphs. Given a configuration C' of the O(n) loop model on a map,
we may cut the underlying surface along every loop, which splits it into several connected
components ¢y, ..., cy. Let T be the graph on the vertex set {¢i,...,cxy} where 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 T' correspond to the loops of C').

If the map is planar, T is a tree called the nesting tree of C, see Figure []] Each loop
crosses a sequence of faces which form an annulus. This annulus has an outer and inner
boundary, and we can record their perimeter on the half-edges of T'. As a result, 1" is a
rooted tree whose half-edges carry nonnegative integers. If the map has a boundary face,
we can root T" on the vertex corresponding to the connected component containing the
boundary face. Then, for any vertex v € T, there is a notion of parent vertex (the one
incident to v and closer to the root) and children vertices (all other incident vertices). We
denote ¢(v) the perimeter attached to the half-edge arriving to v from the parent vertex.
In this way, we can convert T' to a tree T” where each vertex v carries the non-negative
integer ((v).

The nesting tree is closely related to the gasket decomposition introduced in [12, [11].
Consider the canonical ensemble of disks in the O(n) model such that vertices receive a
Boltzmann weight u, and the probability law it induces on the tree 7”. The probability
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that a vertex v with perimeter ¢ has m children with perimeters {¢1,...,¢,,} is:
1 Zkl,...,kmzo [HZL Akz‘liF&'] 8gk1 T agkmf€<glv 92, - - )
Prostr et = — :
m Fg

We see that T" forms a Galton-Watson tree with infinitely many types. It would be
interesting to study the convergence of this random tree. As the theory of Galton-Watson
processes with infinitely many types is much less developed than the well understood case
of finitely many types, this article will not explore this question.

If one decides to consider a map M with a given finite set of marked elements — e.g.,
boundary faces or marked points —, one can define the reduced nesting tree (104, p) by:

(1) For each mark in M, belonging to a connected component ¢;, putting a mark on
the corresponding vertex of I’y ;

(17) erasing all vertices in I'g which correspond to connected components which, in the
complement of all loops and of the marked elements in M, are homeomorphic to

disks ;

(i17) replacing any maximal simple path of the form vy —v; —- - - — v, with p > 2 where
(v;)P_, represent connected components homeomorphic to cylinders, by a single
edge

P
Vo — Up

carrying a length p. By convention, edges which are not obtained in this way carry
a length p = 1.

The outcome is a tree, in which vertices may carry the marks that belonged to the
corresponding connected components, and whose edges carry positive integers p. By
construction, given a finite set of marked elements, one can only obtain finitely many
inequivalent 77,.

In a forthcoming article, we will analyze the probability that a given topology of nesting
tree analyze O(n) loop model, conditioned on the lengths of the arms, as well as the
generalization to non-simply connected maps. In the present article, we focus on the case
of two marks: either a marked point and a boundary face, or two boundary faces. Then,
the reduced nesting graph is either the graph with a single vertex (containing the two
marked elements) and no edge, or the graph with two vertices (each of them containing a
marked element) connected by an arm of length P > 0. Our goal consists in determining
the distribution of P, which is the number of loops separating the two marked elements in
the map (the pruning consisted in forgetting all information about the loops which were
not separating). Yet, the tools we shall develop are an important step in the study of
the reduced nesting graph in maps of arbitrary topology and with more than 2 marked
elements.

3.3. Maps with several boundaries. We denote F, 5(12,)42 the partition function for a loop

model on a random planar map with 2 labeled boundaries of respective perimeters ¢4, £5,

and similarly fé(f?& = 5(12’)122 (g1, go, . . .) for the partition function of usual maps. Such

maps can be obtained from disks by marking an extra face and rooting it at an edge. At
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the level of partition functions, this amounts to:

) )

2 2

(3.3) F&, = eg—agz Fo, FP, = gz—agz E,.
2 2

Differentiating the fixed point relation (3.1]), we can relate F, 5(127)42 to partition functions of
usual maps:

@ _ r® (2) (2)
(3-4) Fel,zg - ]:zl,zg + Z fél,k Rk,ﬂ Fe,122>
k>1
>0
where we have introduced the generating series Ry, = Ay, ¢/k, which now enumerate annuli
whose outer and inner boundaries are both unrooted. In this equation, the evaluation of
the generating series of usual maps at Gy, given by (3.2)) is implicit.

3.4. Separating loops and transfer matrix. We say that a loop in a map M with
2 boundaries is separating if after its removal, each connected component contains one
boundary. The combinatorial interpretation of is transparent : the first term counts
cylinders where no loop separates the two boundaries, while the second term counts
cylinders with at least one separating loop (see Figure .

With this remark, we can address a refined enumeration problem. We denote F, 5(12’)@2 [s]
be the partition function of cylinders carrying a loop model, with an extra weight s per
loop separating the two boundaries. Obviously, the configurations without separating
loops are enumerated by .7-}(127)42. If a configuration has at least one separating loop, let
us cut along the first separating loop, and remove it. It decomposes the cylinder into :
a cylinder without separating loops, that is adjacent to the first boundary ; the annulus
that carried the first separating loop ; a cylinder with one separating loop less, which is
adjacent to the second boundary. We therefore obtain the identity :

(3.5) Fe(f)ez,[s] 5(12)52 +s Z}— Ry 882[ s].

k>1

>0
We retrieve (3.4) when s = 1, i.e., when separating and non-separating loops have the
same weight. We remind for the last time that F’s should be evaluated at the renormalized
face weights Gy.

We can present these relations concisely with matrix notations. Let F? (resp. R) be

the semi-infinite matrices with entries F, 6(12)@2 [s] (resp. Ry, s,) with row and columns indices
(1,05 > 0. It allows the repackaging of as:

(3.6) F? = F® 4 s FORF?,
Therefore:
(3.7) o1z

P 1-sFYR
Then, T'y = (1 — s FPR) ! acts as a transfer matrix.
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F
sR sR

F©2)

FIGURE 8. Ilustration of (3.6)).

3.5. Pointed maps. Remind that u denote the vertex weight. In general, a partition
function Z°® of pointed maps can easily be obtained from the corresponding partition
function Z of maps :

0
3.8 7' =u— 2.
(3.8) g
We refer to the marked point as the origin of the map. Let us apply this identity to
disks with loops. We have to differentiate (3.1)) and remember that the renormalized face
weights depend implicitly on u:

(3.9) F =F +> F Rue Fp.

k>1

0>1
Obviously, the first term enumerates disks where the boundary and the origin are not
separated by a loop.

Let us introduce a refined partition function F[s] that includes a Boltzmann weight

s per separating loop between the origin and the boundary. Cutting along the first — if
any — separating loop starting from the boundary and repeating the argument of § [3.4]
we find:

(3.10) Flls]=F+s > Fi) Ryo FJls).
E>1
7>1

If we introduce the semi-infinite line vectors F? (resp. F:) whose entries are F;[s]
(resp. F}[s]) for £ >0, (3.10) can be written in matrix form:

(3.11) F! = F* + s FPRF:.

The solution reads:
1

:—2'7:.:Fs-7:'.7
1-sFIR

(3.12) F°

s

involving again the transfer matrix.
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4. FUNCTIONAL RELATIONS

4.1. More notations: boundary perimeters. It is customary to introduce generating
series for the perimeter of a boundary. Here, we will abandon the matrix notations of

§ 3.4 and rather introduce:
Fé .Fg
(4.1) F(z) =) i Flo)= > e
>0 £>0

which enumerate disks with loops (resp. usual disks) with a weight 2~(“+1) associated to
a boundary of perimeter ¢. Likewise, for the generating series of cylinders, we introduce:

(2)

Folo

(4.2) F(2)($17$2) = Z zl+11’e22+17
o>1 T T2

F(2) [s]
9 _ 0,

(4.3) Fg)(ﬂfhi@) = Z _leil;zﬁl’
01,65>1 1 2
Fi

(4.4) FO (1, 25) = Z ey
01,65>1 1 2

etc. We will also find convenient to define introduce generating series of annuliﬂ:

(4.5) R(z,z) = Z Ry o2 2",
k+0>1

(4.6) A(z,z) = ZAk7ngk_1 2t = 0,R(x, 2).
k>1
£>0

4.2. Reminder on usual maps. The properties of the generating series of usual disks
F(x) have been extensively studied. We now review the results of [I1]. We say that a
sequence of nonnegative face weights (gx)x>1 is admissible if for any £ > 0, we have F; < oo
; by extension, we say that a sequence of real-valued face weights (g )r>1 is admissible if
(lgk|)k>1 is admissible. Then, F(z) satisfies the one-cut lemma and a functional relation
coming from Tutte’s combinatorial decomposition of rooted maps:

Proposition 4.1. If (gx)k>1 is admissible, then the formal series F(x) is the Laurent
series expansion at x = oo of a holomorphic function in a maximal domain of the form
C\ v, where v = [y_,v+] is a segment of the real line depending on the vertex and face
weights. Its endpoints are characterized so that v+ = 5+ 2/t and v and s are the unique
formal series in the variables w and (gy)g>1 such that:

(4.7) j{;—i (- Z(’;?;;”"Z ),
(4.8) it 7{ 2(11_,; z(z — Z;(Zl)gk 1y N

'Our definition for A differs by a factor of 1/ from the corresponding A in [I].
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where 0(z) = \/22 — 262 + 52 — 4v. Besides, the endpoints satisfy |y_| < vy, with equality
iff g =0 for all odd k’s.

Remark 4.2. ¢ and s have combinatorial interpretations, described in [I7]. In particular,
the generating series of pointed rooted maps is:
3(vi +92) +2947-
3 .
We shall then use the same notation for the formal series and the holomorphic function.

Proposition 4.3. F(z) behaves like u/x + O(1/2?) when x — oo, like O((x — v4+)"?)
when x — Y4, and its boundary values on the cut satisfy the functional relation:

(4.9) Veed,  Flz+i0)+ Flx—i0)=z— ) ga*".

k>1

§% 4+ 2t =

If v_ and 7, are given, there is a unique holomorphic function F(x) on C\ 7 satisfying
these properties.

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

With Proposition 4.1} in hand, the analysis of Tutte’s equation for generating series of
maps with several boundaries, and their analytical continuation, has been performed in a
more general setting in [14] [9]. The outcome for usual cylinders (see also [14], 39]) is the
following:

Proposition 4.4. If (gi)i>1 is admissible, the formal series F®(x,y) is the Laurent
series expansion of a holomorphic function in (C\ v)? when z,y — oo, where v is as in
Proposition . We have the functional relation, for x € ¥ and y € C\ ~:

2) ; @ _; - __ -
F'(x+1i0,y) + F(x —i0,y) ek
4.3. Reminder on maps with loops. The relation between disks with loops and
usual disks allows carrying those results to the loop model. We say that a sequence of face
weights (gx)r>1 and annuli weights (Ag;)ki>0 is admissible if the sequence of renormalized
face weights (Gj)k>1 given by is admissible as it is meant for usual maps. From now
on, we always assume admissibility (in the loop model sense).

So, F(z) satisfies the one-cut property (the analog of Proposition [4.1)), and we still
denote 74 the endpoints of the cuts, which now depend on face weights (g )r>1 and annuli
weights (Ag)ki>1. Admissibility also implies that the annuli generating series A(z, 2),
defined in , is holomorphic in a neighborhood of 7 x 7. And, its boundary values on
the cut satisfy the functional relation:

Proposition 4.5. For any x € 7,

(4.10) F(x +i0) + F(z —i0) + 7{ dz A(z,2)F(z) =2 — ng okt

A
E>1

With Proposition4.1/in hand, the analysis of Tutte’s equation for the partition functions
of maps having several boundaries in the loop model, and their analytical continuation,



20 GAETAN BOROT, JEREMIE BOUTTIER, AND BERTRAND DUPLANTIER

has been performed in [I4, ©]. The functional relation for F®(z;,x;) can be deduced
from Proposition by marking a face (see § . The outcome is the following.

Proposition 4.6. The formal series F® (z,y) is the Laurent series expansion of a holo-
morphic function in (C\ v)? when x,y — oo, with v as in Proposition . Besides, it
satisfies the functional relation, for x € 4 andy € C\ v:

dz 1

It is subjected to the growth condition F?) (xy, 1) € O((a:l — 'yi)’%) when x; — Y.

Likewise, differentiating (4.10)) with respect to the vertex weight u, we deduce from
Proposition that the generating series of pointed rooted disks satisfies a linear, homo-
geneous equation. Indeed, we remark that the right-hand side in (4.10)) does not depend
on u:

Proposition 4.7. For any x € 7,

~ 21w

d
(4.12) :P@Hﬂm+F%x—m%ﬁ%fiA@J”?@%:Q
It is subjected to the growth conditions F*(x) = u/x + O(1/x?%) when x — oo and F*(x) €

O((z — v4)™Y?) when z — 4.

4.4. Separating loops. The functional relations for the refined generating series (cylin-
ders or pointed disks) including a weight s per separating loop, are very similar to those
of the unrefined case.

Proposition 4.8. At least for |s| < 1 and s = 1, the formal series F§2)(a:,y) is the
Laurent expansion of a holomorphic function in (C\ v)* when x,y — oo, and vy is the
segment already appearing in Proposition[{.J and is independent of s. For any x € v and
y € C\ v, we have:

dz 1
2 : @ : 2 _
Proposition 4.9. At least for |s| < 1 and s = 1, the formal series F2(x) is the Laurent
expansion of a holomorphic function in (C\ 7). It has the growth properties F(z) =
u/z 4+ O(1/2?) when x — oo, and Fi(z) € O((x — v2)~'/?) when x — 4. Besides, for
any xr € vy, we have:

(4.14) Fi(z +10) + F3(z —i0) + sj{;—i A(z,z)Fi(z) = 0.

Proof. Let us denote FS]), the generating series of cylinders with exactly ¢ separating

loops, and F[(i)l] = 0 by convention. We first claim that for any ¢ > 0, FS]) (x,y) defines a

holomorphic function in (C\ 7)?, and satisfies the functional relation: for any x € ¥ and
yeC\»,

OV @ (r_i0.0) = & T £@ dz x @)
(4.15) F[q] (z +10,y) + F[ (x —i0,y) = ¢ o— F¢ (z,21) % R(z1, 22) F[q_1](2273/)-

ql 7 A y
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The assumption of admissibility guarantees that A (£, n) is holomorphic in a neighborhood
of v X =, ensuring that the contour integrals in are well-defined. Since F®)(x,y) =
Fgl(m, y), by dominated convergence we deduce that F (x,y) is an analytic function of
s — uniformly for z,y € C\ v — with radius of convergence at least 1. Then, we can sum
over q > 0 the functional relation (4.15)) multiplied by s? : the result is the announced
, valid in the whole domain of analyticity of F(2) as a function of s.

The claim is established by induction on ¢. Since F[ 0 = = F?_ the claim follows by appli-
cation of Proposition [£.4] for usual cylinders with renormalized face weights, i.e., vanishing
annuli weights in the functional relation . We however emphasize that the cut v is
determined by Proposition thus depends on annuli weights via the renormalized face
weights.

Assume the statement holds for some ¢ > 0. We know from the combinatorial relation

(3.6) that:

(2)
(4.16) F2 =

(2)
FORF 1

with the matrix notations of § . The analytic properties of F? and of FS]) — as known
from the induction hypothesis — allows the rewriting:

le

217T

v

dz
(4.17) Fﬁr”(x,y) = ¢ —F(z,2) jgﬁR(ZhZQ) FS})(@,?J).

The expression on the right emphasmes that the left-hand side, though initially defined
as a formal Laurent series in x and y, can actually be analytically continued to (C\ 7).
Besides, for x € ¥ and y € C\ , we can compute the combination:

quil](x +10,y) + FE J)rl]( —1i0,y)

dz ) . dz
= ]{ 2.—1(.7-'(2)(:70 +10,21) + .7-"(2)(90 — 10, 21)) f e R(z1, 22) F%)(zg, )
y 2Am ~ 2im
le 1 dZQ 2)
= —¢p——— ¢ —R F
f 21T (I . 21)2 %y 2 (Zla 22) lq] (227 y)
dz, )
= —7{%8 Rz, 2) F ] (22, 9).

Hence the statement is valid for quil]

established Proposition 4.8
The proof of Proposition is similar, except that we use Fj; = F * for initialization,
and later, the combinatorial relation (3.11)) instead of (3.6)). O

and we conclude by induction. We thus have

4.5. Depth of a vertex. We now consider the depth P of a vertex chosen at random
in a disk configuration of the loop model. P is by definition the number of loops that
separate it from the boundary. This quantity gives an idea about how nested maps in
the loop model are. Equivalently, P is the depth of the origin in an ensemble of pointed
disk configurations. We can study this ensemble in the microcanonical approach — i.e.,
fixing the volume equal to V' and the perimeter equal to L — or in the canonical approach
— randomizing the volume V with a weight " and the perimeter with a weight z—(“+1),
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In the canonical approach, the Laplace transform of the depth distribution can be
expressed in terms of the refined generating series of § [3.5}

_ Fi(=)

Fi(z)

In the microcanonical approach, the probability that, in an ensemble of pointed disks
of volume V' and perimeter L, the depth takes the value P reads:
[uV . x—(LJrl) . SP} F;(I)

[uV - 2~ (D] Fe(z)

(4.18) E[s""]

P[P|V, L] =

5. COMPUTATIONS IN THE LOOP MODEL WITH BENDING ENERGY

We shall focus on the class of loop models with bending energy — see § 2.1.2] - studied
in [I1], for which the computations can be explicitly carried out. The annuli generating
series in this model are:

(5.1)

R(z,z) =nln (1 By P 1_ i oﬂ)h%z)’ A(z,2) = n(g g_(gx()x) n ;g/((i))))

where:
1— ahx

(52) sl@) = ah + (1 — a?)h2x

is a rational involution. Note that, for « = 1, we have ¢(z) = 1 — hx, so ¢"(x) = 0. In
general:

() 1 1

[e]

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

dz ¢J"(x)
> 3 A2 £(2) = =) £(s) + ey 5
5.1. Preliminaries. Technically, the fact that A(z, z) is a rational function with a single
pole allows for an explicit solution of the model, and the loop model with bending energy
provides a combinatorial realization of such a situation. The key to the solution is the
use of an elliptic parametrization x = z(v). It depends on a parameter 7 = i7" which is
completely determined by the data of 7+ and ¢(7+). The domain C\ (7U§(7)) is mapped
to the fundamental rectangle (Figure E[)

(5.4) {veC, 0<Rev<1/2, [Imv|<T},

with values at the corners:

(5 5) x<7—):x<_7—):7+7 x(7'+1/2):x(—7'+1/2):7,,
' 2(0) = <(74), x(1/2) = <(v-).

Besides, when x is in the physical sheet,

v(s(z)) =7 —v(x).
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s(v=) S(v4) S(v-)

FIGURE 9. 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).

Since the involution ¢ is decreasing, (- ) belongs to the union of (¢, (), +o00)U(—o0,v-),
and therefore x = 0o is mapped to v, = % + TWeo With 0 < wy < 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:

(5.6) z(—v) =z(v+1) =2(v+27) = 2(v).
This parametrization allows the conversion [40), 11| of the functional equation:
(5.7) V€7, f(x +10) + f(z —1i0) — ns'(x) f(s(x)) =0

for an analytic function f(x) in C\ 7, into the functional equation:

(58) YoeC,  flw+2r)+f)=nflo—7)=0,  f(v)=flo+1)=—f(-v),
for the analytic continuation of the function f(v) = f(x(v))#’'(v). The second condition
in ((5.8) enforces the continuity of f(z) on R\ v. We set:
(5.9) b — arccos(n/Z)'

T
The new parameter b ranges from 1 to 0 when n ranges from —2 to 2, and b = 1/2
corresponds to n = 0. Solutions of the first equation of (5.8)) with prescribed meromor-
phic singularities can be build from a fundamental solution Y, defined uniquely by the
properties:
. 1
(5.10) To(v+ 1) = Typ(v), Typ(v+7) = ™Ty(v), Tp(v) ~ —

v—0 ’U.

Its expression and main properties are reminded in Appendix [D}
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Remark. We will encounter the linear equation with non-zero right-hand side given by a
rational function g(x):

(5.11) f(z +10) + f(x —i0) — nd'(z) f(z) = g(x).

It is enough to find a particular solution in the class of rational function and subtract
it to f(x) to obtain a function f"™(z) satisfying (5.11)) with vanishing right-hand side.
This can be achieved for n # +2 by:

(5.12) frem(a) = fla) -

(29(@) + < (@)g(s()) ).

5.2. Disk and cylinder generating series. We now review the results of [I1] for the
generating series of disks F(x) for subcritical weights. Let G(v) be the analytic continu-
ation of

4 —n?

o 4—n? 2(2+ n)

where V(z) = % — D k1 % collects the weights of empty faces. In the model we study,

empty faces are triangles counted with weight g each, so V(z) = 902—2 — %. However, there
is no difficulty in including Boltzmann weights for empty faces of higher degree as far as
the solution of the linear equation is concerned, so we shall keep the notation V(x). Note
that the last term in (5.13)) is absent if & = 1. Let us introduce (gx)r>1 as the coefficients

of expansion:

(5.14) 0 (_ 2V(w(v)) | 21111’(@)) -y ( I Lo(), v

ED) —n2 o)kt
v 4—n 2+n = Uso)

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

Proposition 5.1 (Disks). [11] We have:

G(v) = ’; % (_2 9n ai—,go 00+ ) + Tolo = 00) = Ty + ) = Ty =0 — v5c)].

The endpoints v+ are determined by the two conditions:
(5.15) G(r+¢)=0, e=0,3,
which follow from the finiteness of the generating series F(x) at x = 7.

If @« = 1, the 4 terms expression can be reduced to 2 terms using 7 — Vo, = Voo mod 7Z
and the pseudo-periodicity of the special function T,. We do not reprove Theorem [5.1]
as the scheme is similar to the next proposition that we prove.

Remarkably, the generating series of pointed disks and of cylinders have very simple
expressions.

Proposition 5.2 (Pointed disks). Define G*(v) as the analytic continuation of:

(5.16) 2 (0)F* (2(v)) + a% (”“ ;;ﬁg’ ))]) .
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(for a =1 the last term is absent). We have:
_u
24

Proof. In the functional equation of Proposition[4.7], we can evaluate the contour integral
using (5.3) and F*(z) ~ 1/x when x — oo. Thus:

(5.17) G*(v) —Tp(v 4 V00) — Tp(v — Vo) + To(—0 + vs0) + To(—v — v50) |-

nu
xr —¢(00)

We can find a rational function of x which is a particular solution to ([5.18]), and substract

it to F*(x) to obtain a solution of the linear equation with vanishing right-hand side. This

is the origin of the second term in ([5.16]). The construction reviewed in § then implies
that G*(v) satisfies the functional relation:

(5.19) G*(v+27)+G*(v) —nG*(v+7) =0, G'(v)=G*(v+1) =-G*(—v).
G*(v) inherits the singularities of (5.16)). If v # 1, we have a simple poles in the funda-

mental domain at:

(5.18) Vx €7, F*(z +10) + F*(z — i0) — ns'(2) F*(s(x)) =

—2u —nu
5.20 Res dv G*(v) = R dvG*(v) = .
( ) v—f)i Y <U) 2+n’ v—)(‘rgsvoo) v (U) 24+n
(5.17)) provides the unique solution to this problem. When o = 1, we have ¢(o0) = oo, and
Voo = HTT, therefore v, = 7 —1v4. Then, we have a unique simple pole in the fundamental

domain:

Res dv G*(v) = —u.

V—>Voo
In this case, we find:
u

G.(U) = m [ — Tb(?] - 'Uoo) + Tb(—?} - 'Uoo)} .
Using the properties of YT, under translation, this is still equal to the right-hand side of
(5.17). In other words, formula ([5.17)) is well-behaved when vo, — (T — V). O

Proposition 5.3 (Cylinders). [I3] Define G (v, vy) as the analytic continuation of:
(5.21)

o' (v1)@! (v2) FP (z(v1), (v2))

N ii (2111 [m(vl) — a:(vg)] +nln [g(:v(vl)) — x(q@)})
0vy Ovy 4 —n? ’

We have:

1
(5:22) GO(v1,00) = 7= [Tg(vl Fua) = (01— va) — Yh(—v1 + ) + Th(—vy — UQ)} .

4 —
Proof. This result is proved in [13] for o = 1, but its proof actually holds when ¢ is
any rational involution. The fact that ¢ is an involution implies that G®) (v, vy) is a
symmetric function of v; and wvs, as:

dzdx, _ d¢(zy)ds(x2)
(11 = 22)*  (s(21) = <(a2))*
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It must satisfy:

(5.23) G® (v1,v9) + G® (v1 + 27, v9) — nG® (v1 + 7,09) =0,
(5.24) G(g)(vl, Vg) = G(Z)(vl +1,09) = —G(Q)(—vl, Vg).

It has a double pole at v; = v, so that G (v, vy) = 25 —L— + O(1), double poles

4-n? (vi—v2)?
at v1 = vy + (Z @ 7Z) ensuing from (5.23)-(5.24)), and no other singularities. Equation
(5.22) provides the unique solution to this problem. O

5.3. Refinement: separating loops. We have explained in § that the functional
equation satisfied by refined generating series, with a weight s per separating loop, only
differs from the unrefined case by keeping the same cut v, but replacing n — ns in the
linear functional equations. Thus defining:

(5.25) b(s) = 2recosns/2).

™

we immediately find:
Corollary 5.4 (Refined pointed disks). Let G2(v) be the analytic continuation of:

(5.26) 7 (0)F (z(v)) + % (”521(112[1 i(;;))]) |

We have:

2
2+ ns

(5.27) G;(v) = <_Tb(s) (U+UOO)—Tb(S) (U—Uoo)+Tb(s)(—U—i-voo)-i-Tb(s)(—v—Uoo)) .

O

Corollary 5.5 (Refined cylinders). Let G (v1,v2) be the analytic continuation of:

d 0 (2111 [2(v1) — z(v2)] 4+ nsn [¢(z(v1)) — z(v2)] )

2/ (01)' (v2) FP (2 (v1), (v2))

+ 8_1)1 Ovs 4 — n?s?
We have:
(5.28)
1
GgQ)(Ul, Ug) = 4——n282 [Tg(s)(vl —l—"Uz) - Tg(s) (Ul — Ug) - Tg(s)(—vl +U2) + TZ(S)(—Ul - ’UQ):| .

U

6. DEPTH OF A VERTEX IN DISKS

We now study the asymptotic behavior of the distribution of the depth P of the origin
of a pointed disk, in loop model with bending energy.
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6.1. Phase diagram and the volume exponent. The phase diagram of the model
with bending energy is Theorem below, and was established in [IT]. We review its
derivation, and push further the computations of [11] to derive (Corollary 6.5 below) the
well-known exponent 7y, appearing in the asymptotic number of pointed rooted disks of
fixed, large volume V. We remind that the model depends on the weight g per empty
triangle, h per triangle crossed by a loop, and the bending energy «, and the weight u per
vertex is set to 1 unless mentioned otherwise. A non-generic critical point occurs when
~, approaches the fixed point of the involution:

* * 1
T+ = §(7+) = m-

In this limit, the two cuts v and () merge at v}, and one can justify on the basis of
combinatorial arguments [I1), Section 6] that v_ — ~* with:

Vi <yl and  c(yr) #A47.

In terms of the parametrization x(v), it amounts to letting 7' — 0, and this is conveniently
measured in terms of the parameter:

g=2=c

Sl

— 0.

To analyse the non-generic critical regime, we first need to derive the asymptotic be-
havior of the parametrization x(v) and the special function Y(v). This is performed
respectively in Appendix [B]and [D] The phase diagram and the volume exponent can then
be obtained after a tedious algebra, which is summarized in Appendix [E] The results of
this analysis are:

Theorem 6.1. [11] Assume oo =1, and introduce the parameter:

p=1-2h" =1- L.
T+

There is a non-generic critical line, parametrized by p € (Pmin, Pmax)-

4(pbv/2+n—+/2—n)
—p2(1 = b2)/2 —n+4pbv/2 +n —2v/2 —n
Y Y (o e Rt VoV S IR Vel
244 —n? —p2(1 — )2 —n+4pby/2 +n—2v2 —n

It realizes the dense phase of the model. The endpoint

SN

1L /2—n
Pmax = 3\ 9 +n
corresponds to the fully packed model g = 0, with the critical value h = Wﬂ The
endpoint
_V6+n—v2-n

Pmin = (1—()) ,—24—71
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1s a non-generic critical point realizing the dilute phase, and it has coordinates:

g 2—n
J
h + 6+n’

s b(2 — ) B 1
"o ?>(1—b2)(2+n)<1 4\/(2—n)(6+n)>'

The fact that the non-generic critical line ends at ppax < 2 is in agreement with [y | <
-

Theorem 6.2. There ezists a.(n) > 1 such that, in the model with bending energy
a < aq(n), the qualitatitive conclusions of the previous theorem still hold, with more
a complicated parametrization of the critical line given in Appendix @ For a = a(n),
only a non-generic critical point in the dilute phase exists, and for o > a.(n), non-generic
critical points do not exist.

Theorem 6.3. 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 —u\c¢
¢ ( A ) '
with the universal exponent:
o { ﬁ dense .
1 dilute

The non-universal constant reads, for o = 1:
{ 6(n+2) p2(1—b)2/2+n+2p(1—-b)v/2—n—2+/2+n
A —

b o p2b(1—b2)/2Fn—4p(1—b2)\/2—n+6bv/2+1n dense

m dlhlte

For a # 1, its expression is much more involved, but all the ingredients to obtain it are
in Appendiz [E}

We can deduce the asymptotic growth of the number of planar maps with respect to
the volume. The details of the proof are given in Appendix [F]

Corollary 6.4. Assume (g, h) are chosen such that the model has a non-generic critical
point for vertex weight w = 1. The number of rooted maps of volume V. — oo with a
marked point in the gasket behaves as:

- A
14 —4 e in gasket gasket
u -xTt|FOTE x) ~ — .
v O BT
The constant prefactor is non-universal:
4((1 = 2ar) cos(mw?) + 2 — 2a)
(1 — a?)?h?(cos(rws,) +1)

Agasket =

and for a =1 it simplifies to:
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Corollary 6.5. Assume (g, h) are chosen such that the model has a non-generic critical
point for vertex weight uw = 1. The number of pointed rooted planar maps of volume
V' — oo behaves like:

A

[w" - 2™ F*(x) ~ Abe[—T(—be)] V1itbe’

Therefore:
Vstr = —be.
For a =1, the constant reads:
p(P*(1 = b*)v/2 —n—6pby/2 +n+6y/2—n)
2h3

A=

and for a # 1, it is given in Appendiz [F]
We can deduce the behavior when V' — oo of the probability that in a pointed rooted
disk of volume V', the origin belongs to the gasket:

Corollary 6.6. Assume (g, h) are chosen such that the model has a non-generic critical
point for vertex weight u =1. When V — oo:

Agasket F(—bC) 1
A T(=2) AG Oy

P[oin gasket‘V,Lz?)] ~

6.2. Singular behavior of refined generating series. We would like to the asymptotic
behavior of the weighted count of:

(1) pointed disks with fixed volume V" and fixed depth P, in such a way that V, P — co.
(77) cylinders with fixed volume V', with two boundaries separated by P loops, in such
a way that V, P — oo.

This information can be extracted from the canonical ensemble where a map with a
boundary of perimeter L; is weighted by z~(%*1  each separating loop is counted with a
weight s, and each vertex with a weight u. The generating series of interest are respectively
F?(x) for (7), and F? (21, z9) for (ii). To retrieve the generating series of maps with fixed,
large V' and D, we must obtain scaling asymptotics for these generating series when u — 1
and s — 2/n or —2/n. In the b(s)-plane, this corresponds to b(s) — 0 or 1. We shall see
that the singularity at s — —2/n is actually subdominant.

As for fixing boundary perimeters, two regimes can be addressed. Either we want L; to
diverge, in which case we should derive the previous asymptotics when x approached the
singularity v; — v}, since the other endpoint |y*| < |v}| is subdominant. Or, we want
to keep L; finite. In that case, we can work in the canonical ensemble by choosing = away
from [y_,~4]. We will actually consider the canonical ensemble with a control parameter
w; such that x; = x(% + Twl-), and derive asymptotics for w; in some compact region
containing [0, 1). The asymptotic count of maps with fixed, finite boundary perimeter L;
can then be retrieved by a contour integration around w; = w,.

In a nutshell, we will set z = z(v;) with v; = &; + Tw; and ¢; = 0 to study a i-th
boundary of large perimeter, and ¢; = % to study finite boundaries.

The scaling behavior of F?(z) in the regime of large boundaries can be established using
the asymptotics given in Appendix [B| and @, especially Lemma for z(e + Tw) and
Lemma for Ty(s)(E 4+ 7(Fw £ woo)).
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Theorem 6.7. Let (g,h) be a non-generic critical point at u = 1. When u — 1, i.e.,
q— 0, we hav(ﬂ:

b(s)/2—1/2 o
o q T — "7+ s
(61) Fs («T)|sing - 1_—qb(s) q)b(s) (W) + O(qb( )/2)7
. qb(S) T,
(6.2) F(2)lsing = Woe)(w) — T— e Uys)(z) + O(q).

The error in (6.1) is uniform for & = q’%(x —v4) in any fived compact, and compatz’bl
with differentiation. The scaling function reads, in a parametric form:

2+ns Twk,) sin(rw)

16 cos(mw}, Tw
f(w) = (1—(042)}1 > cos? (%)

d .\ w _ 2h(1—a?) cos(mb(s)w?,) sin(wb(s)w)
s { o (6w)) =

and in the case a = 1 it simplifies to:

o 4h sin(7b(s)w)
(64) (I)b(s) (£<w)) o Z\/2+ns sin(mw)
E(w) = P cos®(mw)

The error in (6.2)) is uniform for x away from v independently of u, and compatible with
differentiation. The limit function reads:

_ —2  h(1—a?) (cos(rw)—cos(rw?,))? ( cos[m(1—b(s))(w+w:,)] cos[m(1=b(s)) (w—wZX,)]
{ \I,b(s) (X('LU)) T 2+ns cos(mwi,) sin(mw) ( sin[m(w+wi,)] + sin[m(w—w,)] >’
x  _ 2cos(mwk.) 1
X(”LU) — Ty = h(1—a?) cos(mw)—cos(mwi,)

In the case of a =1, it simplifies to:

X(U)) - ’er = h cogs(ww)

{ Uy (X (w)) = p\/% cot(mw) sin[m(1 — b(s))w],

The subleading order is given by \ifb(s) = Wy(s)42 — Y5y which reads:

b3 - o =)

~ cos(rw 5 sin(mb(s)w)
cos(rw) — cos{mu 2 AT

and for a = 1:

16uh  cos?(rw) sin(mwb(s)w)

Wys) (X (w)) = V2 + ns sin(mw)

2To be precise, we compute here the behavior of the singular part of F?(z), i.e., we did not include
the shift in (5.26)), as it will always give zero when performing a contour integral against #” around the
cut.

3Ie., it still yields a negligible term as compared to the previous ones.
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6.3. Large deviations of the depth: main result.

Theorem 6.8. Let (g, h) be a non-generic critical point at u = 1. Consider the random
ensemble of refined disks of volume V', boundary perimeter L. When V. — oo and ¢
remains fized positive, the probability that the origin is separated from the boundary by P
loops behaves like:

_chhV B Ai(p, L)
(6.5) plp="p|vii=q ~ BT

clnV < As(p, )
(6.6) P viE-wi] ~ 2

These asymptotics are uniform for p < InV. The large deviations function reads:

J(p) = sup {pln(s)+ arccos(ns/2) — arccos(n/2)}
s€[0,2/n]
(6.7) 1 2_ P + arccot(p) — arccos(n/2)
: = n\|\ ——F— r —ar n/2).
A Wi p
The constant prefactor is non-universal:
Aj(p,0) = ! (¢, W_larccot(p))’
V2 iep(p? + 1) T, (¢, b)

with:

dr 2 W 4(x)
Ltp) = f i T A"

L) = f 84T (EYO g, (TAT)

¢ 2ir 2imr \A s

with 7 =1 if we scale L = (V2 for some finite positive £, and j = 2 if L is kept finite.

From a macroscopic point of view, a pointed disk with a finite boundary looks like a
sphere with two marked points, while a pointed disk with large boundary looks like a
disk. We observe that in the regime P ~ InV:

P2P|V,L=(] ~P[P|V,L = V3]’

Intuitively, this means that the nesting of loops in a sphere can be described by cutting
the sphere in two independent halves (which are disks). In Section and in particular
Corollary 9.9, we will find an analog result for CLE.
The remaining of this section is devoted to the proof of these results. The probability
that the origin of a pointed disk is separated from the boundary by P loops reads:
P[P|V,L] = M
P(V.L)
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and we need to analyze, when V' — oo, and L and P in various regimes, the behavior of

the integrals:
du zfdx ds
V.L; P) = F?
PV, L P) %%fﬁﬂuvﬂ Din DimsPT o)

~ du  2fdw
6.8 VL) = F*(z).
(6.8) PV.L) %7{ dirar T 2ip ¢ @)
The contours for u and s are initially small circles around 0, and the contour for z
surrounds the union of the cuts [y~,v"] for the corresponding u’s.

6.4. Finite perimeters. When L is finite, we can keep the contour integral over x away
from the cut. So, we need to use (6.2)). The first term disappears when integrating over
u, and remains:

¢") Uy (2)

(69) F;(x)|sing = _1_—qb(s) + O(Q):

where the error in is uniform for z in any compact away from the cut. The first
term does not depend on wu, therefore it does not contribute to the contour integral. Since
1—u

q~ (T)C when u — 1, we find directly by transfer theorems:

5 zlde - 1 1
6.10 PV.L) ~ { ]{ dog } |
( | ( ) Vel 2im (@) [—T'(=bc)]Abe V1+be

To analyze P(V, L, P), we should study the critical points of:

(6.11) Si(z,u,s) = =V Inu—Plns+cb(s)In (1 ;u) —In [1— <1 ;U)Cb(sq +1n Wy (2).

Let us denote (u*,s*) the coordinate of the critical point of S, which is a function of
x. Our strategy is to make assumptions on the location of s*, which will imply several
regimes as regards P. Then, we will reverse the point of view, and study the asymptotics
of the integrals, by making the suitable change of variables guessed during the analysis of
critical points, focusing on the regime P ~ InV which is the most typical.

Let us assume that s* has a limit away from 2/n. This means that b(s*) has a non-
zero limit when V' — oco. Then, the third term in (6.11]) is negligible and we have from
(9u81 =0:
cb(s*)

1—u*’

Vo~

and from 0,8; = 0:
P neln(l — u*)

_— Y

S w4 — n2(5*)2'

Therefore, let us define the functions:

(6.12) s(p) = % \/%pf b(p) = %Ot(p),

If we set P = Cl%‘/p, we obtain:
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and the condition that the third term was negligible imposes that p is such that b(p) InV —
oo. This is of course valid if p € O(1). But, since b(p) ~ ﬂip when p — oo, this condition is

actually checked as long as p < InV, i.e., P < (InV)? using (6.4]). Besides, we evaluate:
028, (z,u*,5(p)) ~ InV.

Therefore, now assuming that:

InV
p=22 p withp <InV,
™
we suggest the change of variable:
u S
u=1——, s=s(p)+ .
v Wt v

We find that:

du ds () ~ — dads Wy (o) €ﬁ< a )cb(P) T o {ch(p2 +1)? 52}
uV+l Pl VvVInV  5(p) AV 87p ’
where the convergence to the limit function in the right-hand side is uniform for s in
any compact and = away from the cut. Let us deform the contour in (s,u) to a steepest
descent contour passing through (s(p),1 + O(1/V)) (see Figure [10). In particular, in
(8,a), this contour is (s(p) + iR) x C in the region |§| < vInV and |u| < V, where C is
the imaginary axis, avoiding the point @ = 0 by a small circle in the domain of Rew > 0.
Since the integral along the steepest descent contour is convergent, and the module of the
integrand is smaller that what it is in the region |§| < vInV by definition of a steepest

descent contour, we can apply dominated convergence and obtain:

du ds .,
$ § s g B

~ qu(ﬁ)(x) %_dﬂ e (2>Cb(p) /ﬁean(P2+1)2§2/l67rp
5(]9) Vl—i—cb(p)—i—% Ins(p) /ln V z 1T A R o )

where C is the continuation of C to infinity making the integral convergent. This holds
uniformly for z away from the cut. Both integrals can be performed explicitly, and we
deduce:

1 Lq ﬁ/ —1—cb(p)—%lns(p)l -1/2
(6.13) p(v,L,p:can)N{jq{ zhda up)(:v)}v (nV)
[(v: i)

- 2w A®) 2cp(p? + 1) [-T'(—cb(p))]

We remind that this result has been derived in the regime p < In V. In particular, it is
valid for p < 1, p of order 1, and (not too) large p. Taking the ratio of (6.13)) and (/6.10)
leads to the announced result (6.5]).

6.5. Large perimeters. Now, we study the case where the (z*, s*)-coordinates of the

critical point are such that £* = it

- (q*)l/Z
can then use (6.1)):
b(s)/2—1/2

: q z—"
(614) Fs(l')|sing ~ 1 — qb(s) (I)b(s)< q1/2 )

has a limit, and s* has a limit away from 2/n. We
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FIGURE 10. The contour of integration for .

o0

FIGURE 11. The contour C.

We need to analyze the critical points of:

u

So(u, ., 8) = —Vlnu—Plns—i—Llnx—l—g(b(s)—l) In <1; )+1nq>b(s)<m>.

Compared to (6.14), we have replaced v4 by 7%, as it differs only differ by O(gq). The
equation 0,5, = 0 gives:

V ~

2 (0s) = 14 E i) (€)),

while the equation 0,5, = 0 gives:

[Mls)

£N_( A ) (In @) (€7).

Y 1 —wu*
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It is then necessary that L ~ V2. The equation 9,S, = 0 gives:
p ne In(1 — u*)
s 2n A n2 (s
If we set P = Clnv p, we obtam s* ~ s(p) with the function introduced in Notice

the factor of 1/ 2 compared to in the previous section, due to the occurrence of @)/
here and ¢** there in the scahng limits of F2(z). We also evaluate:

028, (u*, x*,5(p)) ~ InV.

Therefore, let us now assume:

cpln'V

2
for a fixed positive ¢, and for p < (InV') — this asymptotic upper bound can be justified
as in Section [6.4] The previous discussion suggests the change of variable to compute

P(V,L):

L=(V:,  P=

—1_2 — ~F _|_i
U= 7 T ="} VT
We then find:
du I e dadz T ) 5(-1)
grn dr e FL) ~ v @b<(a/A)§>e (=)

where the convergence to the limit function in the right-hand side is uniform for (@, Z) in
any compact away from R2. The contours can be deformed to steepest descent contours
C? (see Figure|11)), and we can conclude as before by dominated convergence:

o i { e (@) g

Likewise, in order to compute P(V, L, P), we make the change of variable:

G () + 5 o, E
u = - —, S = s xr = — .

v SRV LT
We then find:

du ds .
wV+Hl P11 dz " Fi(z)
dadz ds (v)* T arez W\ 50E)-D en?(p? +1)%
- s(p) VT @Har nse) /1Y o) ((a/A)S) ¢ " (Z) P { 167p s }’

where the convergence to the limit function in the right-hand side is uniform for s, z, u in
any compact with u away from 0. We deform the contours to steepest descent contours
C? in the variables (x,u), and iR in the variable |5| < vInV. By properties of steepest
descent contours, we can apply dominated convergence and find:

dz da e W 3(6(s)-1) T
L,P) ~ et (— ® :
PV.L, {f}[ 2imr)>2 +(A) "(s)<(a/A)2>}

an -1/2 V—l—ﬁb(p)—ﬂlns()
cp(p? +1) ‘

(6.16)
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Taking the ratio of (6.16]) and (6.15)) gives the desired distribution (6.6).

7. SEPARATING LOOPS IN CYLINDERS

Let us consider the probability that, in a random ensemble of planar maps of volume
V', two boundaries of given perimeter L; and Ly are separated by P loops:

L 24d 2
1dzy x2 T2 ds Fg )(l‘l,ZEQ)

P[P|V, Ly, L] = ffjgf 217ruV+1 2mL 5 d2msP+1
fff 217ruV+1 211§1rzl x221 = F(g)(f[,‘th)

The analog of Theorem for the behavior of F{? is derived in Appendix , and it
features singularities of the type ¢®®)/7 with j = 1 for 21 and x5 both close to or both
away from 77, and j = 2 for z; close to 7} and x5 close to co. In that regard, the origin
in pointed disks behaves as a boundary face whose perimeter is kept finite in a cylinder.

As the type of singularities encountered in the asymptotic analysis is identical, the result
can be directly derived from Sections 6.5f

Theorem 7.1. When V — oo, {1 and {5 are fixed positive parameters, and p << In'V', we

have:

clnV Asz(p, €1, £2)

Iy VeI
A4(p, ly, 52)

VInV Vs /@)
As (p, ly, 62)

Iy vEIw)

where the large deviations function J(p) is the same as in (6.7)). The constant prefactors
are non-universal:

Akz(]% €1>£2) =

IP’[P— p‘VLl—EI,L—&

1
]P’[P: ¢ an’vL1 41,L2—€2V2

clnV

IP[P— ’VL1_€1V2 LQ_EQVQ

1 T1.(€y, by, w1 arccot(p))
2k ep(p? + 1) Ty (ly, £2,)) ’
where we declare {3} = {5} =2 and {4} =1, and:

et ey dx 54z, 2
I3(ly1, 42, 8) = j{]{ 1 2 2 Epa(z1,22)

2i T(—cB)AT"
_ xll dz1 dzo du piitlaia /7 a\ 5B-1) _ To
Ty(ly, 02, B8) = 7{7{7{ 2ir  2ir 2im <A> =p.a (xl’ (ﬂ/A)§)7
d.%'l dJ}Q du - = = * U 5*1,_ .%1 .CZ‘Q
T _ heted Sheiet heted +(f1$1+€2ﬂc2)/7 “w = ]
5,62, 8) 7{7{ 9im 2im 2ir ’ (A) 57"’((@/@5’ (a/A)S)
where Zg ; are defined in Appendix @ O

8. WEIGHTING LOOPS BY I.I.D. RANDOM VARIABLES

8.1. Definition and main result. Following [71], we introduce a model of random maps
with weighted loop configurations ; we describe it for pointed disks, but it will be clear
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that our reasoning extends to the cylinder topology. Let £ be a random variable, with
distribution g, for which we assume that the cumulant function,

Ay(A) :==In E[e*],

exists for A\ in a neighborhood of 0. Given a map with a self-avoiding loop configuration,
let (&)1ec be a sequence of i.i.d. random variables distributed like £, indexed by the set
L of loops. Let Ls, € L be the set of loops separating the boundary from the marked
point. We would like the describe the joint distribution of the depth P = |Lsp| and of
thesum Z2=3",_, &

Remind that F['P} (x) is the generating series of pointed disks with exactly P separating
loops. Our problem is solved by introducing the generating series F?,(x), as the u-
expectation value of the generating series of pointed disks, whose usual Wéight in the loop
model is multiplied by [, Loy S et By construction, we have:

Fi.\(z) = Z(Se n)P Fip(7) = F} expa, o ()
P>0

In the ensemble of pointed disks with volume V' and perimeter L, the joint distribution

we look for reads:

- P(V,L; P,=

with a new denominator — compare with :

du dzzt ds dle =
V,L;P,= .
P %%7{7{ 2muV+l 2 2iw sPHL 2irx (@)

Theorem 8.1. When V — o0, { is a fized positive parameter, and p < In'V, ¢ KV, we
have:

_chV __can - As(p, g, 0)

(8.1) P<P— - pand = = Q‘VL 6) ~ (an)Vﬁ‘](p’q)’
_chV — chV e Az(p. g, 1)

®2)  P(P=pad == ‘-"V’L‘W) T V) Ve e

The bivariate large deviations function reads:
J(p.q) = J(p) + N = Au(X),

in terms of J(p) defined in (6.7)), and X is the function of (p,q) which is the unique
solution to

g _ 9A(N)
p o ON
The constant prefactors are non-universal:
Ai(p,q,0) = mn’ Ij—5(€, 7 tarccot(p))
I\ 1 - :
i+ 1)y LoD

in terms of the functions already appearing in Theorem [6.8
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It is remarkable that the bivariate large deviations function is a sum of two terms, one
being the usual n-dependent large deviations function for depth J(p), the other being
pu-dependent but n-independent.

8.1.1. Bernoulli weights. For instance, if u is a signed Bernoulli random variable,

ple=-1=plg=1=3

we have . N
A,(\) = In cosh(\ A = arctanh — - (24
u(A) = Incosh(X), arctanh(q/p) = 5 n (7).
and N
T(p,q) = J(p) + 2 qln(p+Q)+p Tin(p— q) — plnp.

2
Note that, as £ <1, we have Z=}",_. & < P, so we must have ¢ < p.

sep
8.1.2. Gaussian weights. If £ is a Gaussian variable with variance o2, we have:

o2 \? q
Au(N) = 5 N = o2

and therefore:
e

J(p.q) =J(p) + S0

8.2. Proof of Theorem [8.1I We give some details of the proof in the case of finite
perimeters, as the modifications necessary in the case of large perimeters, L = V2/, are
parallel to the changes of Section detailed in Section As the strategy is similar to
Section , we leave the details of the analysis to the reader. To analyze P(V, L; P, =),
we should study the critical points of:

Si(z,u,5,0) = Si(x,u,seN) - \=

% 1—u 1 — w\ cb(sexp(Au(N)
nu ns+ cb(s)In n

(83) +In (I}b(s exp(Ap(N))) (l’) — A2

Let (s*, A*) be the location of the critical point of 51, and assume that s* has a limit away
from 2/n, and A\* has a finite limit when V' — oco. Using the scalingsﬁ
clnV clnV

P = D, == q,
T T

we find that the equation 9,S; = 0 yields in the limit V — oco:
Ap(X*)
(8.4) i =L,
V4 — (nsretn))2 s*

and the equation 9,S; = 0 yields likewise:

Au()‘*) A (\*
(8.5) o) _ 4
V4 — (nsrefu®))2 s*

4This ¢ is to be distinguished the variable of Theorem controlling the distance to criticality.
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while the equation 8,8; = 0 yields:
ch(s*ernM))

1 —wu*

Vo~ —

Let us define A" as a function of (p, ¢) in such a way that:

oA, q
N p

(8.6)

As 22(0) = E[¢] and 8){}2 (0) = Var[¢] > 0, X is defined at least for ¢/p in the neighbor-
hood of the value E[¢], corresponding to X in a neighborhood of 0. We assume that ¢/p
belongs to the (maximal) domain of definition of X'. Combining (8.4) and (8.5)), we find

that the saddle \* is located at )\, and:
s'eM M) =s(p),  b(s"e* ™)) =b(p),

in terms of the functions s and b defined in (6.12).
We compute the Hessian matrix of S; with respect to the variables (s, \), and evaluated
at the saddle point (s*, \'). At leading order in V/,

5 clnV

S = (s, A) +o(InV), with X(s,\) = wb(se™™M) — plns,

™

where the error o(In V') is stable under differentiation. After a tedious, but straightforward
computation, we find:

Y 00,5
H = < NG 9Y )

*

jy
O exp(24, (X)) MU S o)
- 92A 2
x Pl + (0 +1)(ax) ]

where the lower corner of the matrix is deduced by symmetry. We also need to compute

n’(p® +1)* A, G2A )
4 ON?2

Now, if we introduce the change of variables:

detH =

we obtain
Y ~dadh Wygeepa, v (7) eﬂ( i >cb<p>
uV+1l gP+1 VInV s(p)exp(—A,(N)) AV
XY ROt e {2 (5,0) - H- (5, 0)] |



40 GAETAN BOROT, JEREMIE BOUTTIER, AND BERTRAND DUPLANTIER

We can perform the Gaussian integration in § and A, while the remaining integration on
@ and x result in a prefactor already appearing in Section [6.4. The result is:

P(V,L;P _ cpan; _ cqan) N T n? {7{ mL'dq: @b(i)(x)}
T T I'(—cb(p)) ep (pQ_i_l)a;){}g ¢ 2 Ach®)

[1]

V7 Lmeb )+ 2 (= ns(p)+ AL (V) =aX) (1 1)L,

We obtain the final result (8.1) by dividing by P(V, L) given in (6.10). The proof of (8.2)
0

is similar.
9. COMPARISON WITH NESTING IN CLE via KPZ

In this section, we compare the large deviations of loop nesting at criticality in the
O(n) model on a random planar map, as derived in the first sections of this work, with
the large deviations of loop nesting in the so-called conformal loop ensemble in the plane.

9.1. Nesting in the conformal loop ensemble. The conformal loop ensemble CLE,
for k € (8/3,8) is the canonical conformally invariant measure on countably infinite
collections of non-crossing loops in a simply connected domain D C C [84, [86]. Tt is
the analogue for loops of the celebrated Schramm-Loewner Evolution SLE,, the canonical
conformally invariant measure on non-crossing paths [80] in the plane, depending on the
real positive parameter x, an invention which is on par with Wiener’s 1923 mathematical
construction of continuous Brownian motion. It gives the universal continuous scaling
limit of 2d critical curves; of particular physical interest are the loop-erased random walk
(k = 2) [60], the self-avoiding walk (x = %), the Ising model interface (k = 3 or %)
[88, 20], the GFF contour lines (k = 4) [81], and the percolation interface (k = 6) [87].
Critical phenomena in the plane were earlier well-known to be related to conformal field
theory [0], a discovery anticipated in the so-called Coulomb gas approach to critical 2d
statistical models (see, e.g., [74]), and now including SLE [4] [45] [53].

In the same way as SLE, is proven or expected to be the scaling limit of a single interface
in 2d critical discrete models, CLE, should be the limiting process of the collection of
closed interfaces in such models. In particular, the critical O(n)-model on a regular
planar lattice is expected to converge in the continuum limit to the universality class of
the SLE, /CLE,, for

t € (5,4] in dilute phase
Kk € (4,8) in dense phase.

(9.1) n = 2cos [W(1—4//€)} n € 0,2, {

In [71] (see also [70]), Miller, Watson and Wilson were able to derive the almost sure
multifractal dimension spectrum of extreme nesting in the conformal loop ensemble. Fix
a simply connected proper domain D C C and let I' be a configuration of CLE,. For
each point z € D, let N, (g) be the number of loops of I' which surround the ball B(z,¢)
centered at z and of radius € > 0. For v > 0, define the random set

(9.2) o, = &,() = {z €D : lim 1%(/62) - y} .

This Hausdorff dimension of this set is almost surely equal to a constant, which is ex-
pressed in terms of the distribution of the conformal radius of the gasket of the origin in
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a CLE, in the unit disk . More precisely, the conformal radius CR(z,U) of a simply
connected proper domain Y C C is defined to be |¢’(0)|, where ¢ is the conformal map
D — U which sends 0 to z. For a configuration I' of CLE, in D, let then U be the
connected component containing the origin in the complement D\ £ of the largest loop £
of I surrounding the origin in D, i.e. the interior of the outmost such loop. The cumulant
generating function of —log(CR(0,Ur)) was computed in Ref. [82], and is given by

(9.3)
cos [m(1—2)]

coS [7r (1—4)2—1—&} |

K K

Ne (—oo,1-2-35).

An(N) = mE[(CR(o,uF))*A} —In

The Legendre-Fenchel symmetric transform, A% : R — RT of A, is defined by

(9.4) A5 (x) :=sup (A\x — A, (V).
AER
The authors of Ref. [71] then define
| vA(1)v) if v>0
(9:5) Velv) = { 1—2_ 3 if v =0,

which is right-continuous at 0. Then, for x € (8/3,8), the Hausdorff dimension of the set
®, is almost surely |71, Theorem 1.1],

(9.6) dimy &, = max(0,2 — v,(v)),

with @, being a.s. empty if v,(v) > 2. Note that the Legendre-Fenchel transform equa-
tions above can be recast for v, (v), v > 0, as,

W) A 1 0A(N)
(9.7 R
from which we immediately get,

0 Y(V)) B 0
(9.8) A= 510 ( > ) = (V) = Vo u(v).

9.2. Liouville quantum gravity. Polyakov [77] suggested in 1981 that the summation
over random Riemannian metrics involved in a continuum theory of random surfaces could
be represented canonically by the now celebrated Liouville theory of quantum gravity (see
[47, [43] [72] and references therein). It is widely believed to provide, 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 (see, e.g., the reviews [30, [63]). In the case of usual random planar maps with
faces of bounded degrees, the universal metric structure is that of the Brownian map
[62, [66], and it has lately been identified with the one directly constructed from Liouville
quantum gravity [67, [69, 68]. Here, we focus on the measure aspects associated with
Liouville quantum gravity (LQG).



42 GAETAN BOROT, JEREMIE BOUTTIER, AND BERTRAND DUPLANTIER

9.2.1. Liouville quantum measure. Consider a simply connected domain D C C as the
parameter domain of the random surface, and h an instance of the massless Gaussian free
field (GFF), a random distribution on D, associated with the Dirichlet energy,

(hh)e = — [ [Vh(=)]2d=,
21 Jp

and whose two point correlations are given by the Green’s function on D with Dirichlet
zero boundary conditions [83]. (Critical) Liouville quantum gravity consists in changing
the Lebesgue area measure d?z on D to the quantum area measure, formally written as
o (d22) = M2 A%z, where v is a real parameter. The GFF h is a random distribution,
not a function, but the random measure p., can be constructed, for v € [0, 2], as the limit
of regularized quantities, as follows.

Given an instance h of the GFF on D, for each z € D, let h.(z) denote the mean value
of h on the circle of radius € centered at z — where h(z) is defined to be zero for z € C\ D

[83]. One then has
[ ()] = ¢7*Varlb=2)/2 — [CR(z, D) /e]”"/?,
where CR(z, D) the conformal radius of D viewed from z. This strongly suggests consid-
ering the limit,
(9.9) 11, (d22) = lim £77/27h= () g2 5,

e—0

and one can indeed show that for v € [0, 2) this (weak) limit exists and is non-degenerate,
and is singular with respect to Lebesgue measure [37]. This mathematically defines Liou-
ville quantum gravity, in a way reminiscent of so-called Wick normal ordering in quantum
field theory — see also [49] for earlier work on the so-called Hpegh-Krohn model, and
Kahane’s general study of the so-called Gaussian multiplicative chaos [52].

The critical case, v = 2, requires additional care, and it is shown in [34, 35] that the
weak limit,

(9.10) fiy=a(d?2) = lirré VIn(1/e) e2e?h==d% 2,
E—
exists and is almost surely non-atomic. j,(D) will be called the quantum area of D.

Remark 9.1. The Liouville quantum action is usually written as S(h) = 3 (h, h)v+b (D),
where the “(bulk) cosmological constant", b > 0, weights the partition function according
to the quantum area of the random surface. The corresponding Boltzmann statistical
weight, exp[—S(h)], should be integrated over with a “flat” uniform functional measure
Dh on h — which makes sense a priori for finite-dimensional approximations to A. The full
Liouville quantum measure can then be constructed from the GFF one (see, e.g., [24]),
and for our purpose of studying the CLE, nesting properties, which are local ones, it will
suffice to consider this measure for b = 0, i.e., in the GFF case.

9.2.2. Canonical coupling of LQG to SLE. Various values of v are expected to describe
weighting the random map by the partition function of a critical statistical physical model
defined on that map (e.g., an Ising model, an O(n) or a Potts model). The correspondence
can be obtained by first considering conformal welding in Liouville quantum gravity [85]
38, B3] (see also [2]). It turns out that pieces of Liouville quantum gravity surfaces of
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parameter v € [0,2) can be conformally welded together to produce as random seams
SLE, curves, with the rigorous result,

K if Kk <4
11 ={ e Eesh

Together with (9.1)), this provides us with the (v, x,n) correspondence that we sought
after for the O(n) model.

9.2.3. KPZ formula. By the usual conformal invariance Ansatz in physics, it is natural
to expect that if one conditions on the random map to be infinite, maps it into the
plane, and then samples the loops or clusters in critical models, their law, in the scaling
limit, will be independent of the random measure. This independence in turn leads to
the Knizhnik, Polyakov, and Zamolodchikov (KPZ) formula [57] — see also Refs. [23] 25]
— which is a relationship between (half-)scaling dimensions (i.e., conformal weights x) of
fields defined using Euclidean geometry and analogous dimensions (A) defined via the
Liouville quantum gravity measure i,

v v
(9.12) r=U,(A) = ZN + (1 - Z) A.
The inverse to relation (9.12)) that is positive is given by

(9.13) A=U\(x) = %(, [42 + a2 — a,y), a, = (% - %) >0,

A mathematical proof of the KPZ relation, based on the stochastic properties of the
GFF, first appeared in [37]; it was then also proved for multiplicative cascades [7] and
in the framework of Gaussian multiplicative chaos [78, B5]. The KPZ formula holds for
any fractal structure sampled independently of the GFF, and measured with the random
measure /i, and for any 0 <~y < 2.

9.2.4. Quantum and Lebesgue measures. Define the (random) Liouville quantum measure
of the Euclidean ball B(z,¢),

(9.14) § = / iy (d?2),
B(z,e)

and the logarithmic coordinates,
(9.15) t:=1In(1/e), A:=~""In(1/6).

For z fixed, a given quantum area d, hence a given logarithmic coordinate A, corresponds
through (9.14) to a random Euclidean radius ¢, and the corresponding random value T4
of t in can be seen as a stopping time of some Brownian process [36], 37]. The
probability density of T4, such that P(¢]|A)dt := P(T4 € [t,t + di]), is obtained as a
by-product of the KPZ analysis in 36} 37]:

(9.16) P(t|A) = \/%exp (— %);

it characterizes, in logarithmic coordinates, the distribution of the Euclidean radius ¢ of
a ball of given quantum area 9.
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Note that we can rewrite it as

/ A_1/2 A \2
(9.17) P(tA|A):\/WeXp(—2—t/(1—a7t)>.

In the regime 6 — 0, we have A — 400, so the distribution becomes localized
at a,t’ = 1, thus t = A/a,. This gives the typical scaling of the quantum area of balls
in y-Liouville quantum gravity, 6 =< 7% = £27°/2 [50]. The large deviations from this
typical value, associated with , will be the key in comparing the extreme nesting of
CLE, in the plane, as seen with the Euclidean (Lebesgue) measure, or with the Liouville
quantum measure /i, .

9.3. Nesting of CLE, in Liouville quantum gravity.

9.3.1. Definition. One ingredient in the proof of in Ref. [71] is the following one-
point estimate |71, Lemma 3.2|. For z € D, define

oo Na(e)
N =g

Then

InP /\72 g)elv—w_(e), v+ €
018 g MPEEE €l @) v b))
e—0 Ine
uniformly in D and for all wy () decreasing to 0 sufficiently slowly. A similar result holds
for v = 0. We shall rewrite the above result, for € — 0, in the more compact way,

(9.19) P(N, ~ vin(l/e) |e) =< ™),

where the sign ~ stands for a scaling of the form (v + o(1))In(1/e). We also recall that

the =< sign means an asymptotic equivalence of logarithms, i.e., a form e¥)+°() on the
r.h.s. Recalling definition (9.15)), this is also for t — 400,

(9.20) P(N. ~ vt | t) = e M,

To define an analog of this nesting probability in Liouville quantum gravity instead of
conditioning on the Euclidean radius € — hence on ¢ — we condition on the quantum area
) of the ball B(z,e) — hence on A (9.15). The number of loops N, surrounding the
ball B(z,¢) stays the same. This conditional probability is then given by the convolution,

=v.(v) forv >0,

(9.21) Po(N, | A) = /OOO APV, | 1) Pt ] A),

where P(t| A) is as in (9.16)-(9.17). We call it the quantum nesting probability.

9.3.2. Saddle-point computation. For large A, if we let N, scale as N, ~ ~pA, with
p € R, we may also set NV, ~ vt, where v is now defined as

(9.22) v =u(t) = ypA/t,

where p and A are considered as parameters. The asymptotic result (9.20)) then yields,
for A — +o0,

* dtA A —ayt)?
(9.23) Po(N, =~ ypA|A) < / exp ( _Azat) %(V)t)
0 2mt3 2t
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Consistently, the above integral is evaluated by a saddle-point method, by looking for the
extremum of

(9.24) E(t) = % (A= ayt) + ),

along trajectories at constant value of vt = ypA, and for fixred p and A. We then have
0Yx 0Yx
(V) = —v——(v),

t —
ot v

and using (9.8),

0 0k

a(%(u)t) =7.(v)—v 5 (v) =\
This in turn gives

o€ Ir7AN2

(9.5 7= 3l7) 9

and a saddle-point value t* of t at

A
(9.26) = u= u(A) == 4 /2\ + a2.

which is implicitly a function of p.
Note that from again,

O\ 0 0w 0?5,
i CAC R 7 Rl vl
so that
82—8 _ 0 + A—2 >0
ot? ot 3 .
And the saddle-point lies, as expected, at the minimum £* of £(t),
* *\ (U — a7)2 f)/lf(y)
(9.27) & .—S(t)—A( e + " >,

where, owing to definition (9.22) and to (9.26)), v is hereafter understood as the saddle-

point value,
» A
(9.28) v=v(t") = =pu()).

t*
Owing to (9.7)-(9.26) and (9.28)), we have

Vi (V A—vA (A u? — a?
(9.29) i ) _ ” Q) _ 5o~ AN,

so that we finally get the simple form,

g*
(9:30) = = u) —a, = AN,
Notice that , (9.26) and (9.28)) also imply
1 A A
(9.31) v u(\) ONc(A) _ OAL(N)

Yp v o ou(N)
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9.3.3. Role of the KPZ relation. Let us define:

(C:*
We have just computed:
(9.32) O(p) = U;'(5) = pAc(N),

where \ is the function of p determined by (9.31)), and where the inverse KPZ relation
(19.13)) precisely yields,

(9.33) U:'(3) =

Y 2

u(A) — a,

o
Note also that 1/p as in (9.31]) is the derivative of A, with respect to (9.33). Thus, setting
N :=U;*(3), we get the Legendre-Fenchel transform equations:

2
1 O(A,o2U,)(N)
(9.34) Op) =N —p(Aco20)(X),  ~= VAR
Comparing this result to the Legendre-Fenchel equations (9.7) in the Euclidean case, we
get

Theorem 9.2. In presence of v-Liouville quantum gravity, the generating function A,

(9.3)) is transformed into
(935) AS = AK (e} 2U’Y7

where U, is the KPZ function (9.12)), with v given by (9.11). The nesting distribu-
tion around a ball of given quantum area § (9.23) is then given asymptotically for A =
v tn(1/8) = 400, by

Po (N, ~ ypA| A) x e 7904 = §90),
O(p) = A —pAZ(N),
where X is determined as a function of p by:

1 OA2(N)

p O\
Remark 9.3. The occurrence of a factor 2 in the composition law is simply due to
a different choice of scale when measuring large deviations, i.e., that of a quantum area o
in the quantum case, as opposed to that of a radius € in the Euclidean one. This is seen
in particular in the x — 0 limit, where U, simply becomes the identity function.

Remark 9.4. Theorem shows that the KPZ relation, or its inverse as in , can
directly act on an arbitrary continuum variable, here the conjugate variable in the cumu-
lant generating function for the CLE,, log-conformal radius. To our knowledge, this
is the first occurrence of such a role for the KPZ relation, which usually concerns scaling
dimensions.



NESTING STATISTICS IN THE O(n) LOOP MODEL ON RANDOM PLANAR MAPS 47

Remark 9.5. The derivation above is clearly independent on the precise form of the large
deviations function. Moreover, as shown in Refs. [36] 37|, the KPZ relation holds in full
generality for any (fractal) random system in the plane and in Liouville quantum gravity,
provided that the sampling of the random system is independent of that of the Gaussian
free field defining LQG. Therefore, the map A — A€ = Ao2U,, from Euclidean geometry
to Liouville quantum gravity, holds for any large deviations problem, where the large
deviations function is the Legendre-Fenchel transform of a certain generating function A.

9.3.4. Comparison to Theorem [2.9. Let us finally compute explicitly the Liouville large
deviations function ©, in order compare with the main results above regarding extreme
nesting in the O(n) model on a random planar map. The easiest way is to rewrite (9.3)
as

(el =9] ._2_7\/ VE_ 2
(9.36) AH(A)_1< — ) =u(\) =7 <2 \/E) +2)

for X € (00,1 — 2 — 2%) "and to notice that (9.26) and (9.11)) give
uy = ¥

= -—0(A).
2m
Equations (9.31]) and (9.32)) then take the compact form,
c ;o 1 0A.(v)
. p— = — —_ —_ A R ip—
(9.37) O(p) =06 o (v—a —p'Ay), p/ 5

where we used the notations

S (2-2) = vE
v 2m voo2 2m
Because of (9.11]), we find as parameters,
(9.38) ¢ =min(1l, k/4), a' = wb = 7|l — 4/k| = arccos(n/2),

where b and ¢ are the exponents defined in (2.4 and Section . The explicit form ((9.36))
immediately yields the parametric solution to Legendre-Fenchel equations (9.37)),

(9.39) p' = cot v, ©= % [v — (cotv) In <2cosv> - arccos(n/2)] :
One has p’ € R, for v € [0,7/2), so that
/
cosv = —L > 0

N

which finally yields

2 /
(9.40) O(p) = % J(p), J(p'") := arccot(p’) + p'In <ﬁ%p/2> — arccos(n/2).
Note that the p = 5= p substitution above simply gives ypA = 5= p’'In(1/6). Theorem
then yields
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Theorem 9.6. The quantum nesting probability for CLE, loops, with k € (8/3,8) in
a simply connected proper domain D C C, surrounding a ball centered at z with given
quantum area o, behaves as

Po(N. ~ £p In(1/6)|6) = 62='®), 50,
where the large deviations function J is as in (9.40) and Theorem (2.2, and where ¢ and
n are given in (9.38)) as functions of k.

Remark 9.7. We see that this result perfectly matches the second large deviations result
in Theorem for nesting in the O(n) loop model on a random map with the topology
of a pointed disk: one simply replaces 1/6 here with the large volume V' of the map there.
Indeed, one may assign elementary area 1/V to each face in the dual map, so that the
dual map has in total unit area; then, the marked point corresponds in the dual to a face
of elementary area 1/V, and its depth P = ;=pInV is the number of loops separating
this face from the boundary of the disk.

It is interesting to compare the classical and quantum cases for nesting in CLE,. In
the classical case [71], the parametric equations of the Legendre-Fenchel transform (9.7)
are

" t
v = vcotv
(27)?

K

Ye(v) = e [% — (vecotv)In (

2Ccosv

) - %(arccos(n/Q)f]
for v € [0,7/2), and

I #wco’chw
) = o]~ e () - st

for v = iw with w € R,. These parametric equations cannot be easily solved, whereas the
quantum parametric equations (9.39)), though similar, are simpler and explicitly solvable.

Note also that in the classical case, the parameter A is in the range A € (—00, Apax|, with
the values A\pax = 1 — % — 3—’5 corresponding to v — 0 or equivalently v — 7/2, while

A — —o0o corresponds to ¥ — +o00 or v = iw with w — oo. We observe more precisely
that

1T 2 .2
(9.41) Vi (V) ~ (2m) 5 v — 400.

K
In the quantum case (9.39)), v is restricted to v € [0,7/2), and A spans a finite interval
only, A € [Anin, Amax|, where Ay = 1 — % — & is the point at which the square root

v(A) vanishes, corresponding to p’ — 4-00. And this results in \' = U '(\/2) spanning

3—22-2]ifS<k<4 and [ - %35 —f]if4<K<8

9.4. SpAhere topology. Conformal loop ensembles can also be defined on the Riemann
sphere C [70, 56]. In particular, for any ~ € (8/3,4], the law of the simple nested CLE,; in
the full plane has been shown to be invariant under the inversion z — 1/z (and therefore
under any Mébius transformation of the Riemann sphere) [56, Theorem 1]. In this section,
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we connect the nesting statistics of CLE,; in C with the nesting statistics in the O(n) loop
model on large random planar maps with the topology of the doubly punctured sphere.
We first discuss the properties of CLEH(@). Let us pick two points (punctures), z1, 22, on
the sphere, which we may take to be (z1, 22) = (0, 00) using a suitable Mébius transforma-
tion. Consider the two balls B(z;,¢;),7 = 1,2, centered at these points. In stereographic

projection, the connected domain C \ (B(z1,£1) U B(2s,£2)) corresponds to the annulus
Ales',e1) ==e5'D\ B(z1,€1).

Consider then in the whole CLER(@) on the Riemann sphere, the loops which can be
contracted to each one of the two punctures on @, 1.€., those loops which in projection
belong to the above annulus. By scale invariance, their number can depend only the
product €19, and we write it as N'(e1&5). The nesting probability on the Riemann sphere
is then defined as,

PC[N(€1€2) =~ 1/111(5162)_1 | 81,62],

where we recall that ~ is a short-hand notation for the event N(eig5)/In(g169)"t €
v —w_, v+ wy], for we = wi(e169) decreasing to 0 sufficiently slowly with the &;’s— see

(0.13).

9.4.1. Approximation to full-plane CLE and nesting estimates. Following Ref. [70, Ap-
pendix A|, about the rapid convergence of CLE on a large disk to full-plane CLE, we can
take as a large disk, (ge5)™'D, with 0 < & < 1, which contains the annulus A(e; ", ;)
above. Using scale invariance, we may simply consider events in D and in the annulus
A(e,ee1e9) (see Figure , and by choosing ¢ small enough, approximate to any de-
sired precision the probability of any event concerning a ball of radius € in the ensemble
CLEH(@) (with probability law denoted by PC) by the probability of the same event in
the ensemble CLE, on the unit disk (with probability law simply denoted by P).

As before, let Ny(g) be the number of loops surrounding the ball B(0,¢) in D, and let
N (g) be the number of loops surrounding the origin and intersecting dB(0, ). We seek
for an estimation of the law of the number of loops in the annulus B(0,¢) \ B(0,ep),

(9.42) N(ep) := No(ep) — No(e) — Na(e), p = €169,

as illustrated in Figure [12]

From Ref. [71, Lemma 3.5], we know that N(¢) < ¢oln(1/¢) for some constant ¢y > 0,
except with probability exponentially small in In(1/¢).

From Ref. [71, Lemma 3.2|, and the convexity of 7.(v), we know that there exists
n(e) — 0, such that,

(9.43) P(No(e) > vin(1/e)) < 7)),

uniformly in v > vy, with vy fixed but strictly larger than the point at which 7, (v) reaches
its minimum 0. We thus have in particular,

(9.44) P(No(e) < won(1/e)) >

N | —
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FIGURE 12. The whole set of loops in the unit disk ID is counted by
No(ep), with p = e1e5. The set of loops contained in the inner annulus, as
counted by N (ep) (resp. the set of intersecting loops, as counted by Nn(g))
appears in red (resp. blue).

Besides, we also know from [71, Lemma 3.2| that there exists w(e), with w(e) — 0 as
€ — 0, such that,

(9.45)  (ep)* 1) < B(|Ni(ep) — vin(zp) | < wlep) In(ep) ) < (ep) 169,

Using these estimates will allow us shortly to show the existence of functions w. and 7 of
e and p, with wy (e, p),n(e, p) — 0 when p — 0, such that,

~

N (ep)
In(1/ep)

Proof. Let us denote by ﬁy(e,p) the event of interest in (9.46), by A,(¢) the event

{M(e) < vIn(1/e)}, and by A,(e) the latter’s complement. Define also the logarith-

mic ratio,
In(1/¢)
= = — — 0 — 0.
r=r(e,p) In(1/ep)’ r(e, p) as p

(9.46) (ep)r=)nEn) < P( elv—w_ v+ W+]) < (ep)@-n(e).

For a lower bound, we write
P(Au(z.0)) 2 B(A,(6.0) N An(©)) = P(Aw () P(AL(e, ) | A (£).

Choosing vy as in (9.44)), the first factor is bounded from below by %, and using the
lower bound ({9.45)) for the second factor, we get the desired lower bound in ({9.46f), up to
replacing w(ep) of (9.45) by we (e, p) :== wlep) F (vo + co) (€, p).

For the upper bound, we write

(9.47) P(A,(e,p)) <P(A,(e,0) N Ay (e) + P(A, (2),
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where, by using the estimate for v, large enough, P(4,, (5)) < grm)=nle) - We
will choose vy = v (e, p), such that v, (e, p) — 0o when p — 0, as allowed by uniformity
of . As 7,(v) grows quadratically in v — see — the latter estimate can be
bounded, for large enough v, as

(9.48) cre)=n(e) « Cvf _ <€p)cu§ r(ep)

for some constant C' > 0. On the other hand, the first term in (9.47) can be estimated
via the upper bound in (9.45) to yield an upper bound as in (9.46)), provided that

(9.49) (e, p)r(e,p) =0, p—0,

as this is the error term to be subtracted, together with cor(e, p), from w(ep) as the result
of the restriction to event A, (¢). If we would like (9.48) to be negligible in front of the
first term in (9.47)), we would have to choose v, in such a way that

(9.50) vi(e,p)r(e,p) = 00, p—0.

To satisfy both (9.49) and (9.50), choose for instance, vi(e,p) = (g, p)~>/%. Then, the
second term in (9.47) is bounded by (p)°"""*, which, since r — 0 as p — 0, is negligible
as compared to the first term of order (ep)(*). This completes the proof of (9.46). O

Invoking then the exponentially fast convergence in In(1/e) when ¢ — 0 (see |70,

Theorem A.1]), of the approximation of CLE,(C) by the restriction of CLE, (D) to the
ball B(0,¢), we may summarize the result above by

~

Theorem 9.8. The nesting probability in CLE, (C) between two balls of radius 1 and eo
and centered at two distinct punctures, has the large deviations form,

]P)@(N(51€2) ~vin(l/eies)) < (e182)"), v >0, 1,600,

where v, (V) is the same large deviations function (9.5)) as in the case of the disk topology,

and where notations are as in (9.18[)-(9.19)).

Even though the sphere and disk large deviations involve the same function 7., the
scalings involved actually differ by powers of 2. Indeed, if we take the two balls on the
Riemann sphere to have same radius ¢, and measure nesting in In(1/¢) units, we have
from Theorem [9.8]

~

Corollary 9.9. The nesting probability in CLE,(C) between two balls of same radius e
and centered at two distinct punctures, has the large deviations form,

IP’@(N(52) ~vin(l/e)) <M, v>0, e—0,
where 7, (V) is related to the disk large deviations function by
Vx(2v) = 27x(v).
Using hereafter the variables t; := In(1/¢;),7 = 1,2, we have from Theorem

(951) ]P)@ (N(Elgg) ~ V(tl + tQ)) = €_A/K(V)(tl+t2), t1,ts — +00.
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9.4.2. Nesting on the quantum sphere. In Liouville quantum gravity, following the same
steps as in Section , let us condition on each ball being of same quantum area § = e ™74,
The sought-for distribution should be given by the convolution

959 PEWVIA) = [ [ andn B ) P 4) P 4),

o Jo
where P(t|A) is as in (9.16)-(9.17). For large A, we let N scale as N' = ypA, with
p € Ry, and also set N & v(t; + t5), where v is now defined such that,

(9.53) v=uv(t,t2) == ypA/(t1 + t2),

where p and A are thought of as parameters. The asymptotic result (9.51)) then yields
when A — 400

& A% dtydt
BE(N, ~ ypA|A) = / / 137532 exp [=E(t1) — E(t)]
1
5<t1) -+ 8<t2) = 2t (A Cl,yt1> + g (A — a7t2)2 + ")/,Q(V)(tl -+ tQ)
1 2

The above integral is evaluated by a saddle-point method, by looking for the minimum of
E(t1) + E(ta) at fized v(ty + t2) = ypA. We then have for each i = 1,2,

0Yx

ov’

(t1 +£2) 0,7 (V) = —v

and using ,
0 ((t1 +t2) 7 (v )) ="(V) — Va% = A
ot; " " v

This in turn gives for each ¢ = 1,2,

8?5 (E(t) +E(t2)) = A — %[(2)2 B a,ﬂ,

so that both saddle-points ¢] and t5 for ¢; and ¢, are located at the same point ¢* as in
(19.26)) in the case of the disk topology. We thus have at this double saddle point

2ut* = ypA
E(ty) + E(t3) = 2E(t).

Setting:

we deduce

Theorem 9.10. The large deviations function @(p) which governs the quantum nesting
probability of CLE, on C,

PS(V ~ pIn(1/8) | 8) < 6%, 5 =0,
is related to the large deviations function ©(p) for the disk topology (Theorem by
6(2p) = 26(p).

Using alternatively the explicit formulation, as in Theorem [9.6] we get
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Corollary 9.11. In the same setting as in Theorem[9.10,
_ p .
PG (N ~ L n(1/6) ( 0) = 8510, 50,
where J(p) is as in (9.40)).

This is in complete agreement with:

e The first result in Theorem [2.2], which describes the large deviations of the number
of separating loops between a marked point and a microscopic boundary in a
critical O(n) model on a random map with a disk topology;

e The first result in Theorem [7.1], which describes the large deviations of the number
of separating loops between two microscopic boundaries in a critical O(n) model
on a random map with a cylinder topology.

These are indeed the sort of topologies considered in Section above. We also remark
that it agrees with:

e The third result of Theorem[7.1], which describes the large deviations of the number
of separating loops between two macroscopic boundaries in a critical O(n) model
on a random map with cylinder topology.

This should also in principle be deduced from the nesting of a CLE, process on a cylinder.
9.5. Weighted loops.

9.5.1. Weighting CLE,. Our argument can be refined to include a model where loops
receive independent random weights, in parallel to the results in Ref. |71, Section 5|. A
motivation to introduce this model, beyond the fact it offers a natural generalization of
the counting of loops, is that loops weighted with a Bernoulli random variable for k = 4
are related to the extremes of the GFF [50].

Conditionally on a configuration I' of a CLE, in a proper simply connected domain
D, let (§)ier be a collection of independent, identically distributed real random variables
indexed by I'. We denote by p the law of each &. For z € D and € > 0, let I',(g) be the
set of loops which surround B(z,¢), and define

E.(e)

Z(e)= Y & Z.(e) = CVSE

lel'.(¢e)

For a realization of the CLE,, and of the (§);, and any fixed (v,a) € Ry x R, let

PH = {z €D : lmN.(e)=v and limZ,(c)= O‘}'
) e—0 e—0

The cumulant generating function associated with the moments of u is

(9.54) Au(N) == InE[e*],
and its symmetric Legendre-Fenchel transform, A7 : R — R*, is defined as
(9.55) A5 () :=sup (Ar — A,(N)) .

AER

The Hausdorff dimension of the set ®} , is then almost surely constant, with value found
in [71, Theorem 5.1]
dimy @ , = max{0,2 — . (v, )},
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as long as 7. (a, v) < 2, with ®% = ) otherwise, and with the definition

VAL (a/v) +vAL(1/v) ifvr >0
(9.56) VeV, ) := < limy o+ . (V, @) if v=0and o #0
lim, o+ (V) =1—2 — 2 if (v,a) = (0,0),
where the limits exist by convexity of A} and A7, When v # 0, we thus have
’}/H(I/,Oz) = ’YH<V)+'YM(V,O(),
(9.57) V(v a) = vAy(a/v) = Na—vA,N),
where X is a function of (v, &) determined by:
o oA, (N)
v oN
By homogeneity, we find the useful identity
0 0
(9.58) (v5, + a5 ) .0) = nu(v.a).

Uniformly for a point z € D, we have the following joint probability scaling [71]
(9.59) PN, = vt and Z, = at |t) < e =)

9.5.2. Weighted CLE,, in Liouville Quantum Gravity. One follows exactly the same pro-
cedure as in Section [9.3, We study the nesting around small balls B(z,¢) conditionally
to a given quantum area ¢ (9.14)), hence conditionally on A (9.15)), while the counts N,

and =, are unchanged,

(9.60) Po(N., 2. 14) = [ APV 2. (0P| ),
0

where P(t] A) is as in (9.16)-(9.17)).

For large A, we let N, ~ vpA and Z, ~ y¢A, with (p,q) € Ry x R, and also have
N, =~ vt, 2, ~ aot, where v and « are defined by:

(9.61) YpA = vt, vqA = at,
and p,q, A are considered as parameters. The asymptotic result (9.59)) then yields, for
A — +o0,

> Ae¢® dt

9.62 Po(N, =~ vypA and =, =~ vqA | A) < _
(9.62) of VP YqA | A) . T op

1
T2t
The above integral is evaluated by the saddle-point method, looking for the minimum of
E(t) along trajectories at constant values of vt and at according to . We then have

0 0 0
ta%(u, a) = — (1/5 + a%>%(u, a),

E(t) (A —at)’ +7:(v,a)t.

and using ((9.58)),

0
&(t V(v O‘)) =0,
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so that,
() = o (7(0)) = A
as in . This shows that % is the same as in ,
2
= al(7) )

with the same saddle-point as in ({9.26)),

A
t—*:u:u()\) = /2\ + a2,

The saddle-point value resides at the minimum &£* of £(¢),

(u—a))* ()
) =Et)=A
(9.63) £ = &) = A+ IR0,
where, because of condition (9.61)), » and « are now functions of (p, q) determined by
A A
(9.64) v=np g =wud), =905 =9qud).
It yields
(v, a)  aN —vAL(N) , A (VY , a g OA,(N)
— = — h - = — =
" " vaN = ypAu(X),  with ) 5N
Recalling (9.29) and (9.30)), we get the simple form,
" ulN)—a
Op,q) = — = —"—T 4+ gN —p(A.(N) +A,(N)).
(o) = =20 (AN + 4,00

Comparing to (9.32))-(9.33)), we get

Theorem 9.12. The joint distribution of the number of loops N, surrounding a ball of
gwen quantum area ¢ centered at z in a simply connected domain D C C, and of the sum
of weights =, on these loops in the ensemble of p-weighted loops in a CLE, satisfies the
large deviations estimate,

Po(N. ~ pIn(1/6) and =, ~ qIn(1/8)|§) =< 6°P9 5§ — 0,
with
O(p,q) = O(p) + g\ — pA,(N),

where O(p) is as in Theorem and where the conjugate variable X' is the function of
(p, q) uniquely determined by

¢ 9NN
(9.65) P

We can also switch to parameters (p/, ¢’) such that

c c
27 21
where c is the exponent defined in W Then, after writing ©(p, q) = 5= J(p',¢'), we get

(9.66) p=—p, ¢g=-—¢,
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Corollary 9.13. In the same setting as in Theorem[9.13, we have

Po(N. & £ In(1/8) and Z. ~ £ In(1/0) ‘ 6) = 85700, 50,
with the bivariate large deviations function

J(p.a) = J(p) + N — pAu(X'),

where J(p) is given by (9.40) and where X' is uniquely determined as a function of (p,q)
by

q aAu(X)

p  ON

Corollary in LQG matches with the bivariate large deviations of nesting and sum

of loop weights for critical O(n) models on random maps with the topology of a pointed
disk (first result of Theorem [8.1]). The case of the bivariate distribution on the Riemann
sphere can be analyzed in exactly the same way as in Section [9.4] and we skip the details
here.

Theorem 9.14. On the Riemann sphere @, the joint distribution of the nesting between
two balls of given quantum area & and the weight carried by the separating loops, behaves
as

PS(V ~ pIn(1/6) and = ~ qIn(1/6) | §) = 69®9 5 =0,

where the large deviations function @(p, q) is given in terms of the large deviations function
O(p, q) for the quantum disk, as obtained in Theorem[9.13, by

~

O(p,q) = 206(p/2,9/2).
Switching to variables , we get
Corollary 9.15. In the same setting as in Theorem[9.1]], we have
& cp _ e
PG (N ~ L n(1/6) and =~ L m(1/9) ]5) = g7l 50,
where J(p,q) is the function as defined in Corollary[9.15,

This last result is the exact analog, in Liouville quantum gravity, of the first large
deviations result of Theorem in the critical O(n) model on random disks with p-
weighted loops, for the topology of a pointed disk with a microscopic boundary.

APPENDIX A. THETA FUNCTION

The properties and conventions we use for elliptic functions can be found in [48§].
Let 7 be a complex number in the upper-half plane. The Jacobi theta function is the
entire function of v € C defined by:
(A.l) 191<U|7_) _ Z eiWT(m+1/2)2+i7r(w+1/2)(2m+1).
MEZ

Its main properties are:

(A2)  O(—v|T) =h(v+1|7) = =1 (v|7), hw+T|T) = e Am(vtT/2) W (v|T),
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and the effect of the modular transformation:

—imv? /T
(A.3) V1 (v|T) = N

APPENDIX B. THE PARAMETRIZATION z < v

Oi(v/7] = 1/7)

Consider given values of v+ and ¢(v+) such that:

(B.1) V- < <s(rs) <<s(r-).
We set:

. ‘ dy
(B.2) v=iC

<o V=) — (v )y — 1)y —v-)

The normalizing constant is chosen such that, for x moving from the origin ¢(v;) to ¢(v-)
with a small negative imaginary part, v is moving from 0 to 1/2. When z moves on the
real axis from ¢(,) to 74, v moves from 0 to a purely imaginary value denoted 7 = iT.
Then, the function v — x(v) has the properties:

r(v+27)=2(v+1) =2(—v) = 2(v), s(z(v)) =z(v—1),

and is depicted in Figure |9, '(v) has zeroes when v € Z/2 + 77, and double poles at
V= Vs + Z + 27Z. From (B.2)), paying attention to the determination of the squareroot
at infinity obtained by analytic continuation, we can read in particular:

i
(v — Voo)?
From (B.I)), we know that ve = 1 + Tws, where wy, € (0,1) is determined as a function

of v+ and ¢(y4).
There is an alternative expression for (B.2)) in terms of Jacobi functions:

2iC' arcsn—! [\/<(W+)—“f— z=<(v+) . L.
_ s(v=)—v- z—<(y-)?

V) =) 60o) =)

. \/(cm ) (s(02) = 7+)
(c(v=) =) (s(r+) =7=)

By specialization at x = y_ and = = ¢(7_), we deduce the expressions:

(B.3) z'(v) ~

V= VUso-

(B.4)

with:

(
(

(B.5) o - V() 4[(/)(%@)—%)’
K(k)
0 2K (k)

in terms of the complete elliptic integrals. By matching poles and zeroes, we can infer an
expression for x(v) — vy in terms of Jacobi theta functions:

¥1(0]27) %1 (2000 27) (v —7|27)01 (v + T|27)
91 (Voo — T|27) 91 (Voo + T]27) 91(V — 160 |27) 01 (v + V00 |27)
From (B.2), one can derive the expansion of z(v) when v — v...

(B.7)  z(v) — vy = —iC
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Lemma B.1. When v — vy, we have the expansion:

_ —iC B, i 3E}-8E, —E3 + AE By — 8E3
L e R s B T G D 6402
where we introduced the symmetric polynomials in the endpoints:
(B8) B = v-+74+s(4) +s(o),
(B.9) By = v {vs+<s(v0) +s(r)} + 1 {sOr5) + (=)} + s(v)s (=),
(B.10) B3 = y-y4s(v4) +v-ves(r=) +v=s(v-)s(v+) + v (v4)s(v-)-

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

factor (iC)~k. O

(V—050)?+ 0 (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)h’
while v~ — ~* remains distinct from ¢(y*). This implies T — 0, or equivalently k& —

0. This limit is easily studied using the modular transformation (A.3)) in (B.7]), or the
properties of the elliptic integrals. If we set:

V=

S

q=e T,
we arrive to:

Lemma B.2.

(= (o)
Weo = wi{l+ O(q%)}.
U

We shall need the asymptotic behavior of x(v) near the vertical lines Imv = 0 and
Imov = 2.
2

Lemma B.3. Let v = ¢ + 7w fore € {0,3}. We have:
1-2e 1
v(v) =y =q 2 {2l(w)+O0(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 is actually an asymptotic series in q%. The limat
functions are:

riw) = 8/(<(0) — ¥} — ) sin(ul) eos? (7).

2
x% (w) = \/(g(7i> o P)/i)(ﬁyi’k' N ’Yi) COS(?TU}) — COS(ngo)'

sin(rw?,)
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If we specialize the second equation to v = % + 7, use the expression (5.2)) of ¢(x) and
perform elementary trigonometric manipulations, we find:

Corollary B.4.

( *)_1—04 1—h(1+4+a)y"
cos(muws) = T T h0 =)

O

We may consider w_ as a parameter for the non-generic critical line. Specializing again

Lemma to v = € + 7 and using Corollary [B.4] yields:

Corollary B.5. There exists a constant py such that:

16 cos(mw},) 1

2h(Vi —4) = qu + O0(q),
2h(v" —7-) = pig® +0(q),
1 — asin?(rw}) 2p1 cos(mw},) 1
B = > = 0
! (1 — a?)hsin?(rw?,) * h(1 — cos(rw?,))? ¢ +00),
2((3a? — 1) sin?(rwlk,) — 2(3a — 2)) 2p1(3a — 2) 1
E, = O
2 (a2 — 1)2h2 sin?(mw?,) * h2(1 — a?)(1 — cos(mwy,))? ¢ +0(a),

4(a? sin?(rw?,) — a2 + cos?(mw?i,) + 1
E3:( ( )('2( ))+O(q
(1 — a)?(1 + a)?sin®(rwk, ) h3

=

).

The first four lines are used in Appendix [E| to describe the phase diagram and the
critical exponents of the model. The expression for E3 is only used to leading order in
Appendix [F] to get the constant prefactor in the asymptotic number of planar maps of
large volume.

Straightforward computations with (B.5)-(B.6) yield:

Corollary B.6.

= 00 - — o)+ 0la),

2 cot N 1 x 1
_ 200 (rw?,) N (1 4 cos(mw?.))p: &+ 0.

(1 —a?)h = 2(1 — cos(mwy,)) sin(mwz,)

O

There are some simplifications in absence of bending energy, i.e., « = 1. We then have

*

wh, = % which is in agreement with Corollary E The non-generic critical line is then
parametrized by p = 1 — 2hy* , which is related to the former parametrization by letting

a—1and wi, — % in such a way that:

(B.11) (% —ul) ~ (12_7Ta) p

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

2h(vE —4) = O(a),
By = % O(q),
B o= S o),
B = 2o,
% = %+§—;q%+0(q}

O

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

with the second line.

APPENDIX C. COEFFICIENTS (§k)r>0

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 ((5.14) if we
insert the expansion of Lemma . We remind that C' is the constant in (B.2), and E’s

are symmetric polynomials in the endpoints defined in Lemma (B.1f). If we introduce:

we find:
~ 2
g3 = -2
. 2—gE
Bo=
~ g(3EF — 4E,) — 6E)
Bz 1204 —n2)
~ 2u
A

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 , either in terms of the parameter w? , or
the parameter p if o = 1.

Corollary C.1. We have:

o 1 29( 1 g p1 cos(mws,) 1
92 T 2 [1+ h (a sinz(ﬂw;o))] h (1 — cos(mwz,))2(4 — n?) a* +0la),
. 2g9[(3a® 4+ 1) sin* (rw,) + 2(3a — 2) sin® (mw?,) + 6] + 3hsin®(rwi, ) (1 — o) (asin’®(rwk,) + 1)

no= 3(1 — a2)2h2(4 — n?) sin* (Twi,)

+cos(w)p1{2g[ — 3asin’®(rwi,) 4 2cos” (rwk,) + 4] — 3hsin®(rwi) (1 — o®)} 1

(1 — cos(mwz, )2 sin? (Twz, ) (1 — a2)h2(4 — n2) :

q2 + 0(q)-
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O

There are some simplifications for & = 1. Owing to the exact relation E; = %, only g3
has a non-trivial dependence in the non-critical regime:

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

———
g2 - 4—77,2 h7

. 1 9, 2 gpp1 1
— _— —1 — _— 2 .
g h(4_n2>< —l—h(p +6))+h2(4_n2>q + 0(q)

APPENDIX D. THE SPECIAL FUNCTION Y4(v)

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

Tb(U + 1) = Tb(1)>, Tb(U + T) = €iﬂbTb<U).
We have several expressions:

Ty(v) = Z e ™™ cot (v + mT)

meZ

91(0]7) Va(v — §l7)
di(=3l7)  a(vl7)
S RO- 1) n( -

D.1 = — = T
o T (-2~ a1

Curiously, this function also appears in the dynamical R-matrix of an integrable elliptic
Calogero system [3]. The last expression is convenient to study the regime 7" — 0. We
set:

q= e 7T 50
Lemma D.1. Let v =¢ + Tw. We have, for b € (0,1):

Qﬂqag { TZ,O(U}) - quZ+2,o(w) + 0(9271)) ife=0

T(1—¢) | Tho(w) = (@ =T ;1 (w) +405, (W) +0(¢™)  ife=1/2

Tb(”) =

The errors are uniform for w in any compact independent of T — 0, and the expressions
for the limit functions are:

(D 2) . ( ) B 6i7'r(bfl)w
' b0l =y sin(mw)’
(D.3) Tpi(w) = —eimw
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APPENDIX E. PROOF OF THE PHASE DIAGRAM AND VOLUME EXPONENT

The equations G*(e 4+ 7) = 0 for ¢ € {0, 1} determine 74 in terms of the weights of the
model. Since ve = 1 + Tweo and gy = (iC)*gj, they take the form:

3 (_2@’“ (%)k O, | TH(E + 7(wo + 1)) + Ty(E + 7(1 = wec)

“YE + T(we — 1)) — Ty(E — (1 + woo))] = 0.

where we have denoted € = % — e. In the non-generic critical regime, we have 7 =iT" — 0
and inserting the asymptotic expansions from Corollary yields:

En 3 I (T ) - o e + 0] = 0.

— k! T
3 ~
(=1)*Ge (7ONE () by (k)
(E.2) kz; - (7) [V, (mwee) = 4", 1 (Twe) + O(g)] = 0.
with coefficients:
B _sin[(1 — b)w]
Y, 0(w) = cos(bw), Y},é(w) =

E.1. The non-generic critical line. At a non-generic critical point, we must have u = 1
and ¢ = 0, thus:

2 N i (—1)*g; (200t(7rwj;o)>k’ Yb(];) (mw?,)

2+n £ k! (1—a?®)h/ Yy (mwi)
We note that the critical values g obtained in Section [C|are such that (E.1))-(E.2) give a
system of two linear equations determining ¢ and h?, in terms of the parameter w_, or

in the case of a = 1, in terms of the parameter p.
For a = 1, the solution is:

g _ 4(pbv/2+n— /2 —n)

1
=0 56{0,5}.

E.3 = 5
(E3) h p?(0? — 1)vV2 —n+4pbv2+n—2y/2—n
(E.4) 2 P pPb(1=b)V2+n—4pV/2 —n+6by2+n

244 —n2 —p2(1 — 02)v/2 —n+4pbyV2 +n —2/2 —n’
as claimed in Theorem . Since g/h and h? must be non-negative, we must have p €
[0} s Pmax], With:

(E:5) ;o VT2 —n—V2,/(10+n)b> —4+2n
| Prmin = WI-BVZ 7 ’

1 /2—n
E.6 max = 74/ .
(E.6) p bV 2+n

However, we will see later that the non-generic critical line only exists until some value
Pmin > Prins SO (E.5) will become irrelevant.
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In the general case o # 1:

g ko M Pi(0, T

(E.7) n = 6(1 — a?) sin®(7w?) PPy )+ S b Pl )
E8) K = 20 COSQ(’/T’LU;O) B3Qs(b, mw?) + Sy U Qr(a, mwt,) |
(1 —a?)2(2 — n)sin®(mwi) b2Py(b, w?) + 34—y 0¥ Pe(a, mw?,)

with

Pi(o,w) = sin(2w) [ sin 2w)—1— 2cos2(bw)],

Py(a,w) = sin(2bw)[ — asin®(w) + 1 + 2cos® w],

Py(b,w) = sin?(2w)[bsin(2w) — 3sin(2bw)],

Pi(a,w) = —2sin(2w) [3042 sin(w) — 6asin?(w) (2 cos?(bw) + 1)

+ cos*(w) 4 2 cos®(w) + 3 + 12 cos?(bw) (cos? (w) + 1)} ,
Py(a,w) = 6sin(2bw) [a sin?(w) — 2a sin?(w)(2 cos?(w) + 1) + 3 cos? (w) + 6 cos?(w) + 1},

Q3(b,w) = sin(w)sin(2w)[ — bsin(2w) + sin(2bw)],
Oa(a,w) = —2sin(w)sin(2w) [3a2 sin®(w) + 2asin®(w)(2 cos(bw) — 5)
— cos* (w) — 6 cos?(w) + 7 — 4 cos?(bw)(2 cos? (w) + 1)] ,
Or(a,w) = —2sin(w)sin(2bw) [302 sin*(w) — 6asin®(w)(2 cos?(w) + 1)
+ 7 cos* (w) + 14 cos?(w) + 3] ,
Qo(a,w) = 2cos(w)sin?(bw) [3a2 sint(w) — 4a sin?(w)(cos?(w) + 2)
— cos*(w) + 2 cos?(w) + 5} .

We have checked that, in the limit & — 1 such that (3 — wi,) ~ 152 p, these expressions

retrieve - -

E.2. Near criticality. Let us fix (g,h) on the non-generic critical line for v = 1. 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
q = e~ T, our first task is to relate (1 — u) to ¢ — 0. For this purpose, we look at (E),
and note that u only appears in gg. There could be a term of order q% stemming from
near-criticality corrections to wy., gi and %, but computation reveals that it is absent.
Therefore, we obtain:

3 (k) *
n+2 (—1)*Gy (2 cot(mwi, ) \* Y2 o(Tw,) 1—b
1l—u= o0 7 O
“ 2 (Z k! ( (1 — oﬂ)h ) YE,,0<7'rw;O) ¢+ (q)’

k=0

where g = —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 (E.7)-(E.8) on the critical line.
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E.2.1. Case o = 1. Here, we rather use the parametrization (E.3))-(E.4), and the resulting

formula is relatively simple:

(E.9) 1—u=Ag""+ (A +pi)g +o(q).
with:
N P1=b)2/2+n+2p(1-b)vV2—n—-2/2+n
b —p2b(1 —b2)V2 +n+4p(1 —b2)\/2 —n —6by/2 +n’
A, 24 —p?(B® + DV2+n+200v/2 —n+2v2+n

D —pb(1— )2t n+4p(1 — V2 —n—6b0v2+n

The value of ¢ is irrelevant because we will soon show that p; = 0. This quantity is
non-negative iff A > 0, which demands p € [0, pmax] With:

V6+n—+v2—n
(1-0)vV24+n

We observe that this lower bound is larger than p! .. for any n € [0, 2], therefore the non-
generic critical line can only exist in the range p € [pmin, Pmax] provided by (E.10)-(E.6).
These necessary conditions were also obtained in [I1] — where the lower bound arose from
the constraint of positivity of the spectral density associated with the generating series of
disks F(z) — and it was checked that these conditions are sufficient.

We now turn to the second equation . We have checked that the term in ¢” vanishes,
as we expect by consistency with . Then, the term of order q% is proportional to pq,
therefore we must have, in both dense and dilute phase:

(ElO) Pmin =

p1 =0,
which means that v —v* € O(q).
We see that for p € (pmin, Pmax):

1

g~ (1—u)Tos.

which corresponds, by definition, to the "dense phase". For p = ppin, we have A = 0,
and (E.9) specializes to:

24
l—u= b(l—b)(2—b)q+0(q)'
Hence
q@(l—u),

which corresponds to the dilute phase.

E.2.2. General . We find (E.9) with a constant:

. 4(2 —b) b R3(b, mw?.) + Zi,j:o bR, . (Tw?,)
O beos(bw) sin(w) b3Qs(b, Tw?, ) + Zzzo beQp (o, mwt.)
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with:
R3(b,w) = b’sin®(w)sin®(2w) |(2 — b) sin(2w) cos[(b — 2)w]

+ sin(2w) cos(bw) + § sin(2bw) cos[(b — 2)w]|,

and more complicated expressions for R, .

APPENDIX F. PLANAR MAPS WITH LARGE VOLUME AND 7,

Planar pointed rooted maps are pointed disks whose boundary face is a triangle. There-
fore, their generating series with vertex weight w is:

(F.1) 27 F* = — wfifzoso dz 2’ F*(z) = — Res dv (z(v))* G*(v).

V—=Voo

We shall prove:
Lemma F.1. When u — 1, the singular part of (F.1)) with respect to u behaves like:

[x_4] F* g ~ A (1 ;u)bc.

By transfer theorems [41], this implies that the generating series of planar pointed
rooted maps with fixed volume V' — oo behaves like:

A
I‘(_bc) Abcvl-‘y—bc :

[U/V . x—4]FO ~

as claimed in Corollary [6.5]
Proof. We remind the expression from Proposition (5.2)) of G*(v), specialized to v =
% + TWw:
2
G* <% + Tw> =3 —fn [ — Tp(w + Weo) — Tp(w — Weo) + Tip(—w + Woo) + To(—w — weo) |

and it has a simple pole when w — wy. To compute the residue (F.1), we insert the
Laurent expansion of z(v) given in Lemma . Then, in the regime u — 1, we insert the

behavior of Ty(e + 7w) with & = 0 from Lemma [D.1] The leading term is of order 1 and
does not contain a singularity in u, so we must include the subleading term which is of

order:
b <1 — u)bc
q A )

and which also receives a contribution from the prefactor

1_1qb. Paying attention to the

change of variable v = iT'w in the residue (F.1]), we get a polynomial of degree 3 in the
combination %, which we then replace by its critical value given in Corollary The
outcome is:

1—wu
A

be
(27 g = A (—— ) +o(1 = )",
with constant:
16 cos(mbwy,) cos(mw?,)( S WP AL(a, k)

(1 — a?)3h3(2 4 n) sin®(rwz,) ’

(F.2)
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Ag(a,w) = sin?(2w)sin(bw),

Ai(a,w) = 6sin(2w) cos(bw)(1 — asin®(w)),

Ag(a,w) = 2sin(bw)[ — 3(1 — asin® w)? + cos*(w)(cos®(w) — 2)].
For o — 1 according to (B.11)), it simplifies to:

(F.3) 4 p(—=p*(1 = b*)vV2 —n+6pbyv/2 +n — 62 —n)
' 2h3 '

The value of h appearing (F.2)) or (F.3) is itself parametrized in terms of w, via (E.§)),
or p via (E.4). O

APPENDIX G. SCALING LIMITS FOR CYLINDER GENERATING SERIES

We distinguish whether the variable x; coupled to the perimeter of the i-th boundary
is away from 7} — in which case the perimeter remains typically finite — or close to 77 at

scale O(q%) — in which case the perimeter typically diverges.

G.1. Refined cylinders: finite/finite. This is governed by the regime z; = x(% +Tw;),
and leads to:

2

222 2 (cos(mw;) — cos(mw?,))
FO (L—a®)*h® [ i 5 }
o) 47 C082 (rw?, H sin(mw;)

Rb(s)<w17w2) - (
{ (4—n%s 2)(1 —qb<s )
(

_ (1—a?)?p? 11
© 4n(4 — n2s?) cos?(mw?,)

2
ey sin(mw;))

w1,w2)

+0l0)}

cos(mw;) — cos(muéo)l

b(s)

X{Rb(s)(wwa) + %(Rb(s) (wr, wy) — Rb(s)+2(w1a ws)) + O(Q)}a

1

where:
Ry(wy, wa) = 20y, [Ty (wi + ws) — Tp(wi — wa) + T3 o(—wi +ws) — Tpo(—wi — w)].

The first term Ry does not feature a singularity when v — 1, and thus will not contribute
to large volume asymptotics. We compute using the expression of T} in (D.2):

(G.1) Riysy(wr, wa) — Ry(s)42(wi, we) = —=87b(s) sin(mwb(s)w:) sin(mb(s)ws).

Therefore:

b(s) " _

F® (21, 72) sing = 1o Ep(s),3(

N *

(1), (1)) + Ofa),

with:

=b(s),3 =
() 4 — n2g2

2h%(1 — a? [ﬁ cos(mw;) — cos(mw?,))? sin(wb(s)w;)

cos(mw¥, ) sin(mw;)
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For a = 1, it specializes to:

_ —32h2 [ 2 cos?(mw;) sin(ﬂb(s)wi)]'

Ep(s),3 = 24— n2s?) sin(mw;)

G.2. Refined cylinders: finite/large. This is governed by x; = m(% + Twl) and xy =
x(Tws), and leads to:

)72 (1 — a?)2h?(cos(mw, ) — cos(mw?,))?

1 — ¢*®) 16m(4 — n2s?) cos?(mw?,) sin(mw; ) sin(rws)

X{Rb( w17w2)+0( (= bs))/z)}a

Fg2) (3}'1, 372) |sing

with:
Ry (wr,ws) = —=2{(Ty 1) (wn +ws) = Ty 1) (wn = ws)
—(The).2 1) (wg —wy) + (TZ(S),%)'(—W —wy) }
= 8mb(s) sm(7rb(s)w1)sin(ﬂb(s)wg).
Therefore:
B (@1, hing = % Zhoa (@ (w1), (1)) + O(q )2,
with:

— (1= a??h?[cos(mw) — cos(mws,)]? [H sin(wb(s)z)v»] |

S 2(4 — n?s?) cos?(mw?,) sin(mw;
In particular for o = 1, we find:
_ 8h? 2 sin(mh(s)w;
Ep(s)a = —) cos? (mw;) {H —< ( )) )]

p?(4 — n?s? - sin(mw;

G.3. Refined cylinders: large/large. This is governed by x; = z(Tw;), and leads to:
(1 _ a2)2h2

327(4 — n?2s?) cos?(mwy,) sin(mwy ) sin(rws)

ng) (5617 .%‘2) ’sing

b(s)—1
X {q_l Ry(s)(wr, w2) + 1_7(];,(5)(31)(5) (w1, w2) — Rp(s)42(w1, w2) + 0(1)}-
The first term does not carry a dominant singularity in s, therefore, using (G.1)):

b(s) ¢"*) !

Fg2) (xla I’Z)'sing = 1— qb(s)

()5 (g (wi), 25 (w2)) + O(1).
with:

_ - (1— a?)2h? 2 sin(mb(s)w;)
Zb(s),5 = 4(4 _ n232) COSQ(MU;O) {H W} '

In particular for o = 1, we find:

_ 4h? 2 sin(7b(s)w;)
Sb(s),5 = 5 . 2.2 H : ] .
p*(4—n?s?) [T sin(mw;)
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