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PERTURBING ISORADIAL TRIANGULATIONS

FRANCOIS DAVID AND JEANNE SCOTT

ABsTRACT. We consider an infinite, planar, Delaunay graph G, which is ob-
tained by locally deforming the coordinate embedding of a general, isoradial
graph G, with respect to a real deformation parameter e. This entails a
careful analysis of Whitehead edge-flips induced by the deformation and the
Delaunay constraints. Using R. Kenyon’s exact and asymptotic results for the
Green’s function on an isoradial graph, we calculate the leading asymptotics
of the first and second order terms in the perturbative expansion of the log-
determinant of the Beltrami-Laplace operator A(e), the David-Eynard Kahler
operator D(e), and the conformal Laplacian A(e) on the deformed Delaunay
graph G.. We show that the scaling limits of the second order bi-local term for
both the Beltrami-Laplace and David-Eynard Kéahler operators exist and co-
incide, with a shared value independent of the choice of initial isoradial graph
Ger. Our results allow us to define a discrete analogue of the stress energy
tensor for each of the three operators. Furthermore we can identify a central
charge (¢ = —2) in the case of both the Beltrami-Laplace and David-Eynard
Kahler operators. While the scaling limit is consistent with the stress-energy
tensor and value of the central charge for the Gaussian free field (GFF), the
discrete central charge value of ¢ = —2 for the David-Eynard Ké&hler operator
is, however, at odds with the value of ¢ = —26 expected by Polyakov’s theory
of 2D quantum gravity; moreover there are problems with convergence of the
scaling limit of the discrete stress energy tensor for the David-Eynard Kéahler
operator. The second order bi-local term for the conformal Laplacian involves
anomalous terms corresponding to the creation of discrete curvature dipoles
in the deformed Delaunay graph G¢; we examine the difficulties in defining a
convergent scaling limit in this case. Connections with some discrete statistical
models at criticality are explored.
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1. INTRODUCTION

1.1. Laplacians in continuous and discrete metrics.

Laplacian and Dirac operators in 2 dimensional metrics are interesting in physics
and in mathematics: index theorems, Seeley-DeWitt heat kernel expansions and
local curvature properties, trace formulas, as well as in theoretical physics: con-
formal field theories, quantum gravity, string theory, statistical mechanics (SAW,
SLE, CLE), etc. Beyond heat-kernels and Green functions, functional Determinants
can be suitably defined (for instance by QFT inspired renormalization methods of
infinite dimensional Gaussian integrals).

The continuous Beltrami-Laplace operator A (acting on scalar functions ¢ over
a Riemannian manifold M with metric g, ) is

1
(L.1) A=——0,+99" 9

Jo " V9 v
with 0, the standard derivative w.r.t. the local coordinate x*. Its normalized
determinant can be properly defined, for example, by the functional integral for a
massless scalar Gaussian Free Field ¢ (GFF), i.e. the partition function written
schematically as

(1.2) Z = det(A)"z = /D[q&} o006

which depends explicitely on the metric g. In two dimensions, the GFF is a two
dimensional conformal theory (2D CFT). The effect of varying the metric is en-
coded into the stress-energy tensor. For 2D CFT’s its non zero components are its
holomorphic components T = T%? and its anti-holomorphic component T = T7?
(in suitable complex coordinates), which encode the effect of metric changes under
infinitesimal anti-holomorphic diffeomorphisms

(1.3) 2= z+eF(zZ) = g..—g..+e0F

Many properties of CFTs follows from the short distance operator product expan-
sion (OPE) of T. The OPE for the product T'(z)T(z’) implies that the second
variation of the logarithm of partition function log Z under is

. 20 o OF(u)OF (v)  OF(u)0F (v) contact torms
(1.4) 47r2//d o T gy T oomtact ¢

where c is the central charge of the CFT. The central charge of the GFF is ¢ = 1.
Another functional determinant, which is important in string theory and quantum
gravity, is the Faddeev-Popov determinant of the differential operator associated to
the conformal gauge fixing gauge in Polyakov’s theory of two dimensional quantum
gravity (a.k.a. non critical string theory). It is associated to a 2D CFT involving
(b, ¢) ghost-antighost field system, with central charge ¢ = —26, and is related to
the celebrated Liouville CFT.

Discretizations of continuous geometries by simplicial graphs or lattices (locally s
in 2D) are ubiquitous in pure and applied mathematics, in computer science as well
as in theoretical physics, from classical and quantum gravity to condensed matter.
Thus defining and studying discretized analogs of differential operators such as
the Laplacian A or the Dirac operator JP, on such graphs, and of their functional
determinants, is important and there is a large literature on these problems.
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In two dimensions a specific but especially important class of planar graphs is
the class of isoradial reqular graphs embeddings. On such graphs, the concept of
discrete analyticity and discrete analytic functions can be properly defined (this
allows to define discrete analogs of 2D CFT’s). In particular, in [Ken02|], Kenyon
showed how these properties allow to compute explicitely the determinant and the
Green function (the inverse) of the discrete d-operator (the Dirac operator), as well
as for the discrete critical Laplacian A = 90. As we shall see the class of isoradial
graphs is an analogue of flat metrics.

In this work we study (for reason to be explained later) the deformation of these
isoradial lattices into Delaunay triangulations, and the effect of such deformations
on several discretized Laplacian-like differential operators and their determinants.

1.2. The random Delaunay triangulation model.

Delaunay graphs. Delaunay triangulations in the plane are models of discrete
space which has been studied by many authors, in particular in high energy physics
[CFL82| and well as in statistical physics, condensed matter and soft matter physics.
Anticipating the precise definitions and details given in section [1.2] we recall that

FIGURE 1. To be explained, maybe redrawn

a polyhedral graph G is a planar graph (with finitely or infinitely many vertices)
equipped with an embedding z : V(G) — C of its vertex set V(G) such that
edges are mapped to straight line segments and faces are mapped to convex, cyclic
polygons. Accordingly we can associate with each face £ of G the circumcircle Ct,
the circumdisk Dg, and the corresponding circumradius R(£) of its cyclic polygon
with respect to the embedding. A polyhedral graph G is a Delaunay graph if under
the embedding, (1) the interior of the circumdisk of each face of G contains no
vertices, and (2) no two faces share the same circumdisk. Equivalently the dual of
Delaunay graph G is the Voronoi complex U associated to the set of (embedded)
vertices of G. We say that a polyhedral graph G is a weak Delaunay graph as long
as condition (1) is satisfied. A (weak) Delaunay triangulation T is just a (weak)
Delaunay graph whose faces are all triangles.
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Each edge e in a polyhedral graph G has an associated conformal angle 6(e)
defined as follows [DE14]. To an oriented edge € = (u,v) of G we associate “north”
and “south” faces f,, and f4 together with angles 6,,(8) = Zvuo, and 65(8) = Zosuv
where o, and oy are the circumcenters of f,, and fg respectively, as depicted in
fig.[1} Reversing the orientation of € interchanges the roles of north and south. The
conformal angle associated to the unoriented edge e is §(e) = (6,(8)+65(8))/2. The
Delaunay condition ensures that 0 < 6(e) < 7 while the weak Delaunay condition
ensures that 0 < f(e) < 7.

Finally, as explained in [DE14] and in section [2] to each plane Delaunay graph
G we can associate an abstract “rhombic surface” Sg obtained by gluing rhombi
O(e) associated to the edges e of G according to the incidence relations of G. Each
rhomb ¢(e) has unit edge length and has a corresponding rhombus angle 26(e). We
view S% as a discretized Riemann surface with curvature concentrated at certain
vertices. This rhombic surface S will be “flat”, i.e. can be isometrically embedded
in the plane, if and only if for each face £ of G, the sum of the conformal angles
of the edges e which form the boundary of £ equals 7/2

(1.5) > 0(e) =7/2

ecOf

Equivalently, the Delaunay graph G is isoradial, i.e. the circumradii R(f) are all
equal. Alternatively a Delaunay graph G is isoradial if and only if Sg coincides
with the planar bipartite kite graph G® discussed in section Isoradial Delaunay
graphs are also referred to as “flat” or “critical” graphs.

The David-Eynard random Delaunay model. The David-Eynard model [DE14]
is (schematically) a theory of random (finite) Delaunay graphs which are sampled

(with Lebesgue measure) according to the conformal angle values of the correspond-

ing edges. By the Voronoi construction, a configuration of N + 3 distinct marked

points in the plane {x, + iy, |1 < v < N + 3} is equivalent to a Delaunay graph G

with vertex set V(G) = [1,..., N + 3] and embedding z(v) := zy + iyy. Three of

these points can be fixed by the action of PSLy(C) as the model is conformally in-

variant. Under this formulation the relevant measure on the space of configurations

of marked points is

N
(1.6) H dx, dy, det'D

v=1

where D is the David-Eynard discrete Kéhler operator of the graph G as defined
in below, and det'D is a reduced determinant (i.e. the leading N x N principle
minor) which suppresses the effect of the zero modes of D, see [DE14]. The Delaunay
graph of a generic configuration of points will be a triangulation while the subset of
non-triangulations has measure zero. For this reason we speak of the David-Eynard
model as a theory of random triangulations. As shown in [CDEI9], the measure in
coincides with the Weil-Petersson measure on Mg n.

The three operators on Delaunay graphs. In this paper, we are interested in
the three discrete operators defined on generic polyhedral graphs G: the Beltrami-
Laplace operator A, the conformal Laplacian A, and the David-Eynard Kahler
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operator D. All three operators act on the space CV(®) consisting of complex
valued functions supported on the vertices V(G) of the graph G.

e The discrete Beltrami-Laplace operator A is defined for ¢ € CV(®) by

(L7) Aj(w) = Y (@) (dw) o) , c(é’):%(tan&n(é)—i—tanes(é))

edges &=(u,v)

This is a standard discretization of the Laplacian in the plane, both in physics (see
e.g. [CFL82]) and in mathematics.

e The conformal Laplacian A, that we introduce here, is defined as

(1.8) Ad(w)= > tanf(e)(s(w) — 4(v))

edges €=(u,v)

It is invariant under global conformal transformations z EN % of the graph em-

bedding z : V(G) — C for g € PSLy(C). It’s worth noting that A can be viewed
as the discrete Laplace-Beltrami operator defined not on the planar graph G, but
rather on the image of G inside the rhombic surface S (i.e. the black vertices of S&
where two black vertices are joined by an edge if and only if they lie on a common
rhomb. We point the reader a related construction in [Mer0I]. As such, A is a
discretization of the Beltrami-Laplace operator on a Riemann surface with respect
to a non-flat metric.

e The Kdhler operator D has been introduced in [DEI4]. It is defined in term of
the geometry of the graph G as
1 (tanb,(€)+i tanbs(e) —i
1.9 D = = —
19 vo= 3 g (e S (o) - o)

edges &=(u,v)

where R, (&) and Rs(€) are the circumradii of the north and south faces £, and £
adjacent to € respectively. Although not obvious from this definition the op-
erator D transforms covariantly under global conformal PSL(2,C) transformations
of the graph embedding, and defines a Kéahler metric dz,Dy,dz, on the space of
Delaunay graphs in the plane.

These three operators can be defined for any polyhedral graph G. The weak De-
launay condition on G ensures that the three operators are positive semi-definite.

Note that if G is isoradial, then A, A and R?*D (with R the common circum-
radius) all coincide, and agree with the critical Laplacian considered in [Ken02],
where it is shown that the Green’s function on G (the inverse of the critical lapla-
cian) can be written explicitely in terms of the graph local structure; furthermore,
the log-determinant of the critical Laplacian can be computed as a finite sum of
local contributions if in addition one assumes the graph is periodic.

1.3. Why study deformations of critical graphs ? This work is an extension
of [DE14] and [CDE19] and aims at studying the properties of the measure in
the David-Eynard model. Ideally one would like to understand if it is possible to
define precisely a continuum limit for this discrete model of random plane geometry,
and what is its relation with the well known continuum models of quantum two-
dimensional geometry, in particular the Liouville CFT. As a first step, we attempt to
study how the measure deforms under small variations of the positions of the points
in the plane, starting from initial configurations of points which form critical graphs,
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i.e. isoradial Delaunay graphs. Indeed for these critical configurations of points,
the properties of D are very well known, in particular through [Ken02]. While
our motivating concern is the Kéhler operator D, we study in parallel the simpler
Laplace operators A (corresponding to a discretisation of the Laplace-Beltrami
operator in the plane) and A (corresponding to the Laplace-Beltrami operator in a
discretized curved metric, sharing PSL(2,C) properties with D). The operator A is
related to a CFT, namely the GFF, and we can ask which CFT properties of A are
shared by A and D, in particular whether theres exists a respective stress-energy
tensor and corresponding operator product expansion for each of these operators
(see Appendix [Al).

1.4. Results. We consider a Delaunay graph G. obtained by deforming the em-
bedding of a fixed isoradial Delaunay graph G.,, with radius R.,. Specifically for
an isoradial, Delaunay graph G, we define a mapping z. : V(G¢) — C by

(1.10) 2e(V) = za(v) + €F(v)

where ¢ > 0 is a deformation parameter, where z., : V(G.) — C is the initial
embedding, and where F' : V(G.) — C is a function with finite support Qp C
V(Ger). By definition, the vertex sets V(G.) and V(G.,) coincide while the edges of
the graph G. are determined by imposing Delaunay constraints on the configuration
of points {z(v) | v € V(G.)}. Finally, it will be convenient to introduce the lattice
closure Qp of Qp defined (for generic polyhedral graph G) as

(1.11) Qr = {v € V(G) : v shares a face f € F(G) with a vertex u € Qr}

The following technical lemma allows us regulate the behaviour of the perturba-
tion by introducing a bound on the deformation parameter. Specifically

Lemma 1. Let G¢, be an isoradial Delaunay graph, and F a deformation function
as above. There is a threshold ég > 0 such that whenever 0 < e < €p

(1) zec : V(Ger) — C is an embedding

(2) there is an inclusion of edge sets E(G¢,) C E(G,)

(3) the edge sets are stable, i.e. E(G¢,) = E(Ge,) whenever 0 < €1,€2 < ép

Conditions (1) and (3) ensure the existence of a right-sided limit graph which is
both isoradial and (weakly) Delaunay, namely

Definition 1. The isoradial refinement Gy+ of G.. determined by F is the
isoradial (weak) Delaunay graph with vertex set V(Gg+) := V(G¢) and embedding
Zo+ = 2o Whose edge set is given by

E(Go+) == lim E(G.)

Note that G+ will be a weak Delaunay graph precisely when the inclusion
of edge sets is strict, otherwise Go+ and G, will coincide. It will be convenient
to complete Gy+ to a (weak) Delaunay triangulation Go+ by maximally saturating
E(Gg+) with additional non-crossing edges. The choice of these additional edges will
not affect our calculations; this is because the weights assigned to these edges (or
chords as defined in by the operators A, D, and A always vanish. In particular O
defined over 60+7 O defined over G+, and O defined over G, all coincide whenever
Ois A, A, or D. We want to emphasize that GO+ = G+ = G¢ whenever G, is a
triangulation.
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Definition 2. In this paper we shall mostly consider smooth local deformations
defined as follows. We restrict a smooth (in general non-holomorphic) function
F : C — C with compact support Q2 C C to the graph G, by declaring

(1.12) F(v) = F(zx(v))

where v € V(G¢;) is a vertexr. Moreover, we shall consider the family of rescaled
smooth local deformations F; defined as

(1.13) Fy(v) = (F(2e(v)/0)

and where £ > 0 is a scaling parameter (used for defining a continuum limit). Using
the construction above, we obtain a deformed embedding zc ¢ and a Delaunay graph
G.,¢ together with an attending isoradial refinement Go+ o and completion G+ ;.

Let A, (respectively De, = A /R2%) denote the critical laplacian (respectively
the Kéhler operator) on the initial isoradial triangulation G,. Let O denote either
the Beltrami-Laplace operator A, the conformal laplacian A, or the Kéhler operator
D of the perturbed triangulation G, and let O, be the corresponding operator on
Ger. We denote the variation 60 = O — Og,. It is of order O(e). Formally we may
expand the log-determinant log det O using the Green’s function O_! of the critical
operator as

1
(1.14) logdet® = logdetOy + tr [50-0;1} -5t [(50-0;1)2} 4o

The trace terms occuring on the righthand side of equation [1.14] are well defined
owing to the fact that support of the perturbation is compact; consequently the
difference log det O — log det O, is a well defined value. Our main results concerns
the second order term tr [(§0-O')?] and, more precisely, the cross term contribu-
tion coming from variations §O at two distant sites of perturbation. These results
are summarized in the following theorem:

Theorem 1. Consider two complex functions F1(z) and Fa(z) whose supports 1 =
supp Fi and Qo = supp Fy in the vertex set V(G.,) are finite and disjoint (hence at
finite distance), and a bi-local deformation of the embedding

Zcr(V) — ZCT(V) + €1F1 (V) + €2F2(V)

The €1e5 cross-term of the perturbative expansion of logdet A is obtained from
tr [(6A - A;l)Q] and takes the asymptotic form

(1.15)
c VF(x1) VEy(x2) -5 >
- A(Xl)A(XQ) R + 0 Zcr(xl) - Zcr(XQ)
T triggles ( e (ZCT(Xl) - ZCT(XQ))4 ( | | )

where x; € F(60+) 1s a triangle having at least one vertex in ();, whose center has
coordinate z.,(x;), and whose area is A(x;) with i = 1,2. Moreover ¢ = —2.
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Theorem 2. The e1e5 cross-term of the perturbative expansion of logdet D is 0b-
tained from tr [(51) . Dc_rl)Q} and takes the same asymptotic form as formula .
In particular ¢ = —2.

Remark 1. The Beltrami-Laplace operator A and the David-Eynard Kdhler op-
erator D have the same central charge c = —2. This is expected for the Beltrami-
Laplace operator. In the case of the David-Eynard Kdhler operator this result con-
flicts with the value of —26 anticipated by the continuous theory.

Remark 2. As noted earlier, the left hand side of equation|1.19 is independent of
the choice of triangulation 60+ used to refine Go+ because both graphs share G as a
common reqularization (and the three operators O which we consider depend only on
the graph regularization). The right hand side, on the other hand, is independent of
60+ in light of a discretized version of Green’s theorem|Z| and corollary as detailed
in Subsection [3.2.

Remark 3. In general, Theorem (1] is not valid for the conformal Laplacian A.
Specifically, formula [1.15 fails to hold when the isoradial refinement Go+ contains
chords; see[f] for a proper definition. “Anomalous” chord-to-edge and chord-to-chord
terms must be added to Formula[I.15 in order to obtain a valid asymptotic formula

for the e1€s cross-term of tr [5A~Ac_rl]2. See section .

Formula makes use of discrete derivative operators V,V : CV(¥) — CF(T)
introduced in [DE14] for a general polyhedral triangulation T; see Section 4 for
a definition. The following estimate (see Appendix A for proof) explains why V
and V should be considered as discrete analogues of the holomorphic and anti-
holomorphic derivatives @ and 0.

Lemma 2. Given a smooth function ¢ : C — C and a triangle £ with vertices
21, 22, 23 (listed in counter-clockwise order), circumcenter z(£), and circumradius
R(f), we have the following estimate

(1.16) ’V(b(f)—(‘?(b(z(f))‘ < R(f) <Z sup [0%¢| + 2 sup |00¢| + % sup ‘82¢’>
z€EDBs 2€ Bs 2€Bs

where B is the disk bounded by the circumcircle of £
(1.17) Be ={z; |z —2(f)] < R(f)}

Using Lemma [2] we are able to formulate a smooth version of Theorem [I] involving
a scaling parameter £ > 0 as in equation [1.13| whose continuum limit coincides with
formula More specifically:

Theorem 3. Consider two smooth complex functions Fy(z) and Fy(z) whose sup-
ports Q1 = supp Fy and Qo = supp Fy in the plane are compact and disjoint (hence
at finite distance), and a bi-local deformation of the embedding given by

)+ cers(=0)

Zer (V)

14

Za(V) & 2 (V) + € €F1<

where £ > 0 is a scaling parameter. For i =1,2 set F;.¢(z) := LF;(z/{) then
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(1.18)
. & vFl-g(Xl)ﬁFg.g(Xg) -5
lim — A(x1)A(x) [ R : —— | + O( |2zex(x1) — Zex(x2)

(oo tri%les < e (ZCT(XI) — Zer (X2)) ( | | )>

gFl (.’El) 5F2($2)
(z1 —22)*

c
= — // da? dzd Re
s
Ql ><Q2

We stress that the limit value in formula[1.18 is independent of the isoradial, De-
launay graph Ge. As in Theorem[]] the coefficient ¢ in[1.18 is found to be equal to
c = —2, both for A and D.

Remark 4. The sum is taken over pairs of triangles x1 and x3 in aotg such
that the coordinate of at least one vertex of x; is contained in the scaled support
Q;(£) :== supp Fyp for i =1,2. These two domains are disjoints and separated by a
distance of order O(£). Formula 1s the discrete analog of.

Remark 5. The { — oo scaling limit of the bi-local formula for the e1e5 cross-term
in tr [5A~ Agrl]z of the conformal Laplacian A (as presented in section agrees
with the limit value in formula[1.1§ of Corollary[J whenever G+, contains finitely
many chords. In this case the central charge of the conformal Laplacian A takes
the expected value of c = —2 as well.

Theorem 1 makes use of a sharpened version of a Kenyon’s asymptotical formula
for the long-range behaviour of the Green function A_! of the critical Laplacian:

Proposition 1. For any pair of vertices u and v in an isoradial Delaunay graph
G

(1.19)

[Acﬂ” = —% (10% (2|P1(u7 V)l) + Yeuler + w +0 <1>>

6|p1 (w,v)] Ip1(a, v)|*

where Yeuler 48 the Euler-Mascheroni constant, where p1(u,v) = 2er (V) — 2er(u), and
where p3(u,v) is a term defined in section . It depends on the local geometry of
the graph T between u and v, but is bounded uniformly and linearly by

‘pg(u, v)| < 3 |zcr(u) — zcr(v)’

Remark 6. Proposition 1 sharpens Kenyon’s Theorem 7.3 in [Ken02] by identi-
fying and obtaining a uniform bound on the first non-constant (indeed quadratic)
subdominant term

é ’zcr(u) — zcr(v)’_3 Re [pg(u,v)} < % ‘zcr(u) — zcr(v)‘_2

In fact in Sect. [4] we obtain explicit expressions and uniform bounds for all terms
of the large distance asymptotic series expansion of the Green’s function.
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1.5. Plan of the paper. This paper is organised as follows:
Section [l was the introduction.

Section 2] presents basic concepts about the geometry of planar graphs which are
relevant to the paper. Most of the material is standard, however we introduce the
notion of a chord (see Deﬁnition which allows us to slightly broaden the definition
of an isoradial triangulation (given in [Ken02]) to accomodate configurations with
four or more cocyclic vertices. Section gives definitions and sets notation for
polyhedral graphs, edges and chords, (weak) Delaunay graphs, isoradial graphs,
etc. and makes precise the notions of abstract rhombic surface S$ associated to
a polyhedral graph G alluded in Section Section [2:2] addresses geometrical
concepts and properties of rhombic graphs associated to isoradial graphs, mainly
following [Ken02] and [KS14]. In order to help establish the asymptotic formula
in Proposition [I] we undertake in Proposition [3] a careful analysis of the interval of
possible angles taken by any path in the rhombic graph of an isoradial Delaunay
graph.

In sectionwe review the V and V operators of [DE14] and how they are used to
obtain a “local factorization” of the Laplace-Beltrami and Kéahler operators A and
D for a general polyhedral triangulation; see remarks [3.19] and [3.18] We remark
that the conformal Laplacian A however does not admit a simple, local factor-
ization. Following this, we recall two approaches used to define the (normalised)
log-determinant of a Laplace-like operator such as A, D, and A for infinite polyhe-
dral graphs which are either (1) doubly periodic or (2) obtained as a nested limit
of finite graphs each with Dirichlet boundary conditions. Formulae [3.22] and [3.23]
serve respectively as definitions in these two cases. We end the section by discussing
Kenyon’s local formula in [Ken02] for the normalised log-determinant of the criti-
cal laplacian for doubly periodic, isoradial, (weak) Delaunay graphs, as well as its
formal extension to the non-periodic case.

In section[d we derive the long range asymptotic formula for the Green’s function
of the critical laplacian (associated to an isoradial Delaunay graph) stated in Propo-
sition |1] of Section |1 We rely on the methods of [Ken02| along with some added
improvements, in particular for infinite non-periodic graphs. Among other things
our analysis provides uniform bounds on the coefficients of the asymptotic expan-
sion (see 5| and thus sharpening the results and approximations in [Ken02].

Section [5| addresses deformations of critical isoradial Delaunay graphs and corre-
sponding operators. In section[5.1] we study the first order variation of the Laplace-
Beltrami and Kéhler operators, when the underlying polyhedral triangulation is
subject to a formal deformation given by without imposing Delaunay con-
straints. Results are given in propositions [f] and [6] respectively. The conformal
Laplacian A does not admit a local factorization of the kind presented in prop.
and [0] and for this reason there isn’t an analogous formula for its first order varia-
tion. Section [5.2] sets up notation. In sections [5.3] and [5.4] we carefully discuss the
effect of a geometric deformation on a Delaunay graph G.., where the incidence
relations of the perturbed graph G. are controlled by Delaunay constraints. We
explain in lemma [§ how to regulate the deformation parameter € > 0 so that edges
of initial graph G, are stable and do not undergo Whitehead “flips”. A generic
deformation however can break the cyclicity of faces of G having four or more
vertices and whenever this happens G, will contain “new edges” which subdivide
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these faces. Nevertheless these additional edges are shown to be stable as the
deformation parameter varies, provided the deformation parameter is bounded ap-
propriately. These results are detailed in lemmas 0] and [I0] We show the existence
of an isoradial (weak) Delaunay limit graph Gg+ together with an isoradial (weak)
Delaunay triangulation GO+ which refines Gy+ and which is compatible with the
deformation.

The calculations of the first and second order variations of the log-determinant for
the Beltrami-Laplace operator, the Kéahler operator, and the conformal Laplacian
are undertaken Section [6] The first order variation formulae are entirely local, i.e.
expressed as sums of weights of edges. The second order variations, on the other
hand, involve long-range effects of the critical Green’s function A_! associated to
pairs of distant vertices and, in principle, register aspects of the global geometry of
the initial isoradial Delaunay graph G;.

In Propositions [7] and [J] of Section [6.1] we present first order variation formulas
for the Beltrami-Laplace and Kéhler operators which are valid uniformly for all
isoradial Delaunay graphs. The first order formula for the conformal Laplacian
incorporates an additional term which accounts for the effect made by chords in
Go+ and is given in Proposition [§] The second order formulae for the variation of
the log-determinant of the Beltrami-Laplace and K&hler operators are calculated
separately in Propositions [10[ and [11] of Section respectively; this is the content
of Theorems [I] and 2] In both cases, our approach relies on the asymptotics of
the Green’s function in Proposition[I] and Lemma[I2]— the latter makes use of the
operator factorisations in Propositions[5]and [6]as well as a novel estimate presented
in Lemma [[1]

Formula of Theorems [1] and [2] is not valid for the conformal Laplacian and
it must be modified by defect terms which take into account the effect of chords
in Gg+. See formulae [6.58 and [6.59] We propose that this defect is indicative of
a discrete curvature anomaly arising from the perturbation; this is examined in
Section

Section [7] deals with the existence and value of the scaling limit of formula [I.15]
for the Beltrami-Laplace and Kéhler operators. We begin section [7.2 by addressing
some technical points about bi-local deformations, scaling limits, and re-summation.
In Section we prove the existence of the scaling limit of in the case of a
continuous bi-local deformation and settle Theorem[3] The basic idea is to interpret
[[-1I5as a Riemann sum with a mesh controlled by the scaling parameter. The scaling
limit considered in Section is taken with respect an isoradial refinement 6()+’£
associated to a (scaled) deformation of our initial, isoradial Delaunay graph Ge,.
In effect the result is a calculation of a nested limit: First we take the deformation
parameter limit e€1,e5 — 0 (bringing us to Gou) and then we subsequently take
the ¢ — oo scaling limit.

In section[7.4] we ask whether these two limits can be interchanged. This question
is related to whether the scaling limit in Theorem [3] exists for a Delaunay graph
(not necessarily isoradial) which is obtained as a small deformation of an isoradial
Delaunay graph. We return to this issue in Section

Section addresses issues of uniform convergence in the “flip problem” for
smooth, scaled deformations. In Lemma [14] we introduce a geometrical constraint
on isoradial, Delaunay triangulations ensuring that no flips occur whenever the
deformation parameter € is bounded above by a threshold ¢z which is uniform both
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with respect to the scaling parameter and a proper subclass of isoradial, Delaunay
triangulations.

In Section we drop the constraints on the deformation parameter(s) stipulated
by Lemma [J] and we instead work with general geometric deformations G, of an
isoradial, Delaunay graph G, which may incur flips. We look for uniform bounds on
the variation of the corresponding operators A(e) and D(e) for small but non-zero
values of the deformation parameters. In order to get bounds uniform with respect
to the choice of initial, critical graph G, we estimate the growth of the radius
R(£.) of an arbitrary triangle £, of G, as parameter € varies in formal deformation.
We deduce strong results on the uniform convergence of the scaling limit for A
(Prop. and of the scaling limit of the second order bi-local term (leading to
the OPE) (Prop. ; the later result depends on a conjectural, uniform estimate
(Conj. on Vps(f) and Vpsz(f) in terms of the radius R(f) of a face £ and the
scaling parameter. We finish the section by showing that there is a qualitative
difference between A and D, and we obtain a weaker but interesting “simultaneous
convergence” result for the scaling limit of the second order bi-local term for D

(Prop. [20).

Section [9] summarizes our results, and presents them from a more statistical
physics point of view. After reviewing the aims of the paper in [0.1] we discuss in
the first order variation of the log-determinant for the three operators A, A
and D vis-a-vis the Gaussian Free Field. We show that formula[6.4] for the Laplace-
Beltrami operator A can be re-expressed in terms of the vacuum expectation value
of a discrete stress-energy tensor T, for a Grassmann free field theory (for conve-
nience we opt for a fermionic analogue of the Massless Free Field (GFF)) supported
on G, and whose scaling limit coincides with the standard continuous free field.
This is not a surprise. Our results for D and A are similarly expressed using dis-
crete stress-energy tensors T, and T, however neither formulae nor have a
simple/obvious continuous limit relating it to the continuous free field.

In we discuss the bi-local second order variation formula and the universal
form of its scaling limit for A and D in terms of their respective discrete stress-
energy tensors. Furthermore we address the (in general) non-existence of a scaling
limit for A.

In we discuss the relation and differences between: (i) the model and the
questions addressed for Delaunay graphs in our work, and (ii) previous studies
made by Chelkak et al. on the O(n) model and by Hongler et al. on the GFF and
the Ising model on the hexagonal and square lattices respectively.

Finally in we briefly list some open questions and some possible extensions
of this work.

Some standard material, technical derivations of results and matters not central
to this work are relegated to appendices.

Appendix [A] present some standard reminders about the stress-energy tensor in
QFT and CFT.

Appendix [B] gives the derivation of Lemma [2] which is instrumental for Theo-
rem [3] and the scaling limit.

Appendix [C] examines the conformal Laplacian A on a particular critical De-
launay graph G as well as the anomalous terms associated to chords in G+ which
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arise in the second order variation of the log-determinant formula for A addressed
in[6:3] The graph G is sufficiently regular and G+ has a sufficient density of chords
to insure that these anomalous terms have a convergent scaling limits, which are
computed explicitly in Claim
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2. PLANAR GRAPHS AND RHOMBIC GRAPHS
2.1. The basic objects.

Notations.

In this work we shall deal with plane triangulations, and their extensions: embed-
ded planar graphs (or plane graphs) whose faces are cyclic polygons. Let us first
introduces the notations that we shall use (most are standard).

Definition 3.

An embedded planar graph will be — for the purpose of this article — a graph
G, given by a set of vertices V(G) and set of edges E(G), together with an injective
map z : V(G) — C. For a vertex v € V(G) we shall denote its complex coordinate
by z(v); if there is no risk of confusion we shall sometimes denote the complex
coordinate by the vertex label v itself. Each edge e = uv is embedded as a straight
line segment joining its end-points z(u) and z(v) while the oriented edge & = (u,v)
corresponds to the displacement vector z(v) — z(u). We require that for any pair
of edges the corresponding line segments are non-crossing (i.e. do not share any
interior points). The embedding determines an abstract set of faces F(G) and we
require that each face £ € F(G) is embedded as a convex polygon endowed with
a counter-clockwise orientation (so that no face is folded onto an adjacent face).
Furthermore the set of faces must cover the plane and they must not accumulate
in any finite region of the plane (i.e. each open disk must contain only finitely
many faces). We shall sometimes elide between the description of G as a abstract
combinatorial entity (i.e. vertices, edges, faces and their incidence relations) and
its description as an embedding object in the plane (points, segments, and polygons
with the geometrical restrictions described above).

Definition 4.

A polyhedral graph will be an embedded planar graph such that each face is a
cyclic polygon, i.e. all the vertices of the face lie on a circle (the circumcircle Ct of
the face £), in cyclic order. At that stage two faces may have the same circumcircle.

Definition 5.

An edge e € E(G) of a polyhedral graph G is a chord if the two faces £ and g
of G adjacent to e share the same circumcircle (i.e. the circumcenters of £ and g
coincide). An edge which is not a chord is said to be a regular edge of G. If no
ambiguity arise, we shall use the term edge for regular edges only, and chords for
the others.

Definition 6.

A chordless polyhedral graph is a polyhedral graph without chords, i.e. no
pair of faces share the same circumcircle. Obviously chordless polyhedral graphs
correspond to a special class of circle patterns in the plane. In a general polyhedral
graph, a face which does not share its circumcircle with another face will be said
to be a chordless face.

Definition 7.

A weak Delaunay graph is a polyhedral graph G such that for any face £, the
interior of the circumdisk Dy (the closed disk whose boundary is the circumecircle
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Ct) contains no vertex of G. The circumcircle itself contains the vertices of £, and
possibly other vertices. A Delaunay graph is a chordless weak Delaunay graph.

Definition 8.

A triangulation is an embedded planar graph T such that each face is a tri-
angle. Obviously, a triangulation is a polyhedral graph. A (weak) Delaunay
triangulation is a triangulation which is a (weak) Delaunay graph.

Definition 9.

An isoradial graph is a polyhedral graph G such that the circumradii R(f)
(the radius of the circumcircle Ct of £) of all the faces of G are equal.

Definition 10.

Following [Ken02|, a face £ whose circumcenter is inside or on the border of £
(considered as a cyclic polyhedron) is called a regular face. A polyhedral graph
such that all its faces are regular is called a regular graph.

Remark 7. Given an oriented edge € of a polyhedral graph we define the corre-
sponding north and south angles 0,(€) and 65(€) through figure ?? in the in-
troductory section , By the inscribed angle theorem 0,(8) does not depend upon
the choice of vertex n € £, in the north face. Likewise 05(€) is independent of the
vertex s € f5 in the south face. Note that reversing the orientation of € exchanges
the roles of north and south and so the conformal angle 0(e) := (0,(€)+05(€))/2
independent of the choice of edge orientation, hence the notation 6(e).

Remark 8. Ife = av for vertices u,v € V(G) then the value of the conformal angle
0(e) equals the argument of the following cross-ratio involving the (coordinates of
the) vertices u, v, n, s:

f(e) = log {z(u),z(v);z(n),z(s) where
(2.1)
(21— 23) - (22 — )
(21— 24) - (22 — 23)
Consequently the conformal angle is SLo(C)-invariant owing to the fact that cross-
ratio 1s.

I:Zla 22323, 24}

Remark 9. We want to reiterate the comments in the introductory section|1.4, and
stress that the Delaunay condition as stated in def.[7 is equivalent to the condition
that for any oriented edge € of a polyhedral graph the corresponding north and
south angles 0,(€) and 65(€) are both strictly positive. Alternatively, the Delaunay
condition holds for a polyhedral graph if and only if for any edge e of the graph
0 < 0(e) < w. The weak Delaunay condition, on the other hand, holds if and only
if for any oriented edge € of a polyhedral graph either 0,(€) and 05(8) are both
strictly positive or else 0,(€) = —65(€). Equivalently the weak Delaunay condition
holds for a polyhedral graph if and only if for any edge e of the graph 0 < 6(e) < .

Remark 10. Note that m—26(e) is the intersection angle between the c.w. oriented
north and south circumcircles Cy, and Cs. We have 6(e) > 0 iff z(n) is outside Cs,
or equivalently if z(s) is outside the circumcircle Cy, while 6(e) = 0 iff z(n) € Cs
or equivalently iff z(s) € Cy,.
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Some properties. Regular graphs will be useful when discussing the discussion with
the rhombic graphs of [Ken02] discussed in next section thanks to the following
simple result.

Lemma 3. Let G, be a planar, isoradial Delaunay graph with common circumra-
dius Rep. Then G, is regular.

Proof. Suppose by contradiction there exists an irregular face £ € F(G¢,). There
exits an edge e € Jf with an orientation &€ such that £ = f; and such that face
f, is contained in the intersection of the disks of circles Cy and C' where C is the
circle of radius R, obtained by reflecting C about the line determined by the edge
e. In virtue of isoradiality, the vertices v € 9f, with v ¢ Je must all lie either (1)
on the portion of the circle C residing in the interior of the disk of circumcircle
C: or else (2) on the circumcircle Cs. Case (1) is impossible because then any
vertex v of this kind would violate the Delaunay property with respect to the face
fs because edge e would form a chord between faces f,, and fs. Likewise case (2)
is impossible because edge e would form a chord between faces £, and f5. So G,
must be regular. (I

FIGURE 2. Cases (1) and (2) in the proof of Lemma [3]

To any polyhedral graph G we associate a chordless polyhedral graph G* obtained
by removing its chords. This is particularly interesting for Delaunay graphs. Hence
we define

Definition 11 (Regularized graph). Given a polyhedral graph G, let G* be the
graph with the same vertex set V(G®) = V(G), the same embedding z* = z, and
with edge set E(G®*) = E(G) — chords(G), where chords(G) is the set of all chords in
G. We call G® the regularized graph of G. Clearly G*® is made of the regular edges
of 6. By Lemmal[3 the graph G* is an isoradial, reqular Delaunay graph whenever
G is isoradial and weakly Delaunay.
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Rhombic graphs and abstract rhombic surfaces. We now consider the bipartite kite
graph built from the vertices and the face centers of a Delaunay graph, as well as
the associated concept of rhombic surface.

Definition 12 (Kite graphs Go). For a Delaunay graph G let G° denote the
bipartite graph whose vertex set consists of all vertices v of G (the black vertices o)
together with all circumcenters os of faces £ of G (the white vertices o), and whose
edges correspond precisely to those pairs {v,os} for which v € 9f. We extend
the embedding z : V(G) — C to V(G®) by setting z(v) := z(v) for each vertex
v € V(G) and z(os) := z(£) for each face £ € F(G) where
(2.2)

o) = L |2(w)[?(2(v) — 2(w)) + [2(v) 2 (2(w) — 2(w)) + |2(w) *(2(w) — 2(v))

4 z2(v)z(u) — 2(0)2(v) + 2(w)Z(v) — 2(v)Z2(w) + 2(0)Z(w) — z(w)Z(u)

is the complex coordinate of the circumcenter of the face £ € F(G) with u,v,w € 0f
any choice of three vertices appearing in counter-clockwise order. As constructed,
each face of the graph G° is quadrilateral (in fact a kite) O(T) = (u,0s,V,0p)
corresponding to a unique unoriented edge uv of the graph.

Remark 11. For any weak Delaunay graph G we define G© = (G*)°. Clearly
G<1> = Gg if and only if GY = G5 for any two weak Delaunay graphs G1 and Ga.

Definition 13 (Rhombic surface SQ). Following [DE14], a rhombic surface S
can be constructed from a Delaunay graph G in the following way: Assign to each
unoriented edge e = GV a rhombus O(e) = UbsV0, with unit edge lengths | = 1 and
rhombus angle Z6410,, = 20(e) as depicted in fig. @

If two edges e1 and es of the graph share a common vertex and simultaneously
belong to a common face then rhombi O(e1) and O(eq) are glued together along their
common edge. In this way we obtain an abstract rhombic surface Sg.

u
‘\’ U.
\%

FIGURE 3. An edge e = uv of G and the associated kite in the
plane (left), and the associated rhombus ¢(e) of S$ (right)

A simple example is depicted in the figure [@ below. In this example an explicit
isometric embedding as a tesselated rhombic surface in R? is possible. (a) is a piece
of an Delaunay graph G, in blue, with the kites associated to each edge (in orange);
(b) is the associated kite graph G® (in orange). (c) is an isometric embedding in
R3 of the associated rhombic surface Sg. In this particular example, the conformal
angles 0(e) for each edge of G equals 7/2, and so the faces of Sg are in fact squares,
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()

FIGURE 4. An example (in blue) of a Delaunay graph G (a) the
associated kite graph G® (b) the rhombic surface S¢ consisting of
square thombs embedding in R? (c) as discussed in the text.

and the embedding (c) is a surface in Z3. In general the rhombic surface Sg cannot
be embedded isometrically and rigidly into R3.

A rhombic surface is flat at each vertex @ associated to a vertex u of G but has
a potential curvature defect at each vertex 6 corresponding to a circumcenters os
of a face £ of G, with scalar (Ricci) curvature R,,,, defined by

(2.3) Rou(s) = 4w —2 )  (m —26(e))

ecof

If R....(6s) = 0 for every face £ of the graph, G is said to be flat. It is easy to
see that this is equivalent to saying that the Delaunay graph is isoradial, namely
that all circumradii are equal to some R. Note that for every oriented edge € of an
isoradial, polyhedral graph either 6,,(€) = 65(8) = 6(e) > 0 or 6,(€) = —65(€) in
which case 0(e) = 0.
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When G is isoradial (with common circumradius R) each kite ¢(uv) will be a
rhombus with side length R; in this case we shall refer to G® as a rhombic graph.
Up to a global rescaling R — 1 we have G© = Sg,. This corresponds to the rhombic
graphs discussed in [Ken02].

Remark 12. Isoradial Delaunay graphs are in bijection with the rhombic graphs
of [Ken02].

A L)
o o
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FIGURE 5. Fragments of an isoradial Delaunay graph G, (on the
left) and its rhombic graph G¢. (on the right).

2.2. Geometry on rhombic graphs. In the following discussion G, will be an
isoradial Delaunay graph with embedding zc, : V(G¢:) — C and, if not specified
otherwise, we shall assume for simplicity that the value of the common circumradius
is R, = 1.

Let us recall some geometrical concepts of [Ken02] and [KS14], with some more
material needed in this paper.

Paths on rhombic graphs. A pathin G, is a finite sequence of vertices v = (vo, e ,vk)
such that for each 1 < j < k the vertices v;_; and v; are joined by an edge e; of
GY; in this case we say V is a path of length k from vg to vj. Let &; = (vj_1,vy)
be the oriented edge corresponding to ej, let E(V) = (&1, ,8k) be the sequence
of oriented edges of v, and E(v) = U;{e;} the set of edges of v. To each edge &; of
v is associated a phase €% := 2., (v;) — ze:(vj_1). We denote by §(v) = (61,...,0k)
the sequence of angles of these phases.

We can regard the rhombic graph for as a cellular decomposition of the plane;
accordingly vertices, oriented edges, and oriented faces of Gfr can be viewed re-
spectively as 0, 1, and 2-chains of a cellular complex X with Z-coefficients. For a
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FIGURE 6. Path v = (vo, ... 7vk) in the rhombic graph G2,

path v, let V denote the 1-chain & + -+ 4+ & in C; (X; Z). Two paths v; and vs
are said to differ by an oriented rhomb ¢ if Vo = V; + 90°; see figure [7] for an
example. The vanishing of Hy (X ; Z) is equivalent to the fact that any two paths vy
and V5 both from a vertex u to a vertex v must differ by a sum of oriented rhombs.

Uy
Us
.
® 'y
L)
[ Uy ° ® [ ]
Ug

FIGURE 7. Paths u = (uo, e 7u4) and v = (vo, . ,v6) differ by a rhomb.

For an integer n together with an oriented edge € joining a vertex u to a vertex
v set & |, := €™ where € = 2., (v) — 2, (u) is the phase of the difference of the
coordinates of the vertices; extend this by linearity to 1-chains in C; (X ; Z), and
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thus define LEJ ajé'jJ = >_;a;[&]n. Notice that |09],, = 0 for any oriented

rhomb OO whenever n is an odd integer. It follows that for any path v, and for any
odd integer n = 2d + 1, [V ], depends only on the two end-points (vo, vi) of V.

Definition 14. For any pair of vertices u and v of G(?r and for any odd integer
n = 2d + 1, we define p,(u,v) := |V|, whereV is any path from u to v.

Note that p;(u,v) = z;(v) — zer(w). In addition py,(u,v) = —p,(v,u).

Proposition 2. For any pair of vertices u and v in Gg, there is a finite set of angles

0 C (90 —m, 0y + 7r) where 0y = arg (zcr(v) — zcr(u)) together with multiplicities
my € Zsq for 9 € © such that for any odd integer n = 2d + 1

(2.4) Dn (u7 v) = Z my e™?
JEO

Moreover © is contained in an open subinterval whose length is smaller than m, i.e.
max® —min© < 7.

In fact the phases {6“9 } ¥ e @} form a subset of the set of phases {ewl, .., el } of
any path v going from u to v. These results can probably be found in the litterature,
at least implicitly. For completeness we give a short derivation, which relies on the
essential concept of train-tracks on rhombic graphs.

Train-tracks.

Definition 15 (train-track). A train-track in the rhombic graph G¢. is an infinite
sequence of rhombs t = (Qn | n e Z) whose consecutive rhombs Oy and {p11 are
incident along a common edge e, for each n € Z and for which the edges e, and
en41 are parallel for each n € Z. We shall denote these parallel edges “train-track
tie”, or in short “tie”. We consider train-tracks up to shift and inversion, i.e.
tw = {();11) |n e Z} is equivalent to t? = {(};? }n € Z} if O = Oiiwd for some
d € Z. Let Ties(t) = {e,|n € Z} denote this set of edges. A train-track t has
inclination 0y € [0, 7) if the ties e,, are parallel to the phase exp (iQt).

Clearly any train-track is determined (but not uniquely) by an initial rhomb g
together with a choice of one of its edges eg. For any choice of initial edge eg in
t the distance of each edge e, from the axis determined by eg is monotonically
increasing with n; i.e. the train-track must move forward in the axis perpendicular
to ep.

We say two train-tracks t = {Oﬁ’ |n € Z} and t® = {Oﬁ? |n € Z} intersect if
OW = 0P for some m,n € Z. Two important features of any rhombic-graph G¢,
are

Fact 1. No train-track can intersect itself, i.e. if t = {(}n ’n S Z} then Om # On
for all integers m # n.

Fact 2. Any two distinct train-tracks are either disjoint or else intersect once.
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FIGURE 8. Train-track t.

The notion of train-track is amenable to any quad-graph (a planar graph consisting
entirely of quadrilateral faces) and these two properties characterize rhombic graphs
within the broader class of quad-graphs; specifically any quad-graph satisfying these
two properties is a deformation of a rhombic graph (see [KS14]).

Intersections of train-tracks with paths.

A train-track t partitions the vertex set V(G?r) into two disjoint subsets V; and
V_;. Specifically, the edge set E(Gg) — Ties(t) defines a disconnected subgraph
of Ggr with two disjoint components; V_; and Vi are the respective vertex sets of
these components. Accordingly, we say that two vertices u and v are separated
by t if they lie in different components; furthermore we say t separates the path
v if the end-points of the path v and vy are separated by t.

Given a path v = (vo, . ..vk) and a train-track t let I(v;t) := {1 <j<k|e€
Ties(t)} be the set of indices of edges common to both v and t. If t separates v
then its cardinality ‘I (v; t)‘ must be odd due to the fact the path must begin on
one side of t and end on the other. If on the other hand t does not separate v then
’I (v; t)’ is even (and may in fact be zero if there is no intersection at all).

The edges e; for j € I(v;t) are clearly parallel (since they all inhabit the train-
track t) but the oriented edges €; for j € I(v;t) must alternate in direction and
so their phases €l% for j € I(v;t) must must alternate in sign. Consequently, if
I(v;t) = {j1 << jd} and n is odd then

0 otherwise

d .
(2 5) Z elnfis — { e whenever t separates V

If t separates V their intersection angle is defined as 9¥(v,t) := 0;, and ©(v) =
{9(v, 1) |t intersects v} is the set of intersections angles of all train-tracks that



PERTURBING ISORADIAL TRIANGULATIONS 25

separate the path v. For 9 € ©(v) define its multiplicity as the cardinality of set
my = |{t separates v | = J(v, 1) }|.
It follows from equation [2.5] that for odd n

(26) I_an — Zeinéj — Z einﬂ(v,t) — Z mﬂeinﬂ
Jj=1 train-tracks t YEO(V)
separating Vv

For obvious topological reasons the set {t separates V | 9 = 9(v, t)} only depends
on the end-points vg and v, of the path v. As immediate consequence of Proposition
is that if ¥ € ©(v) then 9+m ¢ ©(v) — this means that if two distinct train-tracks
t; and ty share the same inclination and both separate v then d(v,t;) = d(v, ta).
Consequently the set ©(v) together with the multiplicities my for ¥ € ©(v) must
only depend on the end-points vy and v of the path v as well. This observation is
consonant with the fact that the value of [V ], depends only on end-points of v.

Let v be a path in Gf?r with starting and ending points u and v respectively.
Let t be a train-track separating v, and § = 0(v,t) their angle of intersection. Let
RY = z.(u) + Rsoe!? be the ray (half-line) starting from 2z, (u) in the direction 6,
and Ry, = Zer (V) +R50€1?+7) be the ray starting from z.,(v) in the direction 6+ .
It is geometrically clear, as depicted in fig. [0} that t must intersect the righthand
sides of rays Ry and Ry, ., without back tracking in the direction orthogonal to Rj
(and without intersecting the opposite rays Ry, . and Rj). See fig. @

A\

FIGURE 9. Vertices u and v separated by a train-track t.

For completeness, one should consider the case where the lozenges in t becomes
infinitely flat, so that t goes to infinity in the 6 direction before intersecting Rj (see
Fig.[2.2). Then one can consider that t crosses Rj at infinity.

Proposition 3. Letv = (vo, . ,vk) be a path in GO, let the direction of the path

be 6y = arg (zcr(vk) — zcr(vo)). Let us fix the determinations of the angles ¥ € O(V)
as real numbers in

(27) 196((90—7T,90+7T]
and let
(2.8) a=max{d € O(V)}, [ =min{d € O(V)}
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FI1GURE 10. Vertices u and v asymptotically separated by a train-track.

FIGURE 11. Semicircle

Then
(2.9) a—pF<7m and <G <La

In other words, the set O(V) and the angle 0y are contained in the open subinterval
0y — 3,60y + Z) where 6, = (a— B).

Proof. Set 6y = arg (zcr(vk) — zcr(vo)) S [0771'). Each ¥ € ©(v) is the intersection
angle of at least one train-track t whose inclination equals ¥ (modulo 7) and which
separates the vertices vy and vy.

First let us note that the angle 6y + 7 cannot be an element of ©(v). Were this
the case, there would be train-track joining the righthand sides of the rays Rj , -
and Ry without backtracking. This is impossible, as depicted in figure

Consequently the angles in ©(v) are in the interval (6p — m, 60 + 7). Consider
a = max©O(v) and S = min ©(v). It is enough to prove that o — 8 < 7. Indeed,
suppose instead that a« — 8 > w. Both « and g are intersection angles for two
respective train-tracks t; and ty which separate u := vy and v := v. If we attempt
to draw t; and ty; bearing in mind monotonicity and their requisite intersections
with the rays R}, Rj, Ry, ., and Rj, = we will observe that the two train-tracks
will be forced to intersect at least three times (as depicted on figure [I3)). Since
two distinct train-tracks may intersect at most once we are forced to conclude that
a—f <.

Finally, by equation the difference z.;(v) — 2, (u) can be written as

Zer (V) — zer(0) = Z my e’ with my € Zsg
YeO(V)
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. RBU
~—eu ve—
u
R90+n

FIGURE 12. A track separating u and v with orientation 6y + 7
must backtrack

Rp.n

FIGURE 13. Two train-tracks separating v and v cannot have sep-
arating angles differing by more that 7

Any positive combination of phases e'? for ¢ € ©(Vv) must lie in the positive

{aeia + be' ’a, be R>0} because o — 5 < 7. It follows that 8 < 6y < «.

27

cone
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3. LAPLACIANS AND THEIR DETERMINANTS

3.1. Laplacians and the critical laplacian.

The laplacians.
Given a polyhedral graph G, we denote by CV(®) CF(®) and CF(®) the vector
spaces of complex-valued functions supported respectively on the vertices, edges,
and faces of G.

The operators associated to a general planar triangulation G have been intro-
duced in section [I] namely: The Laplace-Beltrami operator A, the conformal lapla-
cian A and the Kihler operator D. Each operator is a linear map CV(¢) — CV(®)
defined respectively by

(tan6,(8)+ tanbs(s))

N | =

(31) Apw) = Y c@)(¢)—ov)) , &)=

edge &=(u,v)

(3.2) Apw)= > tanf(e)(¢(u) — ¢(v))

edge =(u,v)
and
(33)  Dolw)= H_ % (tang%((?)” + tan%((?)_ Z) (¢(u) = ¢(v))

edge &=(u,v)

0.(&), 05(&) and 6(e) are respectively the north, south and conformal angles asso-
ciated to the oriented edge € = (u,v) while R, (€) and Rs(&) are the circumradii
of the respective north £, and south f, faces associated to & (see figure .

Remark 13. The definitions of the Beltrami-Laplace operator A, of the conformal
laplacian A, and of the David-Eynard Kdihler operator D given in[1.9 by [I.7,
and for generic triangulations extend naturally to case of a polyhedral graph
G. Moreover, the operators thus defined coincide with the operator defined on its
chordless regularized graph G*.

Indeed, we can start from a polyhedral graph G, and “fill up” its faces which
have £ > 3 edges by chords, until we get a triangulation T. Similarity, we can
remove the chords of G until we get G'. If an edge e = av of T is a chord of G
then 0,(€) + 05(8) = 6(e) = 0. Moreover the circumradii of the north and south
faces are equal Ry, (&) = Rs(€). This implies from and that the matrix
elements Ay y and [A]y v and D, are zero.

Areas, angles and circumradii.

We recall some basic geometrical formula for these quantities. Let £ = (vq,va, v3)
be a c.c.w. oriented triangle with vertices labelled vy, vo, v3 and respective coordi-
nates z1, 22, 23 then the area A(f) of the triangle is

1

(3.4) A(f) = £

2021 — 2129 + 2320 — 2223 + 2123 — 2351)
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The circumcenter z(£f) of the triangle is given by

2(£) = 2121 (22 — 23) + 2222(23 — 21) + 2323(21 — 22)
4iA(£)

and the circumradius R(£) of the triangle is given by the trigonometric relation

(3.5)

_ |71 — 2|22 — 23|25 — 2]
(3.6) R(£) = i

while the north angle associated to the oriented edge & = (v1,v2) is

(3.7) 0,(8) = 1 log (_ (22 — 23) (21 — 23))

o 5 (22 — 23)(21 — 23)

Furthermore tan? 6,,(8) can be written explicitly in coordinates as

2 + £2—23 Z1—2Z3 Z1—Z3 22—2Z23

tan? 0n(§) = S —2 2l
(3.8) Zo—23 21—23  Z1—Z3 2a—23
f) — 2~ 2
:4M with zﬁ:z2+zl
|22 — 21 2

The derivatives of A(f), R(f) and of the angles 6,(€) under a variation of a
vertex coordinate are easy to calculate, using for instance

1 z1—2

(39) (‘LIA(f) = %(2‘3 - 52) y 831 |Zl — ZQ| with 821 =

B 0
B 2 |21 — 2’2| 62’1

and will be discussed later.
The critical Laplacian.

Definition 16. Let G¢. be an isoradial Delaunay graph. The Beltrami-Laplace
operator A, the conformal laplacian A, and the normalized David-Eynard Kdhler
operator R?D of G, coincide. This common operator is called the critical Lapla-
cian of G, and is denoted A.,.

3.2. Factorization of laplacians using V and V operators.

If these explicit representations in term of angles and circumradii are sufficient, an
alternate representation of the operators A and D is convenient for the calculations.
We follow the definition and the notations of [DE14].

Definition 17. The operators V and ¥V are linear operators from the space of
complez-valued functions over the set of vertices V(T) of T, onto the space of
complex-valued functions over the set of triangles (faces) F(T) of T.

VM Y, cF(M V(D) Y, cF(T)

V is defined as follows. Given a triangle £ (a face of the triangulation T) with
vertices vi, v, v3 (listed in ccw order) and complex coordinates z; := z(v;) for
1 < j < 3 together with a function ¢ € CVT) define

(3.10) Vo(E) = i P(v1)(Z2 — 23) + ¢(V24)f:(3f; z1) + ¢(vs)(21 — 22)

V corresponds to a discrete linear derivative w.r.t. the embedding v — z(v) because

(3.11) Vz=1, Vz=0




30 FRANCOIS DAVID AND JEANNE SCOTT

Similarily, its conjugate V is defined as

L Ov1) (22 — z) + &(v2) (23 — 21) + d(vs) (21 — 22)

(3.12) Vo(f) = — Y

and satisfies
(3.13) Vz=0, Vz=1
The transpose of these operators are defined accordingly:

cFm Y v cFrm T, v

Remark 14. It follows from definitions and [3.19 and the area formula
that

(3.14) d(v1) — ¢(v2) = (21— 22) Vo(f) + (21 —Z2)Vo(£)
where ¢ € CV(D) s a function.

Note that the discrete derivatives V and V are defined for general triangulations.
Even when to triangulation is isoradial, V and V do not coincide with the discrete
holomorphic and discrete antiholomorphic derivatives  and d considered in [Ken02]
for isoradial bipartite graphs. Indeed V and V do not even act on the same space
of functions than 0 and 0.

Nevertheless, we shall need to bound the difference between the V¢ and the
ordinary continuous derivative ¢ in the case of a smooth complex-valued function
¢ : C — C with compact support and its restriction to V(T) given by ¢(v) :=
¢(z(v)) where z : V(T) — C is the embedding of T. This estimate is explained in
Lemma [2] of the introduction and proven in Appendix

In addition, the V-operator satisfies a discrete analogue of Green’s Theorem

0(2,2)dzdz = P ¢(z,%)dz
Q o0

in complex coordinates, namely:

Lemma 4. Let T be a polyhedral triangulation with embedding z : V(T) — C,
let Q@ C F(T) be a finite collection of triangular faces (each taken with a counter-
clockwise orientation), let 00 C E(T) be the finite subset of (oriented) edges cor-
responding to the boundary of Q, and let ¢ € CVT) be a complez-valued function,
then

(3.15) doARVex) = Y (E(V)_E(UDW

x€eN (u,v) € 00

The polyhedral condition can in fact be dropped but we assume it to keep the
exposition simple. Lemma[d] implies the following corollary which is relevant to our
results.

Corollary 1. Let T; and Ty be two polyhedral triangulation which share a common
reqularized graph G := 17 = T5. Given a face £ € F(G) with verter set V(f) let
Q;(£) be the set of triangular faces of T; each of whose vertices are in V(£f) then

(3.16) > AE)Vex) = > A(x2)Vé(xa)
z1 € Q1 (f) zo € Qo (f)

for any complex-valued function ¢ € CV(©),
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Definition 18. The diagonal operators A = diag({A(f); £ € F(G)}) and R =
diag({R(£); £ € F(G)}) map CF©) — CF(®) and are defined as

(3.17) Ap(f) = A(£)p(£) ,  Ry(f) = R(£)(£)
Remark 15. The Laplace-Beltrami operator A can be factored as
(3.18) A=2(V'AV+V'4T)

The derivation is left to the reader.

Remark 16. The D can be factored as

—TA
(3.19) D=4V ?V
See [DE14] for details.

Remark 17. No similar decomposition holds for the conformal Laplacian A, since
the weight associated to an oriented edge € depends non-additively on the north and
south angles 0,(8) and 05(€).

3.3. Making sense of the log-determinant for infinite lattices.

The problems. As explained in the introduction, we are interested in studying the
variation of the logdet O under a variation of the coordinates of the triangulation
T, where O is any of the laplace-like operators A, A and D. Two potential dangers
arise: (1) These operators have zero modes and some care is needed in imposing
boundary conditions in order to exclude them. (2) We consider infinite polygonal
graphs — and so by any naive account, the log-determinant will infinite. There
is a host of standard methods used to handle these issues; below we discuss two
situations where problem (1) and (2) can be side stepped.

Using periodic triangulations: Consider a polyhedral graph G which is periodic with
respect to a lattice Z + 7Z with Jm7 > 0. This means there is an action of the
additive group A = Z2 on V(G) denoted v ~ v + (a,b) such that

(1) 2(v+ (a,b)) = 2z(v) +a+7b
(2) u+ (a,b) and v + (a,b) are joined by an edge whenever u and v
are joined by an edge (moreover the weights of these edges agree)

for all u,v € V(G) and (a,b) € A. Given a choice of an additive subgroup A, =
mZ xnZ of A with m,n € Z-( form the quotient graph G/A,,,,,, which we can view
as a finite graph embedded in the torus T,,, := C/(mZ + tnZ). Since the edge
weights are periodic, the operator O descends to an operator O,,, on the quotient
graph G/A,,,; moreover if we identify the vertices of G/A,,, with the subset V,,,
consisting of vertices v € V(G) for which z(v) € {s+t7|(s,t) € [0,m)x [0,n)} then
O,nn is a finite dimensional operator acting on vector space of dimension |an|

We define the reduced log-determinant log det’ O,,,,, as the sum of the logarithms
of the non-zero eigenvalues of O (the non-zero part of the spectrum is real and pos-
itive since O will be a positive operator in the cases we consider). The normalized
reduced log-determinant logdet’ O is defined as

1
(3.20) logdet. Op,n = —— logdet’O,,,
‘an|
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The normalized log-determinant of @, acting on the entire graph G (see discus-
sion in|l|) can be defined simply as

(3.21) logdet,O = lim logdet O,

m,n— oo
So log det, O corresponds to an “effective action” density (free energy density) per
vertex on the infinite lattice. In fact the limit in formula B.27] exists and coincides
with the following description in terms of matrix-valued symbols: Choose complex
parameters z and w and define the space of quasi-periodic functions

Finn(2,w) = {¢ V(O) = Cl v e V(G) and a,b € Z

o(v + (am,bn)) = z*wP(v) }

This is a finite dimensional vector space of dimension dim F,,(z,w) = ’an’.
Clearly O¢ € F,,,, whenever ¢ € F,,,,. and consequently the operator O restricts
to a finite dimensional linear operator 0%, on F,,,(z,w) which is called the symbol
of O. As a matrix the entries of ¢, are Laurent polynomials in z and w and for
generic values of z and w it will be invertible; indeed work of Kassel and Kenyon
[KK12] implies that its determinant det ¢, is non-negative for values of z and w
each having unit modulus. One checks that the average value of the log-determinant

of this symbol agrees with normalized log-determinant of O:

1 1 27 27 o ; w
(3.22) log det,.O = ys m /o /0 d¢ dw logdet &), (€, )
Remark 18. The value of the right hand side of [3.23 can be evaluated using
Jensen’s formula (twice) and is independent of the choice of m,n € Zg.

Using Dirichlet boundary conditions: Alternatively, for a arbitrary polygonal graph
G (not necessarily periodic) one can consider a sequence of truncated operators O,
obtained from a nested sequence of domains 2y C --- 2, C Q,11 C --- whose union
is C. For instance, the sequence of 2n x 2n squares €2, = {z; |Re(z)| < n, |Im(z)| <
n} where O,, is the restriction of the operator O to the subset of vertices V,, = {v €
V(G) | z(v) € Q,} with Dirichlet boundary conditions imposed on the complement
of Q,,; this amounts to setting all matrix elements of O to zero which involve vertices
v with z(v) ¢ Q,,. As a matrix O,, will zero outside a |V,| X [V,,| submatrix without
zero modes. The normalized oo-volume log-determinant is expected to be equal to
the limit
1

(3.23) log det, O = nh_}rr;o W
of such a nested family of graphs (with Dirichlet conditions) in the case of non-
periodic graph G which is sufficiently “regular/homogeneous” (e.g. a quasi-periodic
lattice).

log det O,,

Local variation of co-volume determinants. Defining properly the finite variation
of oo-volume determinants (by themselves infinite) under local deformation can be
done in the two schemes that we have presented above. Let’s explain the idea in
the Dirichlet boundary scheme. We begin with a polyhedral graph G and make
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perturbation G — G’ by moving some of its vertices inside a finite size compact
domain 2. The operator O changes accordingly

0O—=0 =0+60

If the incidence relations of G do not change, the variation 6O will be an opera-
tor supported on the finite set Q consisting of all vertices in Q plus their nearest
neighbouring vertices (any vertex which shares a common face with a vertex in
Q) Counsidering a nested sequence of domains y C Qp--- C Q,, C --- — C such
that Q C €, it is clear that one can write the variation series expansion for the
restriction of O in each €,

(3.24) logdet @, = logdet O, + tr [50,1-0;1} . %tr[(ao-o—lﬂ b

In the n — oo limit, since the d0,, extended to G are equals to 6O, each term in
the expansion will converge to its co-volume limit

(3.25) tr {(SOn-Oﬁl)K} — tr [(50'071)11

so that, although logdet @’ and logdet © are formally infinite, the difference is
finite and one can write

(3.26) logdet®' = logdet® + tr [50-0—1} - %tr[((so-o—lﬂ + o

We shall study the perturbation around an isoradial, Delaunay graph G.,, where
we have seen that O_! (the Greens function) can be expressed in a simple contour
integral form. Moreover we shall consider infinitesimal transformations [5.1} and
study the general form of the first order term in[3.26] and some especially interesting
terms in the second order term.

3.4. Kenyon’s local formula for logdet A,.

Kenyon’s formula for a periodic infinite lattice. Kenyon derived an explicit
formula for the normalized log-determinant of A, for periodic, isoradial, Delaunay
triangulations T.,. The proof of this result relies only on the structure of the
corresponding rhombic graph T(?r and indeed works for any rhombic graph. For
this reason Kenyon’s formula implicitly extends to all periodic, isoradial, Delaunay
graphs G;.

(3.27) logdet A = ﬁ Z H(G(e)) + H(g—@(@) + 0(e)logtan f(e)

edgese
of Ger /A

Ezxtension to general isoradial (weak) Delaunay graphs. Kenyon’s formula
can be formally extended to express the un-normalized log-determinant log det A,
for a general isoradial, Delaunay graph G, as a sum over all edges e € E(G,),
namely:

(3.28) logdetAC,:% S L)

e € E(Ger)

with the function £ of the conformal angles 6(e) given by

(3.29) L(0(e)) = H(a(e)) + H(g - a(e)) + 6(e) log tan f(e)
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where JI is the Lobachevsky function (related to the Clausen function Cls)

(3.30) Nz) = - / "y |2 log(y)| = Cly(22)/2

We may further generalize this formula to any isoradial weak Delaunay graph G,
obtained from G, by adding chords inside the faces of G, i.e. any graph such
that G = G.,. Indeed, if e is a chord in G, then 0,(&) = —0,(€) and L(6,(€)) =
—L(0s(€)) where the function £(6) is analytically extended to an odd function of 0
over (—7,m). For any isoradial weak Delaunay graph G, of this kind, formula
becomes

(3.31) logdet Aw == 3 £(0a(8)) + L(6:(8))

T e € E(G,)
since the contribution of any chord is zero. This is true in particular for the isoradial,
weak Delaunay graphs Gg+ and §0+ mentioned in definition [1] of the introduction.
Note that the derivative of L is

d 0

/ _ e __ v
(3.32) £®) = dﬁﬁ(e) sin 6 cos
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4. THE CRITICAL GREEN’S FUNCTION AND ITS ASYMPTOTICS

4.1. Kenyon’s formula for the critical Green’s function.

The Green’s function A_! studied by Kenyon in [Ken02] is a right-inverse of the
critical laplacian A, characterized uniquely by the following three conditions

1) A Al =1
2) [A;l]u’v = O(1og |zer(w) = zex (V)] ) for |2zer(u) — zer(v)| >0
3) [A&'],. =0
Here G, is an isoradial Delaunay graph with embedding z., and Gf?r its associated

rhombic graph (its embedding is also denoted z.,). Kenyon showed that this critical
Green function A_! on G, is expressed by the explicit integral

1 dw
-1 o
(41) [Acr ]UN - _8772i fé ; log(w) EQ(V) (w)
where v = (vo, ... ,vk) is any choice of path from vp = u to vy = v on Gf?r and where
o(v) = (91, ol Ok) is the associated sequence of angles. Eg(w) is the meromorphic
function in w
koow + el

j=1
The value of Eg(w) depends only on the end points vg and vj of the path; this
follows from an argument similar to the proof in demonstrating that the value of
|[V], for odd positive integers n also depends only on the end points v and vy
of the path. If we fix vg and allow the end point v = v; of the path to vary
then the mapping v — Ey(w) is an example of a discrete analytic function on Ggr
as discussed in [Ken02]. By Lemma |§| the restriction of this mapping to vertices
v € V(G,;) may be viewed as a lattice approximation of the continuous exponential
function

z exp{?w [éffcr(vo)]}

provided |w| < 1. For this reason Eg(w) is referred to as discrete exponential
function. Finally C is any closed, counter-clockwise oriented contour enclosing the
finite set of phases ®(v) := {e” |9 € ©(V)}. As explained in Proposition (3| the
set of angles O(v), and thus ®(v), are finite and depend only on the end-points u
and v of the path v. The set of poles of the integrand in formula is precisely
®(v) and e~1% ¢ ®(v), so a contour C' can be choosen which avoids the branch cut
—0y = arg (zer(u) — cr(v)) of the logarithm; see subsection 4.3 below for details.

Remark 19. Formula (12) is invariant under both global translation and rotation
of the graph G, .

Remark 20. As a special case, Kenyon obtains a simple expression of the Green
function for neighbouring vertices u and v of G¢, sharing a common rhombus { of
Gg (i.e. two “black” vertices joined by a diagonal of the lozenge). It takes the form

(4.3) [AgY, . = f% 0(e) cot O(e)
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with O(e) = 6(av) the angle associated to the edge e = uv. This is a crucial step
in the derivation of [3.271 This result is in fact valid for any pair of vertices u,v
sharing a common cyclic face £ of an isoradial Delaunay graph Gy, even when the
vertices u,v are not joined by an edge of G, as depicted in fig[IJ The result reads

1 1
(4.4) (ALY = —= 0,(TW) cot 0, (TF) = —— 65(T¥) cot O (uv)
v s s

This result is valid whenever u,v are joined by an edge so that 0,(uv) = 05(av) or
else joined by a chord of the cyclic face £ so that 0,(uv) = —6s(av) = 0(av) (the
former is the case one recover Kenyon’s result).

FIGURE 14.

Proof. Select the path v = (u,o0¢,v) with os the circumcenter of £ (see fig .
Set €191 = 2z (f) — zer(u) and €192 = 2z (v) — 2z (f) (With R., = 1) and note that
9n<ﬁ) = (91 — 92)/2. Then

1 dw w+ elfr w4 elf2
-1 o
[Acr }“v" T 82 C w log(w) w — et — eif2
1 el 4 eif2 Jog (el L elf2 4 el Jog (elf2
4.5 =—— [ 2% = i - g( )+2e‘92 - + - g( )
( . ) A7 6101 _ 6192 8191 61492 _ 6101 67.02

1 . eif + elf2 16— 0, 01 — 64

4.2. Expansion and bounds for the discrete exponential.

Lemma 5. Consider a finite sequence of angles (91, e ,Gk) contained in the closed
interval of the form [19 - 5,0+ g] centered about some fized angle 9. Let (by
similarity to Def. and Prop. @)

k
(4.6) Pons1 = Z ol (2n41)6;
j=1

Then we have the uniform bound

(4.7) | pons1| < 2n+1)|pal.
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Proof. Clearly it is enough to verify the lemma in the case of ¥ = 0, otherwise we
have popi1 = ¢ Vpg,41 where po,gq = 2521 e 2nt1% and where 0; =0; —v €

[- %3]

Begin with the following polynomial gg,1(w) 1= 2w? (wzn — (—1)") (w2 +1)
and notice that

1

w M (—q)n n w2 —
Gon+1(iw) == 2(iw)2 <()(1)> = (f 1) 2w? wr-1

therefore go,41(w) = (— 1)“2(1 —w?twt —wl 44 (= 1)nw2")

For w = ¢ with 6 € [— 7 g} the function 0 — qon41 (ei‘g) is clearly continu-

ous and its modulus takes maximal value

Gant1( £ Z)’ = 2n and so |CJ2n+1‘OO =
2n. By construction e®"+D0 = cos(0) gony1(e?) + (—1)"€? and so popi1 =

2?21 cos(0;) gan+1(€'%) + (—1)"p1. We now proceed with a yoga of inequalities:

|p2n+1| < ‘ Z 005(93')‘12n+1(ei9j) + ‘Pl’
1<j<k
< > ‘008(93')(12n+1(€i9j) + |p
1<5<k
9. Note that 0;) >
< Z COS(HJ‘)’Q%LH(elo]) + |p1| (beoca‘?usea—ioi(ej')<2>
1<k Po e
< > cos(05) ] qansa|, + |1l
1<5<k
< 2nRe[p1] + |pi
< (2n+1) | p (sinceOSiﬂe[pl] < |pi )

Lemma 6. Given a finite sequence of angles § = (91,...,9k) and |w| < 1 the
following expansions of Eg(w) are valid:

(4.8) Eg(w) = (— 1)k H exp (anp”> where p, = Z einfi

n odd 1<;<k
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Proof.
k i0, k i
w+ e’ k 1+ we™"
Il o= = U Il i—pe=
J=1 j=1
k —if
k 14+ we™"
= (=1)" exp ; log (1 we—197>
k
= (_ 1>k exp Z 9 (we i0; + w3310 + wie510 )
I .
= (— 1>k exp <2w Z e 0 4 gw?’ Z e 30 4 = w’ Z o510 )
j=1 j=1 j=1
2
= (=1)" [T ex <w”pn>
nodd "
= (— 1)k exp (wa)l) . <1 + Z chN>
N>3
[l
Remark 21. Let § = (91, .. .,Gn) be a finite sequence of angles contained in an

interval of the form [?9 - 5,0+ %] where n is a positive odd integer. Define
(4.9) U, = —— and u(w)= Z Upw"

By Lemma @ each |uy| < 1 and w(w) is analytic in the unit disk and Eq(w) =

( — 1)k - exp (Qﬁlw) - exp (Zplu(w)), Furthermore we have, through the standard
combinatorial vinyasas,

(4.10)  Eo(w) = (—1)"-exp (2p,w) ~<1+ SOS wtmt(2p,) Cm,d)

=1 d=1

with the coefficients ¢, q given by

(4.11) Cma= Y H

rtkm  s>1
#(r)=d

Ts

and where the sum is taken over infinite tuples ¥ = (T17T2,7‘37...) € Zgo with
Y e>1 s =d and such that ) | srs =m.

Let u and v be distinct vertices of G, and let v = (VO7 ... ,vk) be a path from
u to v. Translation and rotation invariance of the Green’s function allows us to
assume without loss of generality that u is situated at the origin and that the
phases €% := z,,(v;) — zer(vj_1) of the path lie in the open interval (-%, Z); if not
the embedding of G, may be shifted z — z — z.,(u) and rotated z — zexp ( - 19\,)
to achieve these features; see Proposition [3] for a definition of 6.
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4.3. Contour integral for the expansion. In [Ken02| Kenyon handles the as-
ymptotic behaviour of the Green’s function with respect to the distance |u—v| using
a keyhole contour C' with a corridor of width € > 0 avoiding the cut of the logarithm
arg(d) = —m. Paraphrasing Kenyon, this contour C. runs counter-clockwise along
the circle of radius R about the origin (connecting —R =+ i¢), then travels horizon-
tally above the z-axis from —R + ie to —r + ¢, runs clockwise along the circle of
radius r about the origin (connecting —r +ie¢), and finally returns horizontally from
—r —ie to —R — i€ below the z-axis. Here R > |u—v| and 7 < [u—v|~1; see figure
The following lemma allows us to compute the Green’s function by integrating
along the cut of the logarithm provided we subtract off the logarithmic divergences.

le>0 r 1 R

FI1GURE 15. keyhole contour C.

Lemma 7. Let F(w) be a function which is holomorphic on the extended complex
plane CU {00} outside a subset S contained in the interior of keyhole contour C
for some values of R, r, and €, and such that F(0) = F(oc0) = 1 then

(4.12) &éd—w log(w) F(w) = —27”/000 (FH)_I)%
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Proof.
§1§ dw log(w)F(w) = lim limyg dw log(w) F(w)
c w Rrjgo =0 Jo w

- . ' integral (1):
z/ log (re‘¢) F(reld’) d¢  contribution of

circle radius r

_|_
—r dt integral (2):
= lim 2mi / F(t) — contribution
529 -R t along the cut
_l’_

™ _ _ integral (3):
z/ log (Rel¢) F(Re‘¢) d¢  contribution of
- circle radius R

—2milog(r) — 2mi Z %(—T)NGN

N>1
_l’_
R
: dt
= lim —2m’/ F(-t) —
A% r t
_l’_
2milog(R) +2mi Y LR My
N2>1 N

where 1+ > y~, ayw? and 1+ Y o, byw?™ are the power series expansions of
F(w) at 0 and oo respectively. O

Corollary 2. For vertices u and v in G¢, the value of the Green’s function is

TR B P
(4.13) A3, = 5% /0 (EQ(V)( £) 1) :

Proof. We begin with the observation that Eg(w_l) = ( — l)k Ep(w) for any finite
sequence of angles § = (91, ceey Hk). Since u and v are vertices in G, the length
k of any path v = (vo, . 7Vk) from vo = u to vi = v in Ggr must be even. Thus

EQ(U}fl) = EQ(V) (U))
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Al =g o B B )
=), (Bow(n-1)7 .
= i 0, (Ee(v)(_t) - 1) T /11 (EQ(V)(_t) B 1) t
_ = (EQ(V)(_t) - 1) - + 77r/0 <EQ(V)(_t) — 1) 7
d

Il
o
3
2
)
| — |
s~
>
~—~
o3|
\SE
=
—~
L
S~—
I
—
N——
+| &
IS

O

Remark 22. Since |t| <1 in formula we may use the presentation of Egy)(t)
giwen in Remark[21] and write

1 dt

[A;I]u,v = o Re /01 (exp (= 2p1t) - exp (2p1u(—t)) — 1) n

We shall adopt the view that p1 and D, are an independent variables on the plane
and that [Ac_rl]uv is a smooth function of p1 and p,.

4.4. The general asymptotics.

Proposition 4. The Green’s function [Ac_rl]u_v has a series expansion at oo given
by: ’

(4.14) —217r<10g(2p1|)—|—'yeuler— > (_1)d(2m+d—1)!me[cm,d (%)_sz

m>d>1

where the coefficients c,, 4 are defined in equation in terms of the u1125 defined
by [£-9 and bounded by[3

Proof.

I % Re [/01 (Bow () ~ 1) Cﬂ

D> %e[cm7d(2p1)d / l(t)2m+dlexp(2p1t)dt]

m>d>1 0
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1 e dt
—? Re [bg (2p1) + Yeuler + / eXp(_t) - ]
™ 2p1 t

null power series
development at oo

_ +
1 ~ m2m+d—1 9m 4 d_1)! . 1

—5- Z iﬁelcm,d(—l)d (2pm1) 2 Z (mli') (2p1t)" exp (~2p1t)
m>d>1 i=0 ’ 0

null power series
development at oo

= —% (log Clpal) +Yeuer — Y. (-1)(2m+d - 1)1%e {cmd (2p1)‘2’"}>

m>d>1

(4.15)
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5. VARIATIONS OF OPERATORS UNDER SMALL DEFORMATIONS

5.1. Formal deformations of triangulations and variations of operators.
We now consider a formal deformation of the embedding z : V(T) — C of a
polygonal triangulation T and the corresponding deformations of the Laplace-like
operators A, D, and A which are induced. Let F € CV(T be a complex-valued
function on the set of vertices of T,

F: V(I)—C
and € a formal parameter. The deformed embedding is defined by
(5.1) ze(v) = z(v)+eF(v), veV(I)

The combinatorics of the triangulation T is not affected, i.e. the vertex, edge, and
face sets of T remain unchanged. We may introduce deformed discrete differential
operators V., V, : CV(D — CF(T) a5 well as deformed area and radius operators
Ae, R : CFM 5 CF(M gimply by making the substitution z — z. in formulae
[3:12] B-4] and [3.6] respectively. This allows us to unambiguously define deformed
versions A(e) and D(e) of the Beltrami-Laplace and discrete Kihler operators using
the factorizations [3.18 and [3:19] namely:

TA,

(5.2) Ale) =2 (WIAE Ve + VA, ve) and D(e) =4V, 55

Ve

We emphasize the purely formal nature of this deformation: Indeed the mapping
v = z.(v) may fail to be an embedding of T when the deformation parameter e
is specialized to any positive real number. Furthermore, upon specialization, the
deformed coordinates z.(u), z.(v), and z.(w) of a given triangle £ = (u,v,w) in T
may become colinear, causing the area to vanish and rendering V.(£) and V(£)
ill-defined. In spite of these difficulties, we may work over the power series ring
Clle]] and expand all the relevant operators as series in e. Up to first order in
€, the terms in these developments can be compactly expressed using the discrete
derivatives VF and VF with respect to the triangulation T.

Proposition 5. The variation of the Laplace-Beltrami operator is
(5.3) Ale) = A—de (VT(AvF) V+V (AVE) V) +0(e)
Proposition 6. The variation of the Kdhler operator is

_T A — — _
D(e) = D —4e {VTRQ (VF+VF+CVF+CVF)V
(5.4) 4 4
— —T _
+ VTﬁ(VF)V +V RZ(VF)V} + 0(e?)
with the diagonal function C' € CF() and its conjugate C are defined for a triangle
f=(u,v,w) by

(55) C(f) _ <EEU) — EEV) + E(V) _ i(w) + Z(W) — j(u)> , C’(f) :w
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Proof: From for a pair of vertices u and v of a triangle f = (u,v,w) in F(T)
(5.6)
2eW) = 2e(v) = 2(w) = 2(v) + € ((2(w) = 2(v)) VF(£) + (2(u) - 2(v)) VF(2))
2e(w) = Z(v) = (u) = 2(v) + € ((2(w) = 2(v)) VE(£) + (2() - 2(v))VE())
Inserting this in gives the variation of the area of the triangle £
(5.7) A(f) = A(f) + e A(£) (VF(£) + VF(£)) + O(€)

that we rewrite in compact form with the diagonal operators A, VF and VF, acting
as CF(T) — CF(T)

(5.8) A.= A+ e A(VF 4+ VF) + O(€%)

Note that the exact formula is in Appendix[8] Using[3.6]we can write the variation

of the circumradius ) of the face £. We write only the leading term of order O(e)
with the same compact notation and with C, and C' defined by

A, A A — _ )
Similarily, we get the variation of the matrix elements of the V operator. It is at
first order

(5.10) V]
This, and its complex conjugate, read in compact operator form

Ve=V —¢ (VFV+VFV) +0(é?)
Ve=V—¢(VEV+VFV)+0(e)

Combining this with [5.2] and the Leibnitz product rule we get [5.3] and O

(5.9)

== vf,v — € (VF(f) Vf7v + VF(f)ﬁfﬂ/) + 0(62)

f,v

(5.11)

Remark 23. There is no such a compact expression for the variation of the con-
formal Laplacian A in the general case. In particular, the variation of the weight
associated to an edge e = v will depend on the discrete derivatives of F' both at the
north triangle £, and the south triangle £ of the oriented edge & = (u,v), which
are a priori independent (see figure .

We can of course make the substitution z — z, in formula[3.7] for the north south
angles and formally define

g e) = l oo [ — (Ee(v) - Ee(n))(ze(u) - Ze(n))
(5.12) hi& = 5! g( (2e(v) = 2ze(n)) (Ze(w) —ze(n))>
| C L () - a(e) () - ()
Os(€,€) = 5 log( (ze(w) — ze(8)) (Zc(v) —ze(s))>

whose power series development up to first order in € are

0u(6.0) = 0a(8) + c 1 (VF(£) £(8) ~ VF(£)Ea(6)) + O()

0.(3,c) = 0,3) + e%(ﬁF(fs)gs(a) fVF(fS)fS(é')) +0(2)
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where n € £, and s € fg are the respective north and south vertices and where

£.(8) = Z(v) —Z(n)  Z(w) —Z(n) _ —4A(f,)
" z2(v) —z(m)  2(u) — 2(n) (2(v) = z(n)) (2(uw) — 2(n))
G @) o T o) Ew s —4A(£,)
) z(u) —z(s)  2(v) - z2(s) (2(v) = 2(s)) (2(w) — 2(s))

5.2. Generic notation for variations/derivatives under graph deforma-
tions. Further on, we shall use the following compact notation for the derivatives
and the variations of general objects 0bj associated to the deformation of a tri-
angulation T — T, (or more generally of a polygonal graph G — G.) under the
deformation of the embedding z — z. = z + € F' of the vertices of the graph (as in
, without changing the connectivity of the triangulation, i.e. keeping its edges
unchanged E(T.) = E(T).

The objects Obj can be local quantities such as the angles 0, 8,,, 65 associated to
oriented edge € of T or the area A and circumradius R of a face £. Other objects
of interest include the Laplace-like operator A, A and D.

If Obj is the object defined on the unperturbed graph G, the corresponding object
on the perturbed graph G(e) is denoted

(5.15) Obj(e) or sometimes 0bj, (for clarity or compactness)

This is consistent with the notations of the previous section [5.1] The variation of
Obj for finite € is denoted

(5.16) 50bj(e) = Obj(e) — Obj

The first derivatives w.r.t. € are denoted

(5.17) %Obj (€) = A0bj(e) , g—;obj (€) = A 0bj(e) , etc.

so that

(5.18) %Obj ()] =do0bj, g—;obj(e) =d.0bj, etc.
e=0 e=0

Obviously the Taylor expansion of 0bj reads
1 .
(5.19) Obj(€) = Obj + € Q.0bj + 562 d..0bj + O(€®)

The terms of order € obtained in the previous section [5.1] give the explicit formula
of the first derivatives & for the objects considered there. We do not rewrite them
explicitly.

5.3. Setup and problems for deformations of isoradial Delaunay graphs.
Here we consider a geometric deformation of a fixed, initial isoradial, Delaunay
graph G, and the induced deformations of the Laplace-like operators Op = A, A
and D defined on this initial graph G.,. The vertex coordinates are transformed
according to [5.1

(5.20) z2e(V) == ze(v) + €F(v)
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except that the displacements F(v) € C are implemented by a complex-valued
function F' € CV(®e) with finite support, i.e. a finite subset Qp C V(G.r) such
that ve Qp < F(v) #0.

Unlike subsection [5.1] the deformation parameter € is not a formal variable, but
rather is allowed to take sufficiently small non-negative real values. The deformed
graph G is the Delaunay graph built out of the set of embedded vertices v in the
plane with coordinates z.(v). The deformed operators A, A, and D are now defined
with respect to the Delaunay graph G.. There are two issues that must addressed:
(i) the deformed mapping z. : V(G.;) — C may fail to be an injective map; (ii)
the deformed edge set E(G.) may differ from the initial critical edge set E(G;).
As we shall now argue, these two issues can be controlled for values of ¢ which are
small enough.

Lemma [8] of the next section proves that the requirement that F has finite
support insures there is a strictly positive bound €}, > 0, depending on F' and on
Ger, which guarantees that the mapping z. : V(G.;) — C is an embedding (i.e. an
injective map) as long as 0 < e < €.

The second issue is more tricky. By construction, the vertex sets of the deformed
and critical graphs agree, i.e. V(G.) = V(G¢:). On the other hand, the edge set
E(G.) is uniquely and independently determined by the Delaunay construction as
applied to the deformed coordinates z(v) for vertices v € V(G.). Consequently
E(G.) may in fact differ from the critical edge set E(G,).

We show in Lemma [J] that there is a second strictly positive bound e, such that
for values of the deformation parameter which are “small enough” 0 < e < e, < €,
the deformation will not force any Lawson edge flips to occur, and so the edges
of G will remain edges in G, i.e. E(G.) C E(G,). In particular the edge sets
E(G.) and E(G.,) are equal in the case that G, is a triangulation. Complications
arise however if G, is not a triangulation, and instead contains cyclic polygonal
faces which are not triangles. For arbitrarily small ¢ > 0 the deformation [5.20]
may introduce new edges which subdivide each of these non-triangular faces. For
displacements v — F'(v) which are sufficiently generic, each subdivision induced by
the deformation will form a triangulation of the corresponding face; however it can
happen that a subdivision consists of faces some of which are still non-triangular
cyclic polygons. An example of such a deformation is depicted in Fig.

It turns out that for values of the deformation parameter ¢ > 0 regulated by
the bounds given in Lemma [J] chordal flips inside these non-triangular cyclic faces
f € F(G.;) may still occur. This means that for ¢; > 0 and e5 > 0 which are both
small but distinct, it may happens that E(T,,) # E(T.,), even though both contain
E(G¢) as a subset. As we shall see in Lemma there is a tighter bound éx > 0
under which no Lawson flips occur, and thus E(T.) does not change for values
of the deformation parameter within the range 0 < € < €p. This implies that
as € — 0T from the right, the Delaunay graph G. continuously transforms into a
graph G+, defined properly in lemma[I0] This graph G+ shares the same vertices
with the original Delaunay graph T, but its edge set E(Gg+) will be in general
larger than E(T,), since it may contains chords of T.,. Thus Gy+ will be a weak
Delaunay graph, which can substitute as an initial graph to perform a perturbative
expansion in € > 0. Furthermore any triangulation 60+ which completes G+ in the
sense of Remark [27] is subject to the results of section [5| concerning the variation
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FIGURE 16. Example of deformation of a general cyclic face of a
Delaunay graph T, into several cyclic faces; here a cyclic octogon
f (n = 8) splits into 3 cyclic polygons hy, hs an hg, a triangle
(ny = 3), a pentagon (ng = 5) and a quadrilateral (n3 = 4).

of the operators A, A and D in the linearized approximation (first order in € > 0),
without having to consider flips.

In the next section we made these assertions precise, and get explicit values
for the bounds over € > 0, when such bounds exist.

In appendix [8] we extend the discussion to the cases where flips can occurs for
small values of the perturbation parameter € > 0, so that the linear approximation
in € is not valid anymore. In some cases one may still expect some control on the
variation of the operators. This will be useful when discussing the scaling limit.

5.4. € bounds for keeping control on deformations.

Some care is needed to insure that vertices do not collide under the perturbation;
otherwise the mapping v — z.(v) will not be an embedding. This can be achieved
by placing an upper bound on the deformation parameter € > 0, through this simple
lemma.

Lemma 8. For any for pair of distinct vertices u,v € G, the corresponding per-
turbed coordinates ze(u) and z.(v) will always remain distinct provided

(5.21) 0< eyt
where

__ F(u) — F(v)
5.22 Mp = max |dF ‘ and dF(a,v) = Y~
( ) F u7£3< (uv) (u v) . (u) o (v)

Proof. The mapping v +— F(v) has finite support, so Mp is well-defined. The
coordinates z.(u) and z.(v) are distinct provided 1 + edF(u,v) is non-zero; the
later is clearly the case whenever e < My L O

Unlike the vertex set, the edge set E(G.) evolves with the deformation parameter
€ > 0 according to the Delaunay condition. Nevertheless, we may restrict the
deformation parameter by an additional upper bound ex > 0 to insure that the edge
set of the critical graph is stable under deformation, i.e. to force E(G¢) C E(G.)
whenever 0 < € < ep.
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Recall that two vertices u,v € V(G) in a Delaunay graph G with embedding z :
V(G) — C are joined by an edge uv € E(G) if and only if there exists a circle Cg
passing through z(u) and z(v) such that the closed disk of Cg does not contain
z(w) for any third vertex w # u,v. Equivalently, there exists an auxiliary point
3(av) # z(u), z(v) such that

Im[z(u), 2(v) ; 2(w),3(¥)] > 0 for all vertices w ¢ {u, v}
(5.23) —or —

Jm[z(u), 2(v) ; 3(u¥), 2(w)] > 0 for all vertices w ¢ {u, v}

where [zl, 2923, 24] denotes the cross-ration defined by

(2’1 - 23) . (22 - 2’4)

(71— 24) - (22 = 2)

The edge condition [5.23] simplifies in the case of the critical graph G, in virtue of
the isoradial property. Specifically we may choose the circle Cg centered at the
midpoint of the line segment joining z.;(u) and z.,(v) which passes through z.,(u)
and z;(v). In term of the cross-ratio this means

[21,22;23724] =

Zer (V) — 2Zer (W)

for any third vertex w # u, v where 3(av) is any point on the circle Cgy, for example

Im[zer (0), 2er (V) 5 2er (W), 3(A0)] = Re {zcr(u)—za(w)} <0

Zer(V) F zer(0) . Zer(V) — 2zer(u)
2 o 2

For € > 0, an edge uv € E(G.;) and a vertex w # u, v define

3(av) =

(5.24) ke (T3 W) == Re [Ze(u)zé(w)]

2e(V) — ze(w)

which is clearly positive when € = 0 for all vertices w # u, v.
Lemma 9. Let F : V(G.) — C be a non-zero, complez-valued function on the
set of vertices having finite support Qp. Define the extrema

’l9F = min {G(W) ‘ﬁ S E(Gcr) n QF}

which exists and is positive since F' has finite support and is non-zero. Define the
following deformation threshold

B sin (191:)
- 2Mp (1 + MF)

then E(G¢,) C E(G.) whenever 0 < € < €.

(5.25) €F

Proof. We need to show that r (av;w) > 0 for all edges uv € E(G.,) and all vertices
w % u, v provided the deformation is within the range 0 < ¢ < ep. Let us begin by
assuming (provisionally) that € < (1 4+ Mp)~! then
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(5.26)
o (T w) — o (TT . zcr(u)—zcr(w).dF(u,w)—dF(v,w)
E( ’ ) O( ’ )‘ e Lcr(v)—zcr(w) 1+ edF(v,w) ”
<. Zer(W) = Zer (W) | ‘ dF(u,w) — dF (v,w)
T za (V) = zer (W) 1+ edF(v,w)
<. Zor (W) = Zer (W) | [dF (uw,w)| 4 |dF (v, w)|
Tz (V) = Zer(w) 1 —¢e|ldF(v,w)]
Zar(W) — 2zer(w) 2Mp

Se Zer (V) — Zer (W) 11— eMp
S

Clearly . (ﬁ ; w) > 0 whenever |/§6 (ﬁ ; w) — Ko (ﬁ; w)| < Ko (ﬁ ; w) the later being
achieved (in view of the preceding chain of inequalities) provided

Zer (V) — Zer(w)

€ < Ko (W,W) ' Zcr(u) — Zcr(w)

(QMF(l + M'F))_1

< cos <<vau> . <2MF(1 + MF))71

By the inscribed angle theorem we know that the angle measure <vwu can exceed
neither 7/2—6,(u¥) nor 7/2—05(u¥). Accordingly we many simultaneously guaran-
tee the positivity of ke (ﬁ ; w) for for all edges av € E(G.,) and all vertices w # u, v
by bounding the deformation parameter by

€ < cos (g —?917') . (2Mp(1 —l—MF))_l where

JF := min {H(W) ‘ﬁ € E(Ge) N QF} which is non zero
[l

Any additional edge v € E(G.) which is not present in E(G.,) for values of the
deformation parameter within the range 0 < € < ep corresponds to a pair of non-
adjacent vertices u,v € V(G¢,;) which reside on a common cyclic face; i.e. such an
edge v would form a chord were it included in the critical edge set E(G¢,). The
following result establishes that these additional edges are stable for all values of
the deformation parameter € > 0 which are sufficiently small.

Lemma 10. There exists a deformation threshold ép > 0 such that E(G¢,) =
E(Ge,) for all 0 < €1,63 < ér. As a consequence, the limit when ¢ — 0% of the
Delaunay graph G is unambiguously defined, and is denoted Gg+

(5.27) Gg+ = lim G,

e—0t
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FIGURE 17. A cyclic quadrilateral face @ of G, as considered
in the proof of Lem. [10] (left), and the two possible triangulations
arising from generic deformations (right).

Go+ is a weak-Delaunay graph with the same set of vertices as G¢r, and such that
L]
= G¢;-
0+ cr

Proof. Let @ = (u,s,v,n) be a quadrilateral inscribed in a face of G, ie. a
quadruple of four distinct vertices in a face of G, listed in cyclic (counter-clockwise)
order in the face; in particular neither the vertices u, v nor the vertices n, s are
joined by an edge in the critical graph (see fig. .

For ¢ > 0 real we consider the deformed conformal angle for the edge uv in the
quadrangle @, given by

Oc(u,vin,s) = Arg([zc(u), z¢(v); ze(n), z(s)])
(1 + edF(u,n)) . (1 + edF(v7 s))
(1 + edF(u, s)) . (1 + edF(v,n))

which vanishes when ¢ = 0 since then uv is a chord (Q is a cyclic quadrangle).
0. (u,v;n,s) can clearly be extended from a function of real € into an analytic

(5.28) = Jm log

function of complex e in the disc |¢| < M L. Therefore, either 6, (u7 v;n, s) vanishes
identically as a function of € > 0, or there exists a positive integer k£ > 1 such
that it’s first derivatives at the origin vanishes, but the k*" is non-zero, namely

Hék)(u,v;n,s) # 0 and Héj)(u,v;n,s) =0 for all 1 < j < k where

dk

(5.29) Gék) (u7 v;n, s) = o

0. (u7 v;n, s)

e=0

In fact this k is 1 < k < 4 (see Remark . By continuity and the positiv-
ity of yﬁék) (u,v;n, s)‘ we can find EF(u,v;n7 s) > 0 such that 6, (u,v;n7 s) is ei-
ther entirely non-negative or else entirely non-positive within the range 0 < e <
€p (u,v;n, s). The same result can be made uniform by replacing ép (u,v;n, s)
with the minimum ér > 0 of the thresholds ep (u, v;n, s) as (u, s, v,n) varies over
all quadruples of vertices within all cyclic faces of the critical graph G,, such that
0. (u7 v;n, s) is not identically zero (this implies that at least one of the four vertices
lies in Supp(F'), so this set is finite). Now we consider

(5.30) ér = min(ep, €p)
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Let E.(f) := {uv € E(G¢)|u,v € V(f)} and E¢(f) := E(f) — E(f). For 0 <
€ < er the Lawson flip algorithm implies there exists a triangulation 7 (f) of each
face £ € F(G¢) such that: (1) E(f) C E(Z.(f)) and (2) whenever A = (u,v,n)
and A = (v, u, s) are adjacent triangles in F(7.(£)) the deformed conformal angle
0 (u,v;n7 s) is non-negative. In principle a triangulation .7 (£) of this kind need
not be unique; nevertheless the subset of edges av € E(.7.(f)) — E(f) for which
0. (u,v;n, s) is positive will always equal ES(f). We have established that each
conformal angle 0, (u, v;n, s) is either identically zero or else remains positive for
any value of the deformation parameter within the range 0 < € < ép. Consequently
if 7.(f) satisfies conditions (1) and (2) for a particular value of € = €; within the
range 0 < €1 < € then it will clearly satisfy these conditions for any other choice
€ = €3 in this range. Therefore Ef (f) = E¢, (f) for each face f € F(G,,) for any
pair of deformation values 0 < €1, €2 < ép. Clearly E°(G¢) = Usep(s,,) Ec(£) and
so the claim is settled.

Remark 24. In the proof of lemma it it mentioned that for a quadrilateral
(u,s,v,n) if the conformal angle 0.(u,v;n,s) and its first fourth derivatives w.r.t.
€ vanishes at e = 0, then 0.(u,v;n,s) =0 for all e. Let C be the subset of C, {e:
0c(u,vin,s) = 0}. It is a subset of the curve & = {e : [2.(u), 2¢(v); 2¢(n), 2.(s)] € R}.
Using [5.2§ this condition can be written

Re ((1 +edF(u,n))(1+edF(v,s))(1 +edF(u,s))(1+ Eﬁ(v,n))) =0

so that C is a quadric curve in the real plane (x,y) € R?, z = x + iy, solution of
equation

(5.31) Bu(z,y) =0, B4 a degree 4 real polynomial

The quartic G contains the origin (0,0) (i.e. € = 0), and can cross the real axis
R={(z,y); y =0} (i.e. € real) at at most 4 points. If O and its first 4 derivatives
vanishes at the origin, * = 0 must be a zero of degree > 5 of the equation F4(x,0) =
0. This is only possible if F4(z,0) = 0. O

Remark 25. As discussed in appendix@ the bound €r (which defines an interval
0 < € < ép where no flips occur) may be much smaller than ep. In fact even for
a fizred G¢p and a generic deformation F, the threshold € may be arbitrarily small
w.r.t. €p. This point will become relevant when discussing the scaling limit and the
problem of obtaining uniform bounds with respect to the choice of G;.

Remark 26. Since for 0 < € < ép, the set of edges of G¢ is unchanged E(G.) =
E(Go+), and since the faces of Gg+ stay cyclic polygons, the conformal angle 0. (e)
of any edge e € E(G.) is unambiguously defined and strictly positive in the interval,
although G, need not be a triangulation.

Remark 27. When G, is not a triangulation, it will be convenient to construct a
triangular completion G. by mazimally adjoining pairwise non-crossing chords
inside each of the non-triangular cyclic faces of G.. By design 60+ is a weak De-
launay triangulation such that 6: = G.. Clearly such a completion need not be
unique, as it will depend on the choice of chords. Nevertheless the choice can be
made consistently so that V(G.) and E(G.) are stable for all values of the deforma-
tion parameter within the range 0 < € < ép. As before, the right sided limit

G0+ = hm Ge
e—0t
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makes sense and is a triangular completion of Go+ which is isoradial and weakly
Delaunay. Clearly the formulation of the deformed operators A, A and D in term
of a triangulation in sect. do not depend on the choice of completion.
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6. VARIATIONS OF LOG-DETERMINANTS

6.1. First order variations of determinants.

The setup. Here we compute the first order term in the expansion in € > 0 of the
(formally infinite) logarithm of the determinant of ©. This first order term is on
general grounds

(6.1) Strlog O = tr [60 - O]

The results are each expressed as a sum of local terms over the weak Delaunay graph
G+ arising from the critical graph G, and the displacement function F. For both
the Laplace-Beltrami and Kéahler operators, there is a local term associated to each
edge of Gy+; there is an additional local term attached to each face of G+ for the
Kahler operator. In the case of the conformal Laplacian the local terms associated
to chords of Gy+ differ from local terms of the regular edges of Gy+. For this reason
formula is expressed as two sums: one over the regular edges e € E(G{,) =
E(G.;) and another over the set of chords e € C(Gg+) = E(Gy+)\E(Ge:).

The results for first order variations. We first give the results. Their derivation is
given in the next sections.

Proposition 7. Laplace-Beltrami. For the Laplace-Beltrami Laplace operator
A, the first order variation of trlog A under the deformation[5.20 can be expressed
simply in terms of the variations of the north and south angles 6,,(8,¢€) and 05(&, €)
of edges e € E(Gg+).

(6.2) tr[aA.Agrl]:% 3 064(8) L'(0(8)) +00:(8) L'(6:(8)) + O(e)

edges
e€G0+

The function L', given by is the derivative of the function L given by [3.29.
0n(8,€) and 05(8,€) are given by|5.15

Remark 28. Owing to the extended form[3.31] of Kenyon’s result for logdet A,
it is interesting to note that, up to terms of order €, logdet A for the deformed
lattice can still be written as a sum of local terms involving the local geometry of
the deformed Delaunay graph G., similar to Kenyon’s result although the graph is
not isoradial

1 -
(6.3) logdet A = = Z L(0n(e,€)) + L(6s(8,€)) + O()
edges
eEGO+
Remark 29. FEquivalently, it can be written in terms of the displacement function
F as a sum over the triangles £ of any triangulation G+ which is a completion of

Go+ (see Remark[27).
(6.4)  tr[6A-AL] = —4e Y A(f)(VF(f)Q(f)—i—c.c.) + 0

faces

f660+

where Q(£) = [VAL!V st is a diagonal matriz entry. The result is independent
of the completion.
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Proposition 8. Conformal Laplacian. For the conformal Laplacian A, the
first order variation of trlog A under the deformation can also be expressed
sitmply in terms of the variations of the north and south angles 6,,(8,¢€) and 05(&, €)
of edges e € E(Gy+). However, we must distinguish between the contributions made
by reqular edges versus chords in Gg+. Keep in mind that the set of reqular edges
E(G{+) coincides with the edge set E(G,) of the critical graph.

(6.5)
A AL = 253 AL (b))

edges
ecG.y

+§ 3 206 H (6a(8)) +6:(E)H (6:(8)) + O(?)

chords
ec G0+

with H'(0) = O cot 6 the derivative of the function
(6.6) H(0) = 20log(2sinb) + JI(0)

Remember that 6(e) = (6n(€) + 05(8))/2 is the conformal edge angle for general
triangulations.

Remark 30. Up to order €2, logdet A for the deformed lattice can still be written
as a sum of local terms involving the local geometry of the weak Delaunay graph

Go+. (see[5.9).
log det A :% Z L(0(e,e€))

(6.7) )
+= > H(ba(e, ) + H(0:(5.0)) + O(c?)

Proposition 9. Kdhler operator. For the Kdihler operator D, a local formula
also holds at order €. It involves the variations of the angles 0,(&,¢€) and 05(&,¢€)
for edges e € E(Gg+), but also the variations of the circumradii R(£f,¢€) for faces
f € F(Go+). We note that R(f,€) = Ry + 0R(f) = Rer + €6 R(£) + O(€?).

tr [6D - D] :; 37 00a(8) L (6a(8)) + Abs(e) £'(6:(3))

edges
(6.8) A
' dR(£
— € Z Rc(r ) + 0(62)

Remark 31. Up to order €2, logdet D for the deformed lattice can still be written
as a sum of local terms involving the local geometry of Gg+

logdetD = % Z L(0n(e,€)) + L(bs(e,€))

edges
e€G 4+

— > logR(f,e) + O()

faces
fEGO+

(6.9)
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Proof of Proposition [, We first consider the variation of the Laplace-Beltrami
operator A under a deformation of the form [5.20 One can use [5.3] to compute
explicitly the first order variation of logdet A, but it is simpler to start from its
definition in terms of angles For an edge e = uv of G,

_ tanfy (8, €) + tan bs(8, €)

(6.10) Ay = —c(e,€) = 5
This implies that the variation is
(6.11) 5 Ay = —g(beon(a) sec? 0, (8) + A64(8) sec? 93(5)) + 0(e)

where 0.0,(&8) and 3.0,(€) are of order O(1). The limit graph G+ is weakly De-
launay and isoradial so either 6,(€) = 65(&) or 6,(8) = —6,(€). In both case
sec? 6, (&) = sec? 05(&) so that at first order

. 0.0, (&) + 0.05(8)

Auv =
0 2

sec? 0,(8) + O(e?)

(6.12)
00,(8) +Qb5(6
- —¢ € (e) _2|' € S(e) sec2 95(5) + 0(62)
It remains to combine this with the propagator [Ac’rl]w which for regular edges

e =1V of G{; = G, is

1
1 A =—=0 t 6
(613) (851, = —— 0(e) cot0(e)
A similar relation is in fact valid for chords of G+
(6.14) AL = 1 0, (&) cot,(8) = . 0s(&) cot 65(€)
vu ™ ™
Thus the first order variation is
(6.15)
rQA-AZ = >0 AAL (AL,
Medra
_ 1 Z 0.0,(8)0,(8) cot 0,(8) sec? 0, (8) + 665(8)05(8 ) cot 65(8 ) sec? O5(&)
T edges
e EGO+
1 . On(€) - On(€)
= - be n be s
v dz: o (e)sinen(é') cos B, (&) 00 (e)sin95(é')cosﬁs(é')
c€ Gy
1
——— Z 0.0, (8)L' (04(8)) + Qb(8)L (0u())
T edges
e EGO+
1
= b — e N e
e |~ Z L(0a(8,€)) + L(6s(&,€))
edges
e €G0+

This, together with [3:3T] leads to [6.3] and this ends the proof of Proposition [7}
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Again, we obtain a nice local expression involving the local angles 6,,(€) and
0s(€) and the local circumradii R(£). As for the conformal Laplacian, the global
conformal invariance properties of the Kéahler operator are no transparent in the
result. Hovever, cocyclic configurations and chords do not play any special role.

Proof of Proposition[8. For an edge e = uv of G, the matrix element the conformal
Laplacian A is

(6.16) [A],, = —tanf(e,e) , O(e,e) =
This implies that the variation is

febeen@')-;bees(é) <9n<a>;05<é>

(6.17) [6A], = > + O(e?)
Keep in mind that the limit graph Gy+ is weakly Delaunay and isoradial and so
either 0,(8) = 65(€) or 0,(€) = —65(€). The first case corresponds to a regular
edge, while the second case corresponds to a chord. Thus to first order in € the
matrix entry is

beén e eC 611 e 6565 e )se 65 e . — —

[beé] w
_ 2)69,1(6) —21_6605(6) if Qn(é) = _05(6)

[0.A] if 0,(8) = 6,(8)

uv

da] 4 0.0, (8) tan? 0, (8) + A.0,(8) tan? 4,(&)

. . if 0,(8) = —04(&)

The first order variation of the log-determinant reads as a sum over the edges of
G+, but it is different for the edges in G§; = G, and the chords of Gy+. Combining
with we get at first order

(6.19)
tr QA AL = Z RA] A
NS
:% Z bee(e)ﬁ/(g(e))Jr% Z 0.0, (8)YH (0.(8)) + Qb (8)H (05(8))
edges chords
e € Gy e€G )+

with the function H(0) given by

(6.20) H(O) = /09 dtt cot(t) = 201og(2sin6) + JI(6)

This leads to [6.7] and the proof of Proposition [8]
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Proof of Proposition [§ The variation of the Kéhler operator D starts from the
expression of the matrix elements D, , of an edge &€ = (u, v) in terms of the angles
6(8, €) and 6,(&, €) and of the circumradii R, (&, €) and R (&, €) given by[L.8 namely

1 (tan6,(&,¢) +i tanbs(e,e) —1i
21 Dy = — = - al
(6.21) 2 ( RGE9 R(Ee

Its variation is therefore

6Dy = ADY +ADZ) + O(e?)

1) _ . 1 .

(622) beD]Sv) = — ( ( ) b tan on(e) + % be tan Os(e ))
@) — (fanfu(®) +i Ltanbi(@) —iy oo

2D ( e R+ S ))

—

For an isoradial triangulation (critical case), R,(€) = Rs(&) = R, therefore one
has D, = R,%2A... Thus in the critical case, the first term in contributes to
the variation as

(6.23) DY = R2AA,, — tr [QD(U ~D;rl] =tr [&A - ALY

The second term contributions can be reorganized as a sum over faces of Gy+, i.e.
counter-clockwise oriented triangles £ = (u,v,w)

(624)
wQp@ .t~ > AR [p],,

vertices
u,v e Go+

AR(£) (tan 0y, (@) +1) [DS'],, + (tan6,(vd) — i) [D']
— Z € +(tan 0, (vv) + 1) [D.;l]wv + (tan O (w¥) — i) [Dal]vw
(

: RE,
ftiigii?;) +(tan 0, (i) +1)[D5,'] ., + (tanbs(aw) — i) [DS']
in GO+
Using the fact that 6, (uv) = 65(vd) and that for the critical case

D3], = [P, =~ B2 0,(&) cot b, (9

cr
and the fact that for a triangle £ = (u, v, w), one has

On(T¥) + 0u(TW) + Ou(7) = 7/2

we obtain
_ QR(f)
(6.25) tr {bED(Q) -Dcrl} = Yy = Rfr =— > dlogR(t
faces faces
1€G 1€G

This leads to[6.9] and to Proposition [9}

6.2. Second order variations.
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Principle of the calculation. The second order term of the variation is of the general
form

1
(6.26) —gt { (60 0;1)2} with O_' the critical Green’s function

This term is bilinear in 4O hence it is bi-local. As explained in the introduction, we
shall mainly be interested in the large distance part of this bilocal term. To isolate
this term, as stated in Theorem [I} we shall consider a two-parameter deformation
of the isoradial, Delaunay graph of the form

(6.27) 2e(V) = 2z (v) + e F1(v) + eaFs(v)

where Fy, F, € CV(®e) are two functions with disjoint compact support €y := € I
and Q9 := Qp, in C. We will assume that the distance d between the two supports
is large, i.e. d > R, where

(6.28) d = dist(Qth) = inf{|zcr(w1) — Zcr(W2)| ‘wl €0, wg € Qg}

We consider here the coefficient of € €5 in the perturbative expansion of log det O
which can be expressed as the following trace:

—tr[0.0-0' 000 = - Q0.0 o;! Q0
(629) r [ 1 cr 2 cr ] HVZEQ [ ]uv [ ]vp [
=

|oq [0 4

where d,0 and 0.0 are the first order variations of the Laplace-like operator O
as defined in Sect. with respect to the independent displacements F} or Fj
respectively, using the notations of Sect. The sum on the left hand side is
taken over vertices u, v, p, q in the weak Delaunay graph Gg+ such that both

matrix entries [561(9] L, and [652(9} pq A€ NON-Zero. In particular this implies that uv

is an edge in Go+ with vertices u,v € Q,. Likewise pq must be an edge in Gy+ with
vertices p,q € Qo.
Provided the two zones of support 2; and €2 are far enough apart, the matrix

entries [O;l]vp and [O;l]qu of the critical Green’s function will only involve pairs

of vertices with |zer(v) — zer(p)| =~ d and |2z¢:(q) — zer(u)| =~ d. Under these circum-
stances we may estimate the contributions made by these matrix entries using the
asymptotic expansion [I.19] for the Green’s function.

It will be convenient to complete the deformed Delaunay graph G. to a weak
Delaunay triangulation G. as discussed in Remark This will allow us to use
the variational formulae [§ and [6] for the Laplace-Beltrami and Kéhler operators. In
general such a completion G, will not be unique. Nevertheless 6: =G, and 65+ =
Go+ regardless of the choice of completion, and by Remark 27] the Laplace-Beltrami
operator, Kédhler operator, and the conformal Laplacian will not be affected this
choice.

The Laplace-Beltrami operator.
The simplest case is the Laplace-Beltrami A operator. We shall need two interme-
diate results.

Lemma 11. Let £ = (v1,va,v3) be a c.c.w. oriented triangle with circumcenter
zer(£) and circumradius R = 1. Define €% := 2z, (v;) — 2er(£) for j = 1,2,3. Let
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Vv, be the matriz elements of the discrete derivative operator V, restricted to the
triangle £. For any integer m € Z one has the uniform bound

’ may| _ m(m + 1)
6.30 Viy, €M < ———2 meZ
( J .
j=1

Proof. Using the definition of V one can rewrite

g

3 1 67101 eimel 1 efiel 6i01

(6.31) Z Vv, M —det [ 1 e102 ¢imo2 det [1 e 102 gif2

J=1 1 6—193 6irm93 1 e—i@g ei@g

For m > 0 rewrite the numerator as
1 et gilm41)6:
(6.32) e O H0H0s) qeg [ 1 elf2 imADI0
1 elfs ei(m+1)03

The last determinant is a generalization of the Vandermonde determinant, which
is explicitely (in its general form)

1 = z{”“
(633) det | 1 Z92 ZgH_l = (21 - ZQ)(ZQ - 2’3)(2’3 - Zl)Sm—l(Zla 22, Zg)
1 23 2!
3 3

with S,, the homogeneous symmetric polynomial of degree n (a Schur polynomial),

(6.34) Sp (21,22, 23) = Z 21 252 280

p1,p2,p3EN
p1t+p2+p3=n

which is made of (n + 1)(n + 2)/2 monomials. The denominator in the r.h.s. of
[6-31] is the same object for m = 1. Hence we get when m > 0

3
(635) Z vaj eimgj — Sm_l(ei917ei92,6193)
j=1

and it is clear that we have the bound.
(6.36) |S_1 (e, %2 %) < m(m+1)/2

which is saturated when 6; = 65 = 05.
When m < 0, we can rewrite by the same trick

3
(6.37) Z Veo, €705 = ), _o(e7 101, 7102 7109)
j=1
with a similar bound. We thus get [6.30] 0

We can now get uniform asymptotics estimates for the discrete derivatives of the
Green function.

Lemma 12. Let AZ' be the critical Green’s function on an isoradial, Delaunay
graph G, let £ and g be two faces (triangles) of a triangulation GO+ completing
the limit graph Go+, and let 2z, (£f) and z.(g) be the complex coordinate of their
respective circumcenters og and og. Let d = |2e:(f) — 2 (g)| be the distance between
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the centers. Then the discrete double derivatives of the Green function have the
following large distance asymptotics
(6.38)

6y —1i6,
v Al Al _ 1 ( vag € _ [loce e™ ) + 0(d™
[ Lg An (Zcr(f) - Zcr(g))g (ECf(f) - Ecr(g))g

—iby i0,
[ﬁ A;l VT:| — i (( HvEg € _ Huef € 3) + O(d74)

fg 4m zcr(f) - zcr(g))3 (Zcr(f) — Zcr(g))
and

\% Ac_rl \val = 1 1 + O(d_g)
(6.39) [ T]fg 417f (zex(£) lzcr(g»?

A R R e

Proof. Let £ = (123) and g = (456) be the vertices of £ and g respectively. G is
isoradial, hence denote z.(u) — zer(f) = €% (u=1,2,3) and 2, (v) — 2e:(g) = €'
(v=4,5,6). Use to separate the Green function [Ac_rl]uv into its leading large
distance term (continuous limit term) of order logd, its subleading large distance
correction of order d~2, and the rest of its large distance expansion of order d—*.

(6.40) (87,0 = G + G +

with
G = - 5 (og(2lzer(®) — 7ex (7)) + Teuter
(6.41) @__ 1 p3(u,v) p3(u, v)
G 247 ((Zcr (w) — zex(v))? " (Zer(w) — Ecr(v)):g)
Gfﬁz) =0 (|Zcr(u) - Zcr(V)|_4)
Begin by writing
(6.42) (zer(w) = 2zex(V)) = (2er(£) — zer(g)) + €™ — ™
)—

and expand the logs and powers of (z¢; (1) — 2zer (v)) and (Zer(w) — Zer(v)) in formulae
6.41|as asymptotic series in (ze (£) — zer (g)) and (Zer (£) — Zer (g)) where d = |2z (£) —
2er(g)| > 1 is large. For example:

6."

G(O) B 1 (1 (2| (f) ( )|) + ) + 1 m Z 1 i0 — ei9u r
W = o og (2|zcr Zer(8 Yeuler 2T ¢ T Zcr(f) - Zcr(g)
r>1

The coefficients in these asymptotic expansions are expressed as a Laurent poly-
nomials in €' and e and so the matrix entries in formulae [6.38] and [6.39] can be
computed using the basic identities

(6.43) Y Ve =1 and > Ve =) Viy=0

uef uct uct

along with values of V¢, Vey and V:,'—g = Vg, Vig = ﬁgv explicitly given in
and |3.12). As illustration:
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{Vg(o)gq - Z Z VeV GO
uef veg
1 < [Tues ” _ Ilee - ) +
AT\ (2er(f) = 2(8))” (Fexl®) = Z(g))’
- 19v _ 19 r
e 205 Ve (=)
r>4 u€f veg

The vanishing of the coefficients of order r < 2 is straight forward. We present the
calculation of the coefficient of (z¢;(£) — zer(g)) ™2 occurring in [VG(O)ﬁT]fg here:

vanishes
——N—
1 — .
36,
3 (2 Vo) (X V™)
uef vEg
i6y
equals 1 - Hveg €

_ (Z o eieu) ) (Z Voo 62i9v)
SN Vel () =

uef veg vanishes

(Y Va®) (3 V)

uct veg

vanishes

(5 ve) TE )

veg

and thanks to the general Lemma [L1] (or in this case through a direct estimate) its
norm is uniformly bounded by a constant independently of the shape of the faces.
For G(©, which is a smooth function of the vertex coordinates, these calculations
amount to replacing V and V by their corresponding continuous derivatives 9 and
0, up to subdominant terms of order 0(d~3). This is in agreement with the general
Lernrnal The result is that the asyrnptotlcsn and [6.39] are valid for G(©) alone.
To end the proof of the lemma, one must show that the corresponding derivative
terms for G(?) and G are O(d_3). This is clear for G*), which is itself O(d~%),
hence its discrete derivatives are also O(d~*). But this is not obvious for G(?) which
is only O(d=2). We must use the explicit form of G(?). Let us consider the term

Sy () T

uef veg

which appears in VGV T. One has

p3(u,v) = p3(og, 0g) + €~ 3 — ¢~ 3t
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So we have to consider three terms. The first term is

S5 Ve (ot ) T

uct veg

~ slors ZZV“( er )—lzcr<v>>3)wg

uct veg

—-12
(2er(f) = 22 (8))

= p3(ofa Og) (
=0(d™)
In the last step we used the uniform bound from Lemma

Ip3(os, 0g)| < 3|2ex(f) — 2zer(g)| = 3d

=+ O(dﬁ))

The second term is

>3 va(rmg — ) V=2 Ve (o 3>€:3:r<g>>4+0(d_5)>

ucf veg o Zcr( uct
) 1
=3 Vg e 300 +0(d™?)
<; ! > (zer(£) — 2er(g))?
From Lemma [I1]

E vfu 8—310u

uef
hence the second term is of order O(d~%). By the same argument, the third term
is

<6

o—3i0,
- Viu v, =0@*
2.2 (o =) =0
This ends the derivation of (the second equation is the c.c.). The derivation
of goes along the same line. O

We are now in a position to state the main result.

Proposition 10. The second order variation for the Laplace-Beltrami operator A
on an isoradial, Delaunay graph G, is

(6.44)

tr[OA AL A AL =

LYY A

f€Q1 g€

VE(£)VEyg) | VE()VFg)
(arlf) = 2(8))! (Zerl£) = Zen(g))

where the double sum it taken over pairs of faces f,g € F(§0+) such that ze,(u) € 4
and ze:(v) € Qo at least one vertex u € £ and one verter v € g.

Proof. We start from the local form of the A operator [3.18] which implies that the
first order variation on A is

QA =2 (bﬁTAv FV AV +V AUV +AV AV + V' AATV + V' 4 bﬁ)

O(d™?)

We use the formula for the variation of A
QA= A(VF + VF)
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and for the variations of the V and V operators given by which read

AV = — (VFV + VFV)

AV =— (VEV+VFV)
to get
(6.45) AA = 4 (VT(vF)Av + VT (VF)A v)
One uses this and the cyclicity of the trace to rewrite the second order variation as

tr QA AAAAL] =16 |t (AVE - VALV AVE, VALY )

+tr (AVFl VAZIV . AVE, - VAZ! VT)

+tr (A VE, - VAZIVT - AVE, - VAZ! WT)

+tr (AVE - VALV AVE - VAL V) |
Note that the trace on the Lh.s. is a sum over vertices, while the trace on the
r.h.s. is a sum over faces (triangles) Using the large distances asymptotics and
[6-39] and writing the trace explicitely as a double sum over faces £ and g gives the

theorem.
O

We now consider the other operators. The case of the conformal laplacian is
more complicated, so let us first discuss the Kéhler operator.

The Kdhler operator D.

Proposition 11. The second order variation for the Kdhler operator D on an
isoradial, Delaunay graph G, is of the same form as for the laplacian A

(6.46)
tr [0, D-D;' - D-D;'] =

1 VF (£)VFy(g) VF|(£f)VFs(g) _5
— A(f) Ag) + + 0@d™)
g fgl gEZQQ & (Zcr (f) = Zer (g))4 (Ecr(f) - Ecr(g))4

where the double sum it taken over pairs of faces f,g € F(§0+) such that ze,(w) € 4
and ze:(v) € Qo at least one vertex u € £ and one verter v € g.

Proof. The derivation goes along the same line. We start from Prop. [6] which gives
the explicit form [5.4] of the first order variation of D and from the fact that all
circumradii are equal R(f) = R., on an isoradial graph.

Dcr - R;2Acr

This implies that for the deformation of G, the first order variation of D has a
special form

(6.47) AD = R;2A — AR;2V ' (A(VF + VF) + CVF + CVF) V

with C and C defined by Repeating the analysis done for Theorem which
relies on the asymptotics of Lemma one can check that the new term does not
change the asymptotics [6.44) obtained for A, and leads to the theorem. O

6.3. The case of the conformal Laplacian: the anomalous term.
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Second order variation for the conformal laplacian A.

When deforming an isoradial, Delaunay graph, we have seen in the proof [6.1] of
Proposition [§[ that the contribution made by regular edges e € E(G{4) to the first
order variation & A of the conformal Laplacian is identical to the variation O.A of
the Laplace-Beltrami laplacian. There is, however, an additional term in the first
order variation & A coming from the chords of Gy+. We call this the “anomalous”
term and denote it JA:

(6.48) QA =d0A+IA

The non-diagonal elements of QA are non-zero only for chords. From for
vertices u # v, they are
(6.49)

1 . 9 . . 2 o ife=uvisa
QAGE) = A =2 (0.0, (&) tan? 0, (8) + &05(&) tan 6(&)) chord in E(Go-)

uv
0 otherwise.

Here e = uv is an edge of Gy+ and € = (u,v) is an orientation. Bear in mind that
G+ since the graph is isoradial and weakly Delaunay and so 6,(€) = £ 65(&) for
any edge e in Gy+. In particular tan? 6, (8) = tan? (&) and so LA(E) = JA(E*)
where €* = (v,u) is the opposite orientation. For the diagonal terms

(6.50) QA =D Al

v#u

In the case of a chord & we may use for the angle variations 3.6, (&) and 0.6,(&)
and re-express the anomalous term d.A(&) given in formula 6.49) as

(6.51)  JA(E) = %jm [vF(fn) £.(8) tan? 0,(8) + VF(£,) & (&) tan20,(8)

where the functions &,(&) and &;(€) are defined in and where f, and fg are
the respective north and south triangles abutting & in the triangulation G+ which
completes G-+ .

The second order variation

(6.52) trQLA-ALN-0,A ALY

is the sum of the second order variation made by the Laplace-Beltrami laplacian,
namely

(6.53) tr[OA AL A ALY

along with three anomalous trace terms which we can express (in light of as
follows:
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(6.54)
tr[QA AL QAALY = > A K(81,8)d.A(82) K(82,81)
chord-edge term cl;ogrds fl€€§0+
edges eo o+
tr[0.A AL AA-AL] = > QA K(81,82) 0 AS:) K(&2,81)
edges & €G
edge-chord term chogirds 612 c GOOJ;
rQAAZAAAZ = Y JA@E) K(81,82) J,A(S) K(8:,81)
chord-chord term ey ,%};Oédcsvo+

where &, = (uj,v1) and €3 = (ug,ve) are oriented edges of the triangulation G+
whose vertices uy, vy and us, v lie in 27 and Qs respectively and where

(6.55) K(&1,8) = [A, . —[AG ., — (A&, A L,

Note that K(&1,82) = K(&,81) = —K(&;,85) where & = (v1,u;) has the reverse
orientation. Applying two rounds of formula we obtain

p1(uz, v2) [Ac_,lvT] — p1(uz, va) [Ac_erT]

uifo vifo
K(&,8) = +
=T _ 17
ﬁl(UZ;VZ) |:Acrlv ] - pl(u27v2) |:Acr1v i|
u;fo vifa
(6.56)
p1(u1, vi) p1(uz, va) {VAc_erT]
f1fo
= 2%Re +
=T
pr(u, )y (a2, v2) [VAZIV'|

where f; is a triangle oj@m, north or south, containing the edge &; for i = 1,2.
By assumption {2; and (), are separated by a large distance d > R, and so we can
estimate K (&1,83) as presented in formula using asymptotic expansions m
and of Lemma We end up with

p1(uy,vi) pi(uz, va) o ( 1 )
2 3
(Zcr(fl) - Zcr(f2)) |Zcr(f1) - Zcr(f2)|

where p1(u,v) = 2, (v) — 2er(u) as introduced in Definition

o o 1
(657) K(eheg) = %%e[

The chord-chord term. Let’s begin by examining the chord-chord term of .54} It
involves the contribution of two (oriented) chords &; = (u,v1) and &3 = (ug,v2)
whose vertices of uy, vy and us, ve are contained in €2y and {)s respectively. Since



66 FRANCOIS DAVID AND JEANNE SCOTT

&; = (u;,v;) is a chord for i = 1,2 in G+ the corresponding north and south trian-
gles £;, and f;, in 60+ are concyclic and therefore share a common circumcenter
whose complex coordinate we denote %, (€;) = z(£;,) = z(fis). This is depicted
in Fig Putting things together, we see that the contribution made by a pair of
(oriented) chords (&7, €3) to the chord-chord anomalous trace term in is

.....

FIGURE 18. Two far apart chords &; = (u;vy) and & = (ugvs) at
distance d > 1

(6.58)
2
1 1
1672 O.A(E1)0.A(&2) (W [ pl(ul:m)pl(uzlvz)zb +0 < - - 5)
™ (gcr(el) _gcr(e2)) |ffcr(el) - ffcr(eZ)
with O.A(&1) and J A(&,) given by that we recall for completeness.

QARE) = = Im [VF (£2) 6.(8) tan® 0,(8) + TF(£,) &(8) tan® 0,(8)|

[\]

with

FOREUE
n e = =
2(v) —z(@m)  z2(w)—z2(m)  (2(v) - 2(n)) (2(w) — 2(n))
and a similar form for £(&). Any triangulation Go+ which completes the limit graph
G+ is itself isoradial and weakly Delaunay consequently tan?6,(€) = tan®64(&)

the value of which is given by 3.8

The result [6.58 for the anomalous chord-chord contribution to the variation of
log det A does not have the same for than the “regular” contribution which is
similar to the variation of the Laplace-Beltrami operator A, which is a sum over
triangles of terms

zZ(n) Z(u) —Z(n) —4A(fy)

VF1(£1) - VE>(£2)
(Zer (1) — Zcr(fZ))4

First, besides harmonic terms in the coordinate of the circumcenters of the form

A(fl)A(fg) + c.c.

(Za(81) = Zex(82)) " and  (ZFer(81) — Zer(82))
it contains non harmonic term of the form

| % (81) — Zer(82)]
problematic with conformal invariance and an interpretation in term of CFT, as
will be discussed in Sect. [
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Second, from the form of d, A(&;) and J A(8>), it does not contains only terms
of the form

vFl(fl) 'ﬁFQ(fg) and VFl(fg) 'VFQ(fQ)

but also terms of the form
ﬁFl(fl) . VFQ(fg) and VFl(fg) . vFg(fg)

Third, the geometric terms associated to the faces (the triangles f1 and f5)
are not simply the area terms A(f;) and A(fz2), but they depend of the detailled
geometry and orientation of the chords and the triangles through the terms &, /5(€)
and tan? On/s(€) -

The chord-edge term. We now discuss briefly the chord-edge term present in [6.54]
which involves the anomalous variation term [0, Aly,v, of a chord & = (uy,v;) and
the ordinary variation term [0,A],,,, of an edge & = (ug,vs). It will be simpler to
group together the terms made by a single chord &; = € = (u,v) and the edges &
forming the boundary of a fixed (counter-clockwise oriented) triangle f and then
sum the contributions as the chord € in Gy+ and triangle f in §0+ both vary; see
the illustration in Fig. Accordingly, the contribution made by a chord-triangle
pair (&, f) is found to be

2
e
. N
I’ \\
’ \‘
2
e e Y
I| [ T TP T I I I I I T I I TI I T T ITIIIIIIIIIII I
v (¢ ‘ 4
AY A
AY ,
~ ’
~ ’

FIGURE 19. A chord e = (12) and a triangle g = (1'2'3’) at dis-

tance d
1 _ pi(u,v) A(£) VF5(£) 1
(6.59) — 0, A(E)R l ! o( 5)
4m ‘ (gcr(é)) _Zcr(f))4 ‘chr(é) _ZCr(f)’

This term is again different from the regular term. Now it is harmonic in the
coordinates ov the circumcenters, since it does not contain the non harmonic term

‘Qpcr(él) - Qpcr(é}2)|74

However, it still contains the terms of the form
vFl(fl) 'VFQ(fg) and VFl(fg) 'ﬁFQ(fg)

and it depends on the detailled geometry and orientation of the chord, as for the
chord-chord term discussed previously.
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A simplification for specific deformations.

Finally, let us note that the anomalous term A(&) for a chord & [6.51] takes a
simpler form in the special case where the discrete derivatives of F' coincides on the
north and south triangles £,,(&) and f£5(&) thanks to the following lemma,

Lemma 13. Consider two triangles N = (v1,va,vs3) and 8 = (va,v1,v4) sharing
the edge ¥1v3 and the flipped triangles E = (v3,v4,v2) and W= (v4,v3,v1) sharing
the edge V3v4 as depicted on Fig. . Let v — F(v) be a function defined on the
vertices. Then the four following equalities are equivalent

(6.60) VF(N)=VF(S), VF(E)=VFW), VF(N)=VF(S), VF(E)=VF(W)

Note that the four points are not necessarily concyclic.

Proof. The proof follows from the definitions [3.10] and [3:12] and it is left to the
reader. It has a simple geometric interpretation. Again, note that this is valid for
any pair of triangles sharing an edge. ([l

-
N

-
~

FiGURE 20. N, S, E and W triangles

In this case, to a cocyclic configuration of points, namely a simple cyclic polygon
P = (21,29, --2;) (k > 4), is associated a single pair of discrete derivatives of F'
attached to the circumcenter ¢ of P, (VF(c), VF(c)). Then the variation 0 A(&)
for a chord € is simply

(6.61) DAE) = % I [VE (<) (6a(6) + (6))] tan? b, €)

6.4. Curvature dipoles and the anomalous chord term. Let us discuss a pos-
sible explanation of the anomalous terms corresponding to deformations of cocyclic
configurations of points which undergo flips (the chords) of the triangulation. The
adjective "anomalous" reflects the face that these contributions are not present for
either the Laplace-Beltrami operator A or the Kéhler operator D, both of which
admits a smooth continuum limit consistent with the predictions of conformal in-
variance.

As discussed in [DE14] and Subsection the conformal laplacian A for a De-
launay graph G can be considered as the discretized Laplace-Beltrami operator on
a curved surface S&. The construction of S is illustrated in Fig. [21]for an isoradial
Delaunay graph G and in Fig. [22| for a generic (non-isoradial) Delaunay triangula-
tion G.
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3
- ]
G o o
1"//—6\\ b kn=0
2 1 2
b ® . .
i O .-
o
Ke=0
Cs S
. o o
° &

FIGURE 21. A regular edge e = (12) of a critical triangulation G
(left) and its associated rhombic lattice GV (right), the curvature
K associated to each face of G, i.e. its white 6-vertices of G?, is
Zero.

3 3
o .
o
o
N Ky=0(e)
o 2 2 2
.1/' 1 ’
[ ]
Ks=0(e)
o (o]
CS S (]
4 4
. .

FIGURE 22. A O(e) deformation of G. The Gauss curvatures K
of the N and S faces are non-zero, but of order O(e).

It is easy to that the surface S¢ is piecewise flat, with curvature defects (i.e.
conical singularities) localized at the vertices 65 associated to circumcenters of faces
f in G. The defect angle K(f) corresponds to a localized curvature defect at 6¢
and its value is given in term if the conformal angles 6(e) of the edges forming the
boundary of the face £. Recall fromthat the associated scalar curvature R,.,,(0s)
at a vertex O; is twice the measure of the defect angle around the circumcenter o¢
of the face £, namely

(6.62) Row(be) =4m =2 (m —206(e))

e€Of
or equivalently the Gauss curvature

(6.63) K(f) == 21— (v —20(e))

ect

discrete Gauss curvature

For an isoradial Delaunay graph G the rhombic surface Sg coincides with the planar
kite graph G® whose faces, in this case, are all rhombs. Furthermore, the scalar
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curvature R,..(6¢) associated to each face £ in G is zero. For a generic Delau-
nay graph G the scalar curvature R,..,(6s) will be non-zero (see Fig. . Indeed,
consider a cyclic quadrilateral face f in an isoradial triangulation G, depicted in
Fig. and the effects of a generic deformation G., — G, depicted in Fig. In
Sgur four lozenges meet at 6 where the scalar curvature R,.,,(6¢) vanishes.

FIGURE 23. A cocylic face P = (1423) of a critical triangulation
G (left) and its associated rhombic lattice GO (right), the curva-
ture K associated to each face of G, i.e. its white o-vertices of G,
is zero.

However, as soon as we deform this cyclic quadrilateral, generically a diago-
nal edge e emerges in G, (infinitesimally a chord e in Gg+) which subdivides the
quadrilateral £ into two triangles f,, and f5, while the circumcenter o splits into
two circumcenters o, and og. In the deformed rhombic surface Sge a new lozenge
appears between 6, and 65. However now this new lozenge is “flat” i.e. its angles at
first order in (e 0,7,0,7) ! To first order in € the defect saclar curvatures R,..,(6,)
and R...(6s) for these two faces are found to be of order O(1) and opposite, not of
order O(e)

(6.64) K(f,) = —20,(8) + O(¢) K(fs) = —204(€) + O(e)

Thus the chord e is associated to a curvature dipole, i.e. neighboring curvature
defects with non-zero but opposite signs. In this way the smooth deformation
G — G. manifests itself as a discontinuity of the curvature. with respect to a
smooth deformation. Generically when one deforms a cyclic face f of G, with four
or more vertices, i.e. when the deformation implies a flip for the triangulation, a
curvature dipole appears, and the smooth deformation of G., — G, corresponds to
a non-smooth deformation of curvatures.

Finally, let us stress that a curvature dipole appears if the anomalous term JQ.A(€)
discussed above in [6.3] is non-zero. Indeed this anomalous term is proportional
to tan?6,(¢), while the dipole is proportional to 6,(€). Thus if for the chord
0,(8) = 65(€) = 0, no anomalous term is present and no curvature dipole appears
at first order in the deformation. The variation term for the chord € is the same
for A and for A. One should note that this occurs iff the circumcenter of of
the face £ lies on the edge e. If £ is a quadrilateral (as on Fig. and if both
e = (12) and the flipped edge e* = (34) share this property (0,(€*) = 65(6*) =0,
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\ Ky=+Kq+0(e)

1 2 | kg=-ky+ 0@

FIGURE 24. A Of(e) deformation of the cocyclic configuration.
The Delaunay condition select a chord e = (12), which splits the
face P = (1423) into two triangles N = (123) and S = (214).
A flat lozenge (1S2N) appear in the rhombic lattice G°. The
curvatures K of the N and S faces are non-zero, but of order O(1)
and opposite. N and S form a “curvature dipole”.

then the face f is a rectangle. Then to first order in the deformation parameter e,
the deformation is isoradial — isoradial, not isoradial — non — isoradial.
These isoradial — isoradial deformations are the one considered by Kenyon in
the seminal paper [Ken02].

Of course these considerations extend to concyclic configurations involving more
that four points.
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7. THE SCALING LIMIT OF VARIATIONS

Rescaling the deformations.

7.1. Rescaling smooth deformations. As explained in the introduction we in-
corporate a scaling factor factor £ > 0 into the deformation in order to define and
study a continuum limit. We may view the scaling parameter ¢ > 0 as imparting
a resolution on the critical graph, i.e. we get a rescaled embedding 2 := z., /¢ of
Ger, under which vertices become closer and denser in any compact region of the
plane as ¢ > 0 increases. In particular the area A(f) of a face f € F(G¢,) shrinks
by a factor of 1/¢2 under the rescaled embedding while its circumcenter coordinate
zer(f) is rescaled by a factor of 1/¢. In this way, the scaling parameter ¢ > 0 allows
us to interpret the critical graph as a planar partition and can be used to define
a Riemann sum. More specifically, given any continuous complex-valued function
H : C — C with compact support 2 = supp H then

(7.1) Jim > A®)/C-H(za(x)/l) = /Q Pz H(z)

x€EF(Ger)

Given a smooth complex-valued function F' : C — C with compact support, and
¢ > 0 a scaling real parameter, we set Fy(z) := (F(z/¢). When deforming a critical
isoradial Delaunay graph G, (with unit circumradius R, = 1), we shall consider
the restriction of F; to (the coordinates of) the vertices of the critical graph. By
abuse of notation we shall write Fy(v) := ¢ F (2 (v)/{) for each vertex v € V(G,).
We use Fy to displace the coordinates of the critical graph and define a deformed
embedding, namely

2e (V) 1= 2 (V) + €Fy (v)

7.2. Rescaling bi-local deformations. Our analysis of second order variations
(for the log-determinants which we consider) involve a bi-local deformation im-
plemented by two smooth, complex-valued functions F; and F; : C — C whose
respective supports Q1 and Qy are compact and have closures Q; and Qs which are
disjoint. Set
d:= diSt(Ql,Qg) = 1nf{|w1 — U)2| |’LU1 € Qv}
to be the distance between the supports 2; and Q5. Obviously 0 < d < co. The
corresponding deformed embedding z. ¢ : V(G.) — C of the critical lattice is
given by
2e(V) = 2ex(v) + e1F10(v) + €2F(v)

where € = (€1, €2) is a pair of deformation parameters €1, ez > 0 and where we use
the notation Fj(z) := (F;(z/¢) and by abuse of notation Fi(v) := Fj;¢(zex(v)) for
a vertex v € V(Ge,) and i = 1,2. The results of Lemma [I0]still hold for the bi-local
deformed embedding z.,; simply apply the Lemma to F; and F5 independently
and take ép = min(ég,,€p,). Let us denote by G ¢ the Delaunay graph uniquely
determined by the vertex set V(Gey) := V(Ger) together with the deformed em-
bedding zc . As we have seen, the one-sided limit ¢; — 0T for i = 1,2 induces the
structure of a weak Delaunay graph G+, on the vertex set V(G.,) with respect to
the critical embedding z.,. In general, the edge set E(G+,) will vary as the scaling
parameter ¢ > 0 evolves; nevertheless E(Gc) € E(Gg+) for all 0 < £ < oco. For
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each value of ¢ > 0 select a weak Delaunay triangulation GW which completes
Go+¢. Because E(G.;) € E(Go+y) C E(60+7¢) for each 0 < ¢ < co we may always
perform the following resummation

(7.2) Yo A®HGEaE) = Y A H(w(y)

x€F (Gt p) YEF(Ger)

where we combine terms on the left hand side involving triangles of GW which
share a common circumcenter and where H (x) is any quantity which depends
only upon the circumcenter z.(x) of x € F(ao+7(). Consequently the choice of
triangulation aote completing G+, will not affect our calculations.

7.3. Scaling limit and derivation of Theorem [3| We now are in a position to
study the scaling limit of the bilocal deformation terms (Prop. and
(Prop. ) and to derive Theorem For G = G or G = §0+7£ let Fo, ) (G)
denote the subset of faces x of G each of which contains at least one vertex whose
coordinate lies inside Q;(¢) := supp Fj;, for i = 1,2.

The initial ¢ finite term. Let O denote either the Laplace-Beltrami operator A or
the Kéhler operator D on the Delaunay graph G . From prop. [10|and [11|the €€z
cross-term of the variation of detlog[O] is given by the trace term

(7.3) ., detloglO] = —tr[0,0 A" 0,0 AL

which can be expressed as the following double sum over triangles in 60+’ )

(7.4)
2 +O(|zcr(xl)zcr(x2)|5>>

-5 Y Alx)Ax) (me

ESESR YN (ao+,z)

x2€ Fa,0) (Go+ )

ﬁFl;g(Xl) vFQ;g(Xg)

(Zcr (Xl) - zcr(XZ))4

where z.(%;) is the circumcenter of x; for i = 1,2. Both F; and F, have compact
support so by Lemma [2| we have that VFj(x) = 0F;(2er(x)/€) + Rer/l - Ei(x)
where |E;(x)| is bounded by a constant B; > 0 independent of both x and ¢ > 0.
We begin by breaking into two pieces and evaluate their large ¢ limits separately.
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The subleading term. The large ¢ limit of the second part of [7.4] vanishes as the
following computation shows:

’ > A(x1)A(x2) - O( |2er (1) — Zcr(XZ)‘—5>‘

x1€Fq, () (60-*:14)

x2€ Fa, 0) (Gt )

) A(x1)A(xs) ‘O<|Zcr(xl) - zcr(X2)\_5)‘

x1€Fq, (o) (60-*-,@)
(75) X2€ F§22 £) (Go+,4)

IN

< Z A(x1)A(x2) - ‘O( ’Zcr(xl) - Zcr(x2)’_5)‘
x1€Fq, (o) (Ger)
x2€ Fo, (1) (Ger)
< é % S A/ A)/E O [zalx) [~ zalxa) /0]

x1€Fo, (1) (Ger)
x2€ Fo, () (Ger)

In the large ¢ limit the sum over the triangles becomes a standard Riemann integral

<fm o) A(xl)/ﬁA(xQ)/EQ-’O(|zcr(xl)/z—zcr(xQ)/er‘*)‘
x1€Fq, (o) (Ger)

(76) x2€ Fo, (e) (Ger)

= [ el =) < o0

Hence

(7.7) lim > A(xl)A(XQ).O(|zcr(xl)—zcr(>c2)|75) =0

{— 00
x1€ Fo, (¢) (Ger)
x2€ Fa, ) (Ger)

The leading term. To evaluate the first part in [7.4] we consider the norm of the
difference between the original term with discrete derivative and the corresponding
term with continuous derivatives, and use the previous results to get the bounds

S A(xy)A(xz) e VEy(x1) VFoe(xe) = OF1 (zer(x1)/£) OFs (2er(x2) /1)

4
x1€Fa, (0 Got) (e (1) = 2er(22)

x2€ Fay(0) (Got,¢)
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IN

(7.8)

IA

RCT

_|_ cr

RC! -
¢ lee F91(4) (Goﬂz)

_|_ cr
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|E1(x1)] - [0F: (2ex(x2)/0) |

A(x1) /0% A(xs) /02
ZA (x1)/67 Alx2)/ |2er (1) /€ = Zex(x2) /2]

x1€Fo, () (Gote)

x2€Fay, ) (Go+,)

2 [P () /0)| | Ba(a)|

AX1 £2A X2
Z ( )/ ( )/ |Zcr(X1)/£7'ZCr(X2)/£

x1€Fq, () (§o+,g)
x2€Fa,0) (Go+ )
|E1(x1)| - | Ba (o)
4
|zcr(xl)/£ - Zcr(Xg)/f‘

> A(xy) /0% Axs) /6
x1E€Fa, (1) (Gort )
x2€ Fo, (0 (G()Jr,z)

A 2 A 2 Bl"gFQ(zcr(X2)/£)‘
G (Xl)/ (X2)/ |zcr(x1)/f—zcr(x2)/44
x2€ Fo, ) (Go+ )

2 |OF1 (zax(x1)/0)| - B

> A(xy) /0% A(xz) /0
x1€Fq, () (§o+,z)
x2€Fa, o) (Go+ )

|zer(x1) /£ — zex(x2) /]

3 A(x1) /02 A(xz) /2 By - By

‘Zcr(xl)/f — ZCr(Xz)/(“l

x1€Fq, () ((";0_,_)[')
x2€ Fnz(l) (GoJr,g)

By - [0F: (2er(x2) /) |
|Zcr(X1)/€ — ZCr(X2)/€‘4

> A(xy) /0% A(xs) /62
x1€Fo, (o) (Ger)
x2€ Fa, (1) (Ger)

OF (zer /)| - B
S )/ Ay L0 B
x1€Fq, (o) (Gor) ’Zcr(xl)/g - ZCr(X2)/£|
x2€ Fo, (¢) (Ger)

B,-B
ST A(x)/0* Alxa) /12 Lo .
x1€Fq, (1) (Ger) ’Zcr(xl)/g - 2cr(X2)/£|
x2€ Fa, () (Ger)



76 FRANCOIS DAVID AND JEANNE SCOTT

In the large ¢ limit the sums over triangles becomes Riemann integrals, hence
the large ¢ limit of the Lh.s. of [7.8]is bounded by

B
lim & Biffer // AT B R ()]
{—o0 270 Y4 Q1 %o |CU1 _x2|

BsR,; dzy d
im ¢ D2R // 1T 5 ()]
{—00 271'2 V4 Q1 xQs

o1 — ]

BB
+ lim = 2 2Rcr // _dwrdry
f—o0 270 Q1 xQo ‘«Tl _$2|

IA
n
3

|

(7.9)

=0
Summing up. From this it follows that
VF, VE,,
lim Z A(x1)A(xz) Re VFi(x1)V z,e(xz)]
L— o0

(Zcr (Xl) - Zcr(x2))4

x1€Fq, (o) (Goty)
x2€ Fo, 0 (Go+,£)

lim Z A(Xl)A(Xg) Re

{— 00 —
x1€F (Gt )
x2€ F(Gy+ )

VF1;@(X1)VF2;£(X2)]
(Zcr (Xl) — Zcr(XQ))4

(T10) = Jim > A()/? A(x)/* R

£— 00 —
x1€ F(G0+,[)
x2€ F(Gy+ )

. OF) (2ex(x1)/€) OF, (Zcr(XQ)/E)]
(Zcr(Xl)/é — Zcr(XQ)/g)4

A(Xl)/€2 A(Xg)/£2 R

I
1
N

5 5F1(Zcr(xl)/€) aFQ(Zcr(Xz)/f)l
(Zcr(xl)/g — ZCr(Xz)/€)4

x1E€F(Ger)
X2 € F(GCI)
OF OF.
= // dxl dl‘Q Re 1(581) 2§x2)
Q1% (z1—22)

Thus we have
5F1(I1)5F2(.’L‘2)

2
7.11) lim tr[0.O-AZL Q.0 AL :7// dxy dzs R
( ) Parel r[ “ o Cr] 2 Ja,xa, e e (1 — m2)*

s

This settles the proof of Theorem [3| by establishing eq. .
7.4. Controlling the geometry of the lattice for small deformations.

The limits we considered. Let us summarize what we did previously, up to sect. [7-3]
G is an infinite critical graph, F> and F5 deformation functions with disjoint,
compact supports. Through the deformation z., — zc, + €1 F1 + €2 F5 one constructs
the deformed Delaunay graph G. along with a corresponding deformed operator O,
where € = (€1, €2). Since the supports of F; and F» are disjoint, the corresponding
variations of the matrix elements of O, are independent for small values of €; and €3,
so that one can write the total variation as the sum of the two independent variations
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00 = Oc — Op = 60¢, + 60, with 60, = O, o — O and 0., = Op ¢, — Ocr.
The bi-local deformation term tr [60,, - O - 6O, - O3] is replaced by its linear
approximation at € = 0 through 60, — € Ql(’), 00, — € bQO reducing the
problem to studying the bi-local term

(7.12) tr [belo L0210 o;rl]

defined on the weak Delaunay graph Gm (the isoradial refinement of the initial
graph G, relative to the deformation). We then rescale the deformation by ¢ and
consider the family of deformations z¢; — 2or +€1F1;¢ + €2F5,¢ and show the scaling
limit £ — oo of exists and is independent of the choice of initial critical graph
G.,. Stated simply, we study the nested limit

An interesting question is whether these two limits can be interchanged. A
positive answer would be a first step in understanding if one can define a continuum
limit of (the total variation of) log det O starting from an infinite Delaunay graph
which is not isoradial, but rather obtained by a small, smooth deformation of a
Delaunay graph which is isoradial. A simpler question is the following: We know
that for a given critical graph Gg,, the limit [7.13] makes sense when €1,e; — 0. Is
the convergence uniform w.r.t. all critical graphs G., 7 We return to this issue in
Section [l

(7.13) lim lim (tr 0.0, -0 0., 0"

l—00 €1 —0
eo—0

The problem with flips. The geometrical effects of a finite e-deformation of a Delau-
nay graph G have already been discussed in Sections[5.3|and 5.4} Lemmas [0 and [I0]
ensure that, for a given initial graph G, and a given deformation F' (with compact
support), there exist a strictly positive bound 0 < € such that no flip occurs in the
interval 0 < € < ép. However ér depends non-trivially on F' and on the geometry
of G.;. Furthermore it is clear that such a bound cannot be made uniform w.r.t.
all critical graphs G¢;. This means that given any small value € > 0 of the defor-
mation parameter flips will occur in G, for some critical graph G, within the class
of all critical graphs. Consequently the operators (theirs matrix elements) QO, are
discontinuous functions of ¢, and it will be difficult to control them as e varies.

7.5. A simple restriction to control small deformations: enforcing a global
lower bound on the edge angles. A simple but brutal way to manage the “flip
problem” is to consider only a subclass of graphs G, such that the bound ég
can be controlled explicitely, so that no flip occurs. Similar constraints [7.16] on
the geometry of G, have been used in the literature for other problems involving
isoradial lattices, see e.g. the paper by U. Biicking [Biic08]. Our solution is given
by the following Lemma.

Lemma 14. Let F': C — C be a non-zero, smooth complex-valued function with
compact support Qp. We define

(7.14) My = max |0F(:)| + max[9F(2)]

This is a simple modification of the definition of the bound Mp in Lemmas[§ and
[ which does not depend on a specific graph. For a generic Delaunay triangulation
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T we define in analogy with 9 in Lemma[9
(7.15) J(T) = inf {6(e) ‘e eE(T)}

For a fized, strictly positive 9 > 0, let us consider the set %of all isoradial
Delaunay triangulations T of the plane such that
(7.16) IT) >D9 >0
Then, there exists a strictly positive bound on € given by
in
2Mp(1 + Mp)

such that, for any triangulation T € L%‘and any £ > 0, the deformation z — zcp =
z+ eFy of T preserves all the edges of T if 0 < € < ép, i.e. no flip occurs.

(7.18) 0<e<ép, (>0 and Te.Z; =— E(Ty)=E(T)

Proof. The mapping z., : V(Teg) — C is an embedding provided there are no
“collisions”, that is z ¢(u) # z ¢(v) whenever u # v are distinct vertices in V(Tc,).
Equivalently 1 4 € dF{4)(u,v) must not vanish. Apply the fundamental theorem of
calculus using Vo (7) 1= 720 (W) /€ + (1 — 7)2er(v) /L.

F(zcr(u)/é) - F(zcr(v)/ﬂ)
zar(0) /€ — 2er (V) /2

|dFy(u,v)] =

- ‘/ i g F () ‘

= | [ aroruie) + 2020 i)

< ’/01 dTBF(%V(T))‘ + M /01 dTaF(%V(T))‘
< max|9F| + max[9F| = My

If we take € < ep < MF_l, then clearly € |ng(u, v)| < 1. Therefore the quantity
1+€edF(y(u,v) cannot vanish. The assertion that av € E(T.¢) whenever v € E(T)
mirrors the proof of Lemma [J] except that we must carry out the same argument
after replacing k.(av;w) by

oo (T w) 1 [mm]

2675(V) — Ze’g(W)

To avoid any dependence on the scaling parameter £ > 0 we also substitute the
role played by ¥ with Jp, and therefore E(T.,) C E(T). Finally, since T is a
triangulation, no chord appears and To4 = T, hence E(T..,) = E(T). We stress that
this bound on ¢ is valid for and independent of all values of the scaling parameter
¢ > 0 including ¢ = co. O
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8. FINITE € VARIATIONS, BEYOND THE LINEAR APPROXIMATION

8.1. Introduction. In this section we look for uniform bounds on the variation
of the operators A and D for small but finite deformation parameter e. In order
to get uniform bounds w.r.t. the geometry (i.e. isoradius) of the initial critical
lattice G.,, we need to fully examine generic deformations and take into account
the situation where edges G, may flip, unlike the linear approximation studied in
the previous sections. This will leads us to uniform bounds on the variations of
A and D (prop. . We deduce strong results on the uniform convergence of the
scaling limit for A (prop. [15) and of the scaling limit of the second order bilocal
term (leading to the OPE) (prop.[16]). We show that there is a qualitative difference
between A and D, and we obtain a weaker but interesting result for the scaling limit
of second order bilocal term for D (prop. [20).

8.2. Deforming triangulations with and without flips.

Geometric Deformations: Deforming with flips. We start from an isoradial Delau-
nay graph G, and then deform its embedding v — z.;(v) using a smooth function
F : C — C with compact support to obtain a mapping

(8.1) Vi 2e(V) = 2er (V) + €F (2 (V)

for vertices v of G,. The mapping v — z.(v) defines an embedding of the vertex
set V(G.;) as long as € is small enough, namely:

(8.2) le| < (max(|0F|) + max(|0F|))~!

which ensures that z.(u) # z.(v) if u # v.

A Delaunay graph G, is obtained by applying the Delaunay construction to
the set of deformed coordinates z.(v) for v € G.. The vertices of G, and G,
are identical by definition, however the edges and the faces of G, may differ from
those of G, since the Delaunay constraints may force flips to occur during the
deformation. Unlike the set-up of section the inclusion E(G¢) C E(G.) of
Lemma [9 may now fail. Generically G, will be a triangulation whenever the critical
graph G, is.

A, D. and A, are the Laplacian operators relative to the lattice G.. Note that
these operators acts on the same space of functions CV(®<) = CV(Cer) irrespective
of € since, by definition, the vertex sets V(G.) = V(G,;) agree. Similarly, we denote
by V. and V. the discrete derivative operators relative to the faces of G., both of
which are operators CV(®<) — CF(®<) Note that, in general, the set of deformed
and critical faces differ, i.e. F(G.) # F(G¢,). Similarly we denote by A, and R, the
area and circumradius functions for the faces of G..

A simple but illustrative example of such a deformation of a triangulation T — T,
is depicted on Fig. Note that the basis of the triangles b can be made arbitrary
small b < € so that an arbitrary number of flips may occur.

Formal Back-Deformation. Given a smooth function F' : C — C with compact
support consider the formal deformation of the embedding of a (weak) Delaunay
graph G as explained in Section [5.I] namely
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FIGURE 25. Deformation of a periodic isoradial Delaunay trian-
gulation T, — T, by a global shear z — z + ¢Jmz, keeping it
Delaunay. On this example, the base and the height of the trian-
gles are respectively b = 1/10 and h = 1, so that a flip occur for
e = b/2 = 1/20, and we choose ¢ = b = 1/10. Since there is a a
flip, an original face of T, (in red) does not stay a face after the
flip.

(8.3) v = 2(v) = 2(v) + €F(2(v))

for v € V(G). Let G, denote the graph whose vertex, edge, and face sets are
identical to those of G but whose embedding is given by v — z.(v). Keep in mind
that when the deformation parameter e is specialized G, may not be (weakly)
Delaunay.

Define the back-deformation G.., to be the graph whose vertex set and embed-
ding are identical to those of our initial (weak) Delaunay graph G but whose edge
and vertex sets coincide with those of the graph G, obtained from G by the geo-
metric deformation. The construction of G.., can be seen in two stages: First G, is
constructed from G using a geometric deformation (with w — w+ €F'(w)) and then
G.., is subsequently constructed by a formal deformation (with w +— w — eF(w)) of
G.. Schematically

geometric formal
—

(84) G Ge — Ge:o

8.3. Full variation of operators without flips.

Variation of the area. Consider the variation of the triangulation T — T, given by
deforming the embedding z(u) — z.(u) = z(u) + eF(u) without flips (so that in
fact T, should be denoted Ty.. with the notations of the previous section). For a
triangle £ the full variation of its area is from and

(8.5) A=A =A(1+eVF+VF)+&(VEVE - VEVE))
For brevity D(e; F') will denote the scaling factor

(8.6) D(e;F)=1+¢VF+VF)+é(VF VF - VF VF)
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L L

FIGURE 26. The back-deformation of this triangulation T, — T,
by same shear, keeping the edges and faces of the triangulations
fixed (no-flips). An original face of T, (in blue) stays a face of T..
However T.., is not Delaunay.

Variation of the discrete derivatives. The vertex sets V(T) and V(T.) are, by defi-
nition, identical and the face sets F(T) and F(T.) agree so long as no flips occur in
the deformation T — T.. Consequently the nabla operators V and V. (and their
conjugates V and V) share a common range and domain. Accordingly we have:

1+ €eVF eVE _
(87) Vo Ve D(¢ F) V_D(G;F)
’ _ _ 1+eVF _ eVF
Vo Ve= D(e; F) V_D(C;F)

A word of caution: deformations of functions. Recall that we may restrict a smooth,
complex-valued function G : C — C to the vertex set of the triangulation T using
its graph embedding z : V(T) — C. Bearing some abuse of notation, we define
and denote this restriction by G(v) := G(z(v)) for vertices v € V(T). Some care
is needed when restricting a smooth function G to the deformed triangulation T..
The vertex sets of T and T, are identical but of course their respective embeddings
z and z. are not, and consequently the functions v — G(z(v)) and v — G(z(v)) do
not agree. In order to side step this discrepancy we introduce a deformed, smooth
function G, : C — C defined implicitly by

(8.8) Ge(w + eF(w)) = G(w)
for all w € C, where € > 0 is fixed and sufficiently small. By construction,
(8.9) Ge(2e(v)) = G(2(v)) =: G(v)

To stress the role of the deformed embedding z. we shall define and denote G(v) :=
Ge(ze(v)) for v € V(T.). When G = F this allows us to write

(8.10) Zeve (V) = 2(v) + (e + €)F(2(v)) = 2ze + € Fe(2(v))
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Variation of the circumradii. The full variation of the circumradius R(f) of a face
is more complicated. For a face with vertices labelled 1,2,3 i.e. £ = (123) using

[3:6] we get

(811) R2 _ Rf _ R2 N12(€;F)N23(€;F)N31(6;F)

D(e; F)?

with
(8.12) Ny(6 F)=1+c¢ (VF +VF+C,VFE + Cuv?F)
' + ¢ (VF VE +VF VF + CyWVF VF + CyWVE VF)

where Cy, for an (unoriented) edge av denotes

zZ(w) — 2(v)

2(w) — z(v)

Variation of the operators. Thus we get the variation of the Laplacian operators
from

(813) C(uv =

(8.14) A—A=2(V A V.+V] AV,
_ A,
(8.15) D — D, =4V/] T Ve

that we do not write explicitly. Note that all the expression we got are rational
functions in €, and that when keeping only the first order in € in a series expansion,
we recover the results of Sect. (.11

8.4. Full variation of operators under Delaunay deformations (with flips).
Here we address the case of a critical triangulation T = T, with isoradius Ry > 0
whose embedding undergoes a deformation

Z—zZe :=z+€F

where flips are allowed, so that the deformed graph T. remains Delaunay. As
before the displacement function F' is the (restriction) of a smooth complex-valued
function on the plane with compact support. We consider the full variation of the
operators associated to the deformation T., — T, namely

(8.16) SA()=Ac— Ay,  6D(e) =D, — Dey

instead of the instantaneous, first order terms O.A and QD in the respective e-
expansions as done in Sect.[5.I]and[6] We shall need uniform estimates for the e — 0
limit of terms related to the variations dA(e) and §D(e) which are independent of
the initial critical lattice T,. Furthermore uniform estimates for the Ry — 0 limit
will be needed, as this is synonymous with the ¢ — oo scaling limit.

Unfortunately the exact results of the previous section [8:3] cannot be directly ap-
plied, since flips generically occur within the continuous family of Delaunay graphs
T. as the deformation parameter € moves from zero to € > 0. Nevertheless, we may
write each variation as the integral of a derivative, and then try to get uniform
bounds on the derivatives. This is what we discuss in the remaining part of this
Appendix.

Let us first consider the simpler case of the Laplace-Beltrami operator A. We
can write

(8.17) SA(e) = /0 de N'(e) with  Al(e) = —A. =0.A.
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Indeed, since F' is smooth with compact support, there is a finite (possibly large)
number of flips as € increases, and we know that A, is a continuous function of ¢,
and its derivative exits and is continuous in the interval between the flips. Therefore
the derivative A’(¢) is bounded and piecewise continuous, so that the integral
makes sense. For a given value € > 0, the first order term in formula extends
to the case of A, defined on T. and w.r.t. the transported displacement function
F. in the plane.

(8.18) AE) = VI ADoV. +V, A DV,
with
(8.19) . =-4V.F. D. = 4V.E
Similarly, we can write the variation of the K&hler operator as
€ d
(8.20) dD(e) = / deD'(e) D'(e) = d—gDE =J.D.
0
The results of Section [5.1] give for the derivative of D
(8.21) Dle) = V. ARV + V] A5V, + V. A5V
with
4 _ _ L
R, = 7@ (veFé‘i’vsF;:‘i’C"svsFé‘i’ e Ve e)
(8.22) P B .
6‘5:_@V€Fa s 66:_EVEP;

and with the C. and C. defined by for faces the triangulation 7, namely for a
face £ = (123),

Z —Zy  Zo—Z3 Z3— 7

(8.23) O(f) = Chos =

Z1 — 22 22 — 23 23— 21

Note that for such a face £ = (123), C(£) reads in term of the Cy, of|8.13|(associated
to edges of £) as C(123) = C12 + Ca3 + Cs1.

8.5. Uniform bounds under Delaunay deformations (with flips).

Bounds on continuous derivatives. Now we study wether it is possible to give uni-
form bounds w.r.t. ¢ and T, on the various coefficients Ae, R, £c and §., and
on the operators V. and V.. From now on, let F' : C — C be a given smooth
deformation function with compact support. Let
M; = supmax {|0F(z)|,|0F ()|}
zeC
(8.24) ) _ Y
M = supmax {|0°F(z)|, |00F (2)],|0°F ()| }
zeC

We will consider the transported function F, defined by and the transported
version of [§.24]
M (e) = sug max [|0F,(z)|, |0F.(2)|]
zE

8.25 _ _
(8.25) Ms(e) = Zlelg max [|32F€(z)|, |0OF.(2)], \82F€(z)|]
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By differentiating the functional relation between F and F., one gets the
general inequalities

— M, — M,
8.26 M <M = M. <M = "7
(8.26) 1(e) < M(e) 200, 2(€) < Ms(e) (1= 2¢00)°
valid as long as € is small enough, namely
(8.27) 0<e<érp=1/(2M;)

which ensures that F, is not multivalued (and stays smooth with compact support).

Bounds on discrete derivatives. Let T¢, be a critical (Delaunay isoradial) triangu-
lation with isoradius Ry, and T, be the Delaunay triangulation T, obtained by the
e-deformation z — z + eF’. We shall establish bounds on the norm of the discrete
derivatives of F. on the triangulation T., as well as inequalities on the radii R(f)
of the faces of T..

First be define for a generic triangulation T and a generic smooth function with
compact support G
(8.28) Bg(T)= sup max (|[VG(f)],|VG(£)])

facesf€T

We use Lemma [2] which gives a bound on the difference between the discrete
derivative VG(£) and the continuous derivate dG of G at the circumcenter of f.
This bound involves the circumradius of £ and the max of the second derivative of
G inside the circumcircle. Denote the max of the circumradii of the faces £ of a
triangulation T
(8.29) Ruax(T) = max R(f)

For the initial critical triangulation T., Lemma [2] implies
(8.30) Bp(Te) < My +4 My Ry

but for T, it becomes

(8.31) Br(Te) < Mi(€) +4 Ma(€) Ruax(Te)

and we need an estimate of Ryax(T).

8.6. Inequalities for general variations of circumradii (with or without
flips).

The problem. In order to get a bound on Ry, (T.), we now derive a bound on the
variation of the circumradius of the faces, of a triangulation under a deformation
z—z+€F.

Let us consider the following general problem. We start from a general (not
isoradial) initial triangulation To. We deform Ty by z — z + eF from ¢ = 0 to
a final e. If the circumradii R(f;) and R(f3) of two neighboring faces £; and £
agree at any stage of the deformation, we may either (i) perform an edge flip, so
that £1, £2 become two new faces £} and the graph remains Delaunay, £}, or (2)
not perform the flip, so that the local configuration ceases to be Delaunay. Thus
we get a family of triangulations {I. : ¢ € [0, €}, a priori not Delaunay, but with
the same set of vertex embeddings {z.(u) : u € V(T)} as if they were Delaunay all
along.

Now consider an initial face (triangle) £ of T, with initial circumradius R(0) =
Ro(£p). When deforming T, from 0 to ¢, we can continuously follow the face f(, and
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when it sustains a flip, we choose one of the two faces created by the flip. In this
way we get a “continuous”’ family of faces {f. € T, : € € [0, €]}, so that € — R(f.)
is a continuous, piecewise differentiable function (this is the crucial point for the
following argument).

Bounds on the derivative of R and consequences. Now, in between the flips, from
the derivative of the circumradius R(f.) of this face f. is

(8.32)

(e = LR = 0D (.5 (1) 4 TR0 + CLe T RE) + Cule) VL (22)
Using Lemma [2] again, for this face £. of the triangulation T, we get the bound

(8.33) IV.F.(f.)| and |V F.(£f.)| < Mi(e) + 4 R(£.) Ma(e)

and from the definition of C we have

(8.34) Co(8) <3

We thus get the bound

(5.35) LR(E)| < AML(E) Re(8) + 16 Mo(e) R(E.)?

Remember that the functions M (g) and M3 (g) are explicitly known functions of
¢ and the constants M; and M, associated to the displacement function F'.

— M, Mo

M) = —h e M
&) =150 MO =g

Bounds on R. We can integrate the bound [8:35 from 0 to € to get explicit inequal-
ities for the radius R(f.) of the face f.. Consider the function R, (e, Ry) defined
by the ODE which saturates the upper bound [8:37]

(8.36) ML) _ Ry (e o) o), Rel0) = Ry
where

(8.37) QR,€e) =4M(e) R+ 16 My(e) R?
whose solution is

(838)  RileRo)= fo

(14 2ef) (1 - 20y )% = Mafio (1 — 205 €)

Note that R, (e) is a monotonously increasing convex function of € for 0 < € <
€nax (Ro) which diverges at eyax(Ro) given by

B 1 ]\41 —1/4
(839) Emax(RO) = m (1 - (1 + ROMQ)

Similarily, let R_ (e, Ry) be the function whose derivative saturates the lower bound
given by It satisfies the ODE

dR_ (6, Ro)

(8.40) y

— —QR_(e,Ro),e), R_(0) =Ry
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R_(¢, Ry) is explicitly
_ 1 2Me)”
(8.41) R_(e, Ry) = 5’3 (R 16)1
1+ =347 log (1—2M16)

and is a monotonous, decreasing function which vanishes at é given by [8:27} Then
we have the following general result.

Proposition 12. The radius of the face . satisfy the inequalities

(8.42) R_(e,R(f0))) < R(f) < Ry(e, R(%0))

valid if

(8.43) 0 < € < énax(R(£0))

with enax(R(£0)) given by . Note also that in any case, one has 0 < €gay < €.
Proof. Should be write it 7 O

This is the main result of this section. Note that it does not require the initial
triangulation to be Delaunay or isoradial. It is is also completely independent of
whether we perform flips or do not perform flips during the deformation. It depends
only on the deformation function F and on the initial radius of the initial face we
start from.

Notice that when the initial radius of the initial face becomes very small [8:42]
implies that

(8.44) (1—2€eM;)*> < lim R(f)

<(1-2eM;)2
~ R(f0)—0 R(fy) = €M)

Final estimates. With Prop. [I2] we can complete the estimates of the previous
sections @ We start from an initial critical triangulation T., with initial radius
Ry, and deform it into the Delaunay triangulation T.. The inequality implies
that

(8.45) Rpax(Te) = max R(£f) < Ry(e,Ro)
hence
(8.46) Br(T,) = max (IVeF|,IVFe|) < Mi(e) + 4 Ma(e) Ry (e, Ro)

We can bound the coefficients in the derivative w.r.t. e of the Laplace-Beltrami

operator A (in [8.18)), and of the Kéhler operator D (in [8.21)).
D] < 4M;(e) + 16 My(e) Ry (€, Ro)
16 M (€) + 64 My (€) Ry (e, Ro)

(8.47) R = R_(c, Ro)?
|{’ ‘ < 4M1(6) +16M2(6) R+(€,R0)
° - R_(e, Ry)?

Using the explicit forms of M;(¢) and May(e) given by @ and of R, (e, Ry) and
R_ (e, Ry) given byand one deduces that [®.|, |R| and |4, | are uniformly
bounded. More precisely we can summarize the estimates we obtained into the
following proposition.
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Proposition 13. Let us choose a smooth displacement function F with bounds M,
and My associated to its first and second derivatives. Let us also choose €y, strictly

smaller than egax(Ro = 1) given by

0< e < p(l) = [1- (1420 o
€b €max _2M1 M2

for instance €1, = €gax(Ro = 1)/2. Then consider an arbitrary initial critical tri-
angulations (isoradial and Delaunay) Tog with circumradius Ro, some ¢ > 0, the
deformed Delaunay lattice T, obtained from Ty by the deformation z — z + € F(2),
and an arbitrary face £ of T..

Then the factors ®(£) (given by [8.19), B(£) and $.(£) (given by for
the face £ are uniformly bounded over the sets of: (i) initial triangulation Ty with
isoradius Ry less or equal to one, (ii) deformation parameter € smaller or equal to
€n, (1) and faces £ of T.. Namely, there exist constants Do, Ko and Hy which
depend only of F' and on the choice of ey, such that

(8.48) ®(f)] < Do, [Re(£)] < Ko, [Se(F)] < Ho

Similarily, there exists a constant Py(F';ep), which depends only of F and on ey,
which uniformly bounds the variation of the radius of the faces

(8.49) |(R(fe) — Ro)/Ro| < € Po(F'; )

8.7. Consequence for the control of the scaling limit of A.

The Laplace-Beltrami operator A. To simplify, we use a 2 x 2 block matrix notation.
The A operator and its e-derivative A’ on the deformed lattice T, reads
(8.50)

s0-2(5) (3 5)() >0 () (uen “T)E)

Remember that A, V.F. and V.F. are defined for the faces of the deformed trian-
gulation T., whose vertices have positions z. = z+€F(z), while A(e) and A’(e) acts
on the functions defined on the vertices of T,. Since T. is obtained by deforming an
initial critical lattice To = T, let us rewrite them in terms on objects defined for

the “back-deformed” lattice T.., defined by the procedure (depicted in Fig. 77?).

Delauna; no flip
T =T — v T — Te

Again, T.,, has the same vertices as Ty, but the edges and faces of T.. In other
word, T, is obtained from T.,, by the deformation z — z. = z+ €¢F(z), but without
flips. We can therefore express the objects relative to the faces of T, in terms of
those relative to the faces of T..,. The area A, of a face f. of T, is related to the
area A of the corresponding face £ = £, of T.,, by [8:5] namely

(8.51) Ac=D(egF)A
with from
(8.52) D(;F)=1+¢(VF+VF)+é(VF VF -VF VF)

Note that the operators V and V refer now to faces of T..,. In a strict sense they
should be denoted V.., and V.,,. We omit the subscript to simplify notation. The
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discrete derivative operators on T, are expressed in term of those on T, by B7]
which can be expressed in the block matrix notation as

(8.53) Vo) 1 1+eVFE —eVF \ (V
’ Ve) D(eF)\ —eVF 1+eVF)\V

In particular

(8.54) VR _ 1 1+eVF —eVF \ (VF
‘ V.E.)  D(gF)\ —eVF 1+eVF)\VF

Again the discrete V and V refer now to faces of T..,,. Including this in one
gets

(5.55) A'(e) = (g)h D ()

with D the 2 x 2 block matrix

(8.56)
Der) =
(—4) [ ~¢VEVF (2+¢(VF+VF)) VF ((1 L eVE)? - VP vf)

D(e;F)? \VF ((1 +eVE) - 62vFVF) —eVFVF (24 ¢(VF +VF))

Scaling limit for A(e). We can now study the scaling limit of the deformed operator
A(e). We proceed as follows. As before, we choose a smooth displacement function
F with compact support F' : C — C. For each r € (0,1] (or simply a decreasing
sequence of (7, )nen converging to 0), we associate an arbitrary critical triangulation
of the plane T = T{ with isoradius r. Finally we choose a finite bound ¢}, such
that

1
(8.57) 0<e, < 5 €max (1)

for the deformation parameter € where €pay is defined by [8:39 above. The calcu-
lations leading to the bounds of Prop. for the deformation Tg — T, can be
easily repeated for the double deformations Ty — T, — T(,. In particular, the
circumradius of each face £ of T{ ; is bounded uniformly by

(8.58) e<er,r<1 = |R(f)—r|<erPy(F;2¢,)

with Py defined in Prop. [[3] This allows us to uniformly control the  — 0 limit
of the discrete derivatives V and V by using Lemma [2| combined with the previous
ingredients. Stir (do not shake)..

Proposition 14. Let F' be a smooth displacement function with compact support,
fix e, and let F = {T{} be a family of critical triangulations as above. To each point
z € C and to each r we associate the face £7.,(z) of the deformed triangulation T7.,
which contains z. Note that the set of z which are either vertices or else belong to
an edge of the triangulation is a set measure zero and can be ignored). Then in the
limit r — 0, the discrete derivative operators V and ¥V for the face 7, () converge
uniformly towards the continuum partial derivative O and O at the point z. More
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precisely let ¢ be a smooth function (or at least of class C?) with compact support
Q of the plane. Then

(850)  lmVo(l,(2) = 06(=), lmVo(tl,(2) = d0(2)

Moreover, the limit is uniform, namely there is a constant C independent of z € €,
of the choice of family F of triangulations and of the value of € € [0,€] (but
depending of F', of €, and of ¢), such that

(8.60) Vo(£L,(2)) = 06(2)| and [Vo(£L,(2)) — d¢(2)| < Cr

It follows that the full variation of the discrete Laplace-Beltrami operator §A(e) =
A(e) — A converges uniformly towards a local Laplace-like operator which depend
on ¢ and F', in the following sense.

Proposition 15. Let F, ¢ and F = {I;} as in Prop. and ¢ be a smooth
function (or at least of class C*) with compact support 0 of the plane. Then

(8.61) ¢-0A(e)-p= > du) (6A())y, (v)

u,veTy

converges uniformly when r — 0 towards the local quadratic form

(8.62) /Q d?z (gﬁ)T E«r) (gi)

with E(e; F) the 2 x 2 matrix
Eer) = / de E/(e;F) with
0
—4
Eer) =

(1+20F)(1+20F) —20F OF)?
~cOF OF (2+2(0F + 9 F))  OF ((1+¢20F)" — c20F OF )
oF ((1 +edF) —528F5F> —cOF OF (2 + (dF + 9 F))

(8.63)

Proof. One just writes 0A(e) as

0A(€) = 0A(e) = / de A'(¢)
0
and use the explicit representation for A’(g) to write

t
V¢(f)) Vo(£)

8.64 N(e)- b= A(f ( [ 5;F]f~—

o) o NE0= 30 A0 (g Derf®- (g

which is a Riemann sum. Then B58 and Prop. [14] ensures that in the r — 0

limit this converges uniformly towards an ordinary integral involving continuous

derivatives of ¢ and F' (D becoming E). One thus recover W (I

Scaling limit for the bilocal deformation of trlog A. This can be repeated for study-
ing the scaling limit of the bilocal term

(865) tr [51A(€1) . A;rl . 62A(62) . Ail]

Ccr
For finite deformation parameters €; and €;. Again we consider two smooth defor-
mation fonctions F; and Fy with disjoint compact suppports 1 and Qs. 61A(e1) =
A(e1) — Aer (resp. 02A(e2) = A(e2) — Aer) is the variation of the Laplace-Beltrami
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operator under the deformation z — z+¢€; Fy(2) (resp. z — z+€a Fa(z)). As above,
instead of considering a fixed initial critical lattice T., with isoradius Ry = 1, and
rescaled deformation functions Fy(z) = £ F'(z/{), with £ — oo a rescaling parameter,
we consider a family F = {T"} of critical lattices with isodradii r, fixed deformation
functions F’s, and study the limit » — 0. This is equivalent since by a change of
variable r ~ 1/¢.

For a finite 0 < r < 1, deforming the initial T, critical lattice, the bilocal
deformation term reads as a double sum over the faces of the two non-isoradial
lattices T{ ., and T¢, ., which share the same vertices, but not the same faces, with
T7,, of the explicit form

(8.66)
Tr[A(a) A - Ale) - A = > > A(f1) Alfs)

£1€T7,, £26T7,,

T T

i ([D(el; - |(3)aa ()| - [Diewsta)] (s2)- [@) a2 (3) )

f1fo fafy

The trace Tr[] in the Lh.s. of [8.66]is the “big trace” over the infinite set of vertices

of the critical lattice. The trace tr( ) in the r.h.s of [8.66] is a finite trace over a

product of 2 x 2 matrices. This appears again as a double Riemann discrete sum
over the faces of the triangulations T¢ ., and T, .

Studying the scaling limit 7 — 0 might seem similar to what was done above for
A. There is however a delicate point. A_! is the critical propagator on the critical
lattice T¢,, given by the explicit Kenyon integral representation. But its elements
[Agrl]u , are not given by the restriction of a smooth function of the positions of
the vertices G(z(u), z(v)).

Indeed, the large distance asymptotics of A_! on a critical lattice with isoradius
Ro = 1 given by Prop. [4| implies that the propagator A_! on a lattice T%, can be
separated in a dominant smooth part Gg and a subdominant non-smooth part G .

(8.67) (ALY, = Gs(u,v) 4 Gus(u,v)
The smooth part is the continuum propagator (note now the r dependence)
1
(8.68) Gs(u,v) = ~5 (log (2 |2(u) — 2(v)] /7) + Yeuler)
The non-smooth part is
(8.69)
Gps(u,v) = x Z (=1)¢@2m +d —1)!Re [ cm.alu,v) __r? "
ne 27 ' ea z(v) — z(u)
m>d>1

with the ¢, q(u,v) defined by .11} from the wuq42s(u,v) defined by where
the pi4as(u,v) are defined by @vith the 0;’s the arguments of the successive
vectors (with iso-modulus r) of a path v = (u,---,v) on the rhombic lattice TSO
associated to the critical (isoradial Delaunay) lattice Tj. Note that now p(u,v) =
(2(v) — z(u))/r. From Lemma [5| the ¢, 4’s are of order O(1), so the sum of the
terms given by a fixed m > 0 is bounded by a O(7?™) in the scaling 7 — 0 limit,
and is indeed subdominant.
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In [8:66] in the scaling limit r — 0, the sum over triangles becomes a Riemann
integral

22’1 22’2
(8.70) YY Aw)am) — [ /Q2d

f1 ET;‘I:O fzeT:Z:O

The D(eq; F,)(£f,) (@ = 1,2) are easy to control since as above from Pro.
we know that they converge uniformly towards the E'(e,; F,)(2,) given by
Controling the scaling limit of the discrete derivatives of the smooth part of the
propagator is also easy through Lemma 2] We get the uniform limit

@], = o )

The non-trivial point is to get a uniform bound on the scaling limit of the left+right
discrete derivatives of the non-smooth part of the propagator, and to show that it
is subdominant. This issue has been discussed in detail in Sect. [6.2] through Lem-
mas [[1] and However Lemma [I1] relies on the fact that the discrete derivatives
V and V are relative to the faces f of an isoradial triangulation To. This is not
the case anymore here, since the discrete derivatives are relative to the faces of a
non-isoradial triangulation T[., derived from an isoradial one Tf by flips of edges,
without moving the position of the vertices.

We can repeat the analysis of Sect. [6.2] for this more general case. Again the
dangerous contribution which could give a term of order |z; — 25|72 is the m = 1
term in which is explicitely proportional to the real part of

p3(u,v) r?
(2(w) = 2(v))?
Again, the most dangerous contribution comes from applying left+right discrete
derivatives to ps(u,v)). Generically a naive dimensional analysis shows that each
discrete derivative applied on p3 will bring a term of order !, so that we will get
for a pair of triangles £ € T, . N Qq, £2 € T . Ny

€1:0 €2:0

2 2 (g)fbulpz%(umn) (g)T ~ cst.r?

u; €f1 ugefs ug,fy

(8.71)

fifo

However, we shall see that this estimate is genericaly not uniform. Namely, the
cst. in this estimate can be arbitrarily large ! remember that from Lemma [T1]if £,
and fo are faces of the original isoradial triangulation T then this cst. is bounded
by cst. < 9.

This is a technical point which comes from the fact that generically, if we start
from an isoradial Delaunay triangulation Ty with isoradius r, and consider an ar-
bitrary triangle t = (uj,us,us3) which is not a face £ of Ty, this triangle may have
a circumradius R(t) very large (R(t) > r), and an area A(t) arbitrarily small
(A(t) < r?). “Experimental mathematics” studies of such singular cases and some
analytical estimates leads us to make the following conjecture.

Conjecture 1. Let Ty be an isoradial Delaunay triangulation Tj of the plane with
isoradius r, and p3(u,v) the function defined for any pair of points (u,v) of Tg by
2n

ps(u,v) = Zeigei , 0; = arg(z; — zi—1)
i=1
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whereV = (20,21, " , Zan—1, 22n) 1S a path on the rhombic lattice -[80 obtained from
T3, going fromu (zg = z(w)) to v (22, = 2(v)).

For any non degenerate triangle t = (uy,uz,u3) in Ty , let Vps(t) and Vps(t)
be the discrete derivatives w.r.t. u taken at the face t (note, this is independent of
v). Then there is a uniform bound

(8.72) |Vps(t)| and |Vps(t)] < cst.R(t)/r?

with cst. a number of order O(1) independent on the choice of critical triangulation
TG and of the triangle t. On the examples we have studied, we found cst. = 6.

Assuming the validity of the conjecture, it is easy to adapt the arguments of
Sect. and to use that fact that the circumradii of the faces f; and f3 of the
deformed-back-deformed non-isoradial triangulations T{ ., and T(, ., are uniformly

bounded for €; and €3 small enough by This leads to

Lemma 15. Assuming Conjecture[d], the left-right discrete derivative of the non-
smooth part of the propagator is uniformly bounded in the scaling limit r — 0
r
cst.

by
@) G @)T = 2(£1) — ()]

It is therefore subdominant when compared to the contribution of the smooth part
of the propagator given by|8.71)

Combining everything, we get the final result for the scaling limit of the bilocal
term

(8.73) |

fifo

Proposition 16. Assuming that Conjecture [1 allows to control the derivatives of
the non-smooth part of the propagator, the bilocal term Tr [A' (1) - AZ! - A (e2) - AG]
defined on critical triangulations T{ converges uniformy in the scaling limit r — 0
towards the bilocal term

/Qlszl /de222 tr [E’(el;Fl)(z1)~ <(Z1 _022)_2 (=1 —032)_2> .

el (o e O )]

zZ1 — 22)7

(8.74)

Note that this term depends on the fours derivatives 0F;, OF,, 0F,, OF, and
their c.c., and contains both the analytic term (z; — 29) ™%, the anti-analytic term
(Z1 — Zo)™%, and the mixed term (z; — 22) " 2(2; — 22) 2.

Finally, from the explicit expression the limit € — 0 of E/(¢; F') exists and
is uniform.

oo 0  —40F
(8.75) lim E'(e F) = <—4aF 0 >

Together with Prop. [I6] this leads to the commutation of limits result for A.

Proposition 17. Under the assumptions of the previous propositions, the limit
€ — 0 and the scaling limit r — 0 for the bilocal term exist, are uniform, and
commute. One recovers the result obtained previously for the scaling limit of the
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OPE on the lattice for A.
lim lim Tr [A/(e1) - AL A'(e2) - AL

e—=0r—0

R o
(8.76) = lim lim Tr [A'(e1) - A1 - Al(e2) - A

_ iz/ d22:1 d222 8F1(Zl) 3F24(22) + 8F1(f'1) 37F24(22)
7 Ja, Qs (21— 22) (Z1 — 22)
8.8. About the scaling limit of the Kéihler operator D. We now discuss
briefly the deformations of the Kahler operator, without giving details of the cal-
culations. In the block matrix representation, the Kéhler operator D and its e-
derivative read

(8.77)

V' (AR 0\ (Ve , V' (AR AB) (Ve
pa=fz) (" 0) (%) 7o-(3) (18 ) (R)
with A, and R, the areas and circumradii of the faces of the deformed lattice T,
while &, and 4, are given by and In order to study D(e) at finite epsilon
and to compare it to D(0) = D, and its scaling limit, one can try to repeat
the argument for A presented in the previous section. It is enough to consider
D’(e). We start from a critical lattice Tj; with isoradius r, perform the deformation
z — z + €F(z), and reexpress D’(e), defined on the deformed Delaunay lattice T7,
on the back-deformed lattice T..,. We can thus rewrite D’(e) under a block form

similar to

(8.78) D'(e) = (g)*A. Fler) (g)

with F/(e; F') a 2 x 2 block matrix made of diagonal matrices relative to the faces
f of T.,,, defined implicitely by The 2 x 2 matrix extracted of F’ relative to
a face £, [F/(e; F)] (£), can be computed explicitly out of the VF(£) and VF(£),
and of the geometry of the face £, but the result will be quite long and not very
illuminating at this stage. The difference with the previous case of A is that for a
face £ (let us denote its vertices (123)) F’ will depend explicitely of the circumradius
R(f) of the face, and of the phases C, associated to the unoriented edges e = (12),
(23) and (31) of £, defined by [8.13] Indeed the coefficient $(£) depends explicitely
of R(f), and the coefficient (f) depends also of the coefficients C(f) = 3 ., Ce.
Moreover the variation of these coefficients under the backdeformation T.., <> T,
depends also of these Cs.

We can now use Pro. [13[ which bound the $(f) and R(f) and R(f), and the fact
that since the C, are phases so that |Ce| = 1, to bound uniformly the coefficients of
the matrices [F/(e; F')] (£)’s w.r.t the deformation parameter e (small enough) and
the triangulations T{;. More precisely

Proposition 18. Let F' be a deformation function, F = {I{ : r € (0,1]} a family
of critical triangulations labelled by their isoradius v, and € € (0, €}, with €, defined
by. There is a constant Cst. which depends only on F' and the choice of €, such
that there is a uniform bound for the matriz elements of the [F'(e; F')] (f) matrices

(8.79) || [F'(&; F)](£) || < Cst.r?

with || - || the standard operator norm on matrices (for instance).
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Proof. The proof relies on writing explicitely the matrix F/. This is lengthy but
not difficult. Note that the r—2 factor, where  is the isoradius of the initial lattice
Tj, comes from the A/R2 in the initial definition of D O

If we look now at the limit » — 0, keeping € fixed, denoting as in propositior{T4]
£7,(2) the face of TL, which contains the point z, there is for a generic family
F = {T7} no reason that the ratio R(£".,(z)) = R(£f",(z))/r and the coefficients
Co(£7,(2)) and C(£",(2)) converge towards fixed values R(z;€), C(z;¢€), Ce(2;€) in
the scaling limit » — 0. Indeed, these quantities depend explicitely on the detailed
local geometrical structure of the lattices T{ in the neighborhood of the point z,
for each values of r. Only for some very specific sequences of T, for instance
iterative isoradial refinements of the initial lattice for r = 1, can we expect strong
correlations leading to the existence of a r — 0 limit for theses quantities. We can
therefore state:

Proposition 19. Under the hypothesis of Prop. the matriz F'(e; F)/r? has
generically no local scaling limit for € finite when r — 0.

(8.80) lim [F'(e; F)] (£7,(2))/r? does not exist
r—

Of course one must have z € Q) = supp(F), since othewise this limit exists and is
zero. The same is obviously true for the non existence of the v — 0 limit of the
bilocal term at finite €1, €2

(8.81) lim Tr [D'(e1) D' D'(e2) - DY does not exist
T

Therefore, the existence of a scaling limit for D could make sense in a much more
limited setting than for A. Remember that we want to compare (i) the limit € — 0,
which, for D’ as well as for A’, has the effect of keeping only the terms linear in
VF, VF and their c.c.; (ii) the scaling limit » — 0; which allows to replace the
discrete derivatives V, V by continuous derivatives 0 and 0, and in particular m
In fact the best result we obtain so far is as follows.

Proposition 20. Let F be a deformation function, F = {T{:r € (0,1]} a family
of critical triangulations labelled by their isoradius r, and €|, defined by . We
consider the “simultaneous limit" where
(8.82) r—0 ca=€(r)=rc, with 0<c,<¢, fora=1,2
Then the bilocal term of| converges uniformly towards its continuum limit given
in Th.[3

lim Tr[D'(e1) D' D'(e2) D' =

r—0
€1/r=cy

(383 o/ -
) ) OFz) OF
%/ d221/ 422 <8F1(Zl)aF2(22)+ (fl) 2(22)>
Q1 Qo

(21 — 22)* (21— 22)*



PERTURBING ISORADIAL TRIANGULATIONS 95

9. DISCUSSION AND PERSPECTIVES

9.1. The aim of the study.

Firstly, let us remind the purpose of this work: study some of the properties of the
measure over triangulations of the plane introduced in [DE14], in view of a better
understanding of the relations between this discrete model of random geometry on
the plane, and the continuum models of random geometries on the plane given by
Conformal Field Theories (CFT), in particular the Quantum Liouville Theory. The
model is defined as an integral over the space of all Delaunay triangulations of the
plane. This paper is devoted to a particular and somehow limited study. We do not
study as a whole the global properties of this integral, and of the associated measure.
We rather study the measure in the neighborhood of very specific (subspace of)
triangulations, namely isoradial triangulations. Our motivation is twofold : (i)
isoradial triangulations can be viewed as a discretization of flat geometry, so that
this should amount to some “semiclassical limit"; (ii) deforming the geometry is one
way to associate a stress-energy tensor to a statistical model, whose properties are
crucial for conformal theories.

The measure of the model is a Ké&hler mesure (in fact equivalent to the Weil-
Petersson measure) and its density can be written as the determinant of a Laplacian-
like Kédhler operator D (defined on the Delaunay traingulations), with specific global
conformal invariance properties under PSL(2, C) transformations. In order to com-
pare our result with other case, we have studied in parallel the Kéhler operator D,
the ordinary discrete Laplace-Beltrami operator A (which is not PSL(2,C) invari-
ant), and a variation of the discrete A, that we introduce here, A, which shares
with D the global PSL(2,C) invariance property.

9.2. The first order variations and discretized CFT.

The Laplace-Beltrami operator A.

The calculation for the first order variation for the discretized Laplace-Beltrami A
is easy to discuss in the framework of discretized CFT on the lattice. We refer
to Appendix [A] for a reminder of the definitions and properties of CFT which are
needed in this discussion. Our result [6.4]in Prop. [7] is

(9.1) dlogdet(A) =~ Y 4A(f)(vp(f) Q(f) + c.c.)
faces

with

(9:2) Q(f) = [VAT'V e = Ve Ve [AG ],y

u,v

It reads as the discretized version of the first order variation of the partition function
under a diffeomorphism for a CFT (see [A.10]) given by

3 log(Z) = — % / P (9F(x) (T(x)) + OF (2) (T()))

the sum over faces being the discrete version of the integral over the plane, and the
discrete derivatives VF and VF being the discrete versions of 0F and OF.

(9.3) > A®f) © /d%, VF < 9F , VF ¢« OF
f
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The term Q(£f) is given by the v.e.v. of the discretised stress-energy tensor 7" for
the discretized theory with Grassmann fields (®, @) attached to the vertices of the
triangulation G¢,, with discretized action S

(9.4) S, 0] = AP = Y DuA,D,

vertices

u,v € Ger
and discrete stress-energy tensor T, attached to the faces (triangles) of the trian-
gulation G,

(9.5) T, () = —4nVO(£)VE(f) = —4m > Veu®u Ver Py

u,vef

through the relation
(9.6) Ar Q(f) = (T, (£))

Note that this definition for the discrete stress energy tensor follows directly
from [0.4) and the variation of the discrete Laplace-Beltrami operator A given by
Prop. [f] and eq. [5.3]

The above discussion is valid regardless of whether we consider the variation of
the Laplace-Bletrami operator defined on an isoradial Delaunay graph G, or instead
on a general Delaunay graph G. Indeed, follows from the general equation [5.3
for the variation of A on generic triangulations. Note also that the absence of a
VF+VF term in the variation of A means Tr(T) = T*% = T?# is zero, and that the
discrete Laplace-Beltrami operator A has a discrete conformal invariance property.

The interesting result, relevant for the discussion here, is that for an isoradial
Delaunay graph G, the term Q(f), i.e. the v.e.v. of the discretized stress energy
tensor T', depends only on the local geometry of the graph, i.e. on the shape of the
triangle £, as stated in prop. [7] This is not true when G is not isoradial; in that
case, (T'(£)) will depend on the full geometry of the lattice.

The Kdhler operator D.

The first order variation for the Kéhler operator D is given by [6.8]in Prop. [0} The
first term in[6.8]is the same as the first order variation for A in[6.2] which is rewritten
in [9:1] as a sum over the triangles of the lattice involving the discrete derivatives
of the deformation VF and VF. The second term in é involves the first order

variation . R(f) of the circumradii R(£,€) of a face, which can be obtained from
[E.8 and 591 The final result is

(9.7) dlogdet(D) = — Z <<4A(f)Q(f) + %C(f))?F(f) + ;VF(f)—FC.c.)
faces

with the geometrical factor C(£f) for a triangle £ given by while Q(£) is given
by and corresponds to the v.e.v. of the discretized stress energy tensor T, (f)
defined by [9.5] for the Laplace-Beltrami theory.

Like the Laplace-Beltrami theory, the variation [9.7] can be written in term of a
discretized stress energy tensor T, for a theory with discretized action

(9.8) Sp[®, 3] = ©-DD
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9.9)
3 log det(D) = tr 4D - D] = — % ST A() (VE(£)(To(£)) + VE(£) (T (2))

+ % ; A(f) (VF(£) + VF(£)) (tr Tp(£))

where the components of the discretized stress energy-tensor are

Ty :—47r% (VEVE 4+ CVP V)

(9.10) T

—ir oy (VTS 4+ CTa V)
trTp = 8% (Vo Vo)

One should note the non zero (VF + VF)/2 term in 9.7 and the non-vanishing of
the v.e.v. of the trace of a discrete stress energy tensor tr T,. This follows from
the fact that the length dimension of the matrix elements of D is length—2.

The definition [0.10] and the variation formula [9.9 remailn valid if we replace
the isoradial Delaunay graph G., by a generic Delaunay graph G. The additional
term C(f) in which depends explicitely on the local geometry of the graph
in the neighborhood of the triangle £. This term cannot be written simply in the
continuum limit ¢ — oo in terms of continuous derivatives @ and 0 of a “smooth”
complex Grassmann field ®(x) in the flat continuum plane R?. This implies that
T, hase no direct interpretation in a continuum field theory setting, at variance
with T,.

Again, the interesting explicit local form given in Prop. [0 and in Remark [31] are
only valid for the variation of an isoradial Delaunay graph G.,.

The conformal Laplacian A.

The result given by Prop.[§|for A admits a similar interpretation. Again the absence
of a VF 4+ VF term signals the conformal invariance of A, which in this case is
ensured from start, before one takes the scaling limit. The first order variation can
still be written as a sum over triangles, of the form

(9.11) dlogdet(A) =~ > 4A(r) (ﬁF(f)me(f) + C.c.)

faces

16+
but now the local face term Q__ . (f) differs from Q(£) when one or several of the
edges of the triangle £ are chords, owing to the additional terms in More
precisely, the contribution for a chord can be separated into equal contributions for
its adjacent “north” and “south” triangles, so that one writes

(9-12) A() Q. (f) = A(£)Q(E) + H,,, (£)

with the anomalous term H_ __ (f) for a (counter-clockwise oriented) face f ex-

anom.

pressed as a sum over its (oriented) edges € which are chords

1
1 H f):= H(&, f ith H(E f):= — 6,(€ ) e
(9 3) auom.( ) }Zd (97 ) wit (e7 ) 871—1 en(e)COten(e)gn(e)
gcof
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and where &, (€) is defined in These explicit results are valid when deforming
an isoradial Delaunay graph Ge;.

Again for the deformation of a generic triangulation G, the variation [0.11] can
be written in term of a discretized stress-energy tensor T, a theory for a Grassmann
field (®, ®) with action S, = ®-A®

f

dlogdet(A) = — = 3 A(e) (TF(£)(Ta(0) + V()T (0))
(9.14) ) f -
+ 530 A) (VF(E) + TF() (0(Ta(£)

One has generically tr(T,) = 0 (conformal invariance). The discretized analytic
and anti-analytic components T, and T, can be written explicitely, using Section
and in particular in Remark 23] We get a generic form for T, involving all
possible binomials of discrete derivatives of the fields

(9.15) Tn=dVeVd +bVeVd +cVoVed +dVe Ve

The coefficients d(£), O(£), ¢(£), d(f) for a given face (triangle) f of the triangu-
lation 60+ turn out to depend not only of the geometry of the triangle £, but of
its three neighbours £/, £ and £, since they depend explicitely of the conformal
angles f(e) of the three edges e’, ¢” and e”’ of f£. See Fig. So the discrete
stress energy tensor T, is still local in the fields (®, ®) than T, , but is less local in
the geometry of the lattice, and less analytic, since Ty does not involves only the
term V® V® which a simple d(f), as for T,. From the general discussion of Sec-
tion @, the anomalous terms will always be present in a discretized T, as soon as
we consider the deformation of a generic non-critical (non-isoradial) triangulation
G- This will have important effect when discussing the second order variation,
owing to Appendix [C]

FIGURE 27. A face f (triangle) and its neighbours



PERTURBING ISORADIAL TRIANGULATIONS 99

9.3. The second order variations and discretized CFT.
We now discuss along the same line our result for the second order variation and
its scaling limit.

The Laplace-Beltrami operator A. Here we consider the Beltrami-Laplace operator
of the Delaunay graph G. obtained through a bi-local deformation z,(v) := z¢,(v) +
€1 F1(v) + eaF»(v) of the critical embedding of an isoradial Delaunay graph Ge;.
The €1€e2 cross-term of logdet A can be calculated exactly using Proposition@
and expressed using the limit graph Gg+ and any weak Delaunay triangulation G+
which completes it. This gives

(9.16)
0.0, logdet A

— DA AZ A AL

— 64 tr |Re [WT(VE)N] N [vaFQ)Av} AL

=) 32A(x1)Alxz) Re

triangles
x1,x2 €Goyt

X1X2

VF (x1)V Fa(x2) [VAgerT] ’ ]
N

> 32A(x1)A(xz) Re

triangles
X1,X2 € C;O+

vpl(xl)vFQ(XQ)[VA;WT ]

X1X2

Using formula for the discrete stress-energy tensor Ta and applying Wick’s
theorem we can express the two-point v.e.v.’s

<TA (x1) TA(xQ)>

2

om2 [vazvT]

conn. X1X2

(9.17)
2

<TA (x1)Ta (x2)> - [VA;WT]

3271'2 conn.
and the c.c. So far we do not require the initial graph to be isoradial: We may
in fact replace the critical graph G, with any Delaunay graph G¢ equipped with
its corresponding Beltrami-Laplace operator A and Green’s function Ay L and the
variational formula and double correlator identity remain valid. If, how-
ever, we incorporate a scaling parameter £ > 0 and consider the bi-local smoothly
deformed embedding ze.¢(v) 1= 2 (v) + €10F1,0(v) + €20F50(v) then the isoradial
property (as manifest in the asymptotic expansionfor the critical Green’s func-
tion A_!) is sufficient to establish the convergence of the scaling limit of formula
which is consistent the OPE of the CFT with the expected central charge

¢ = —2, namely

X1X2

5F1 (.’171) 5F2(1‘2>

9.18 lim 3. logdet A = = // da? dz? Re
( ) oo e g ﬂ_g 1 x 1 2 (17171‘2>4
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= . .
As we have seen VA;'VT and VA;'V  (and their complex conjugates) must
decay in accordance with Lemma|[I2]in order for[9.18|to hold. Our result is of course
not surprising, and should be viewed as a check of the validity of our approach.

The Kdhler operator D. Prop.[II] and its scaling limit given in Section [7.3] are the
news and interesting results of the paper. They states that the scaling limit of the
bilocal second order variation for tr[log D] is similar to the one for A.

(9.19) L //Q dy ds (5F1(I1)5F2($2) N 8F1(x1)8F2(z2)>

72 J) oy xa, (z1 —x2)4 (T1 — T2)*

This is interesting for two reasons.

The D operator has a different form and even a different scaling dimension
than A. Its variation [5.4] and the associated stress-energy tensor [0.10] are different.
However the second order variation has exactly the same OPE form than the variatio
for for A, and it corresponds to a CFT with the same central charge

c=—-2.

This value for the central charge is in our opinion somehow unexpected, and this
is interesting per se. Indeed it was suggesetd by one of us (F.D.) in the original
paper [DE14] that the measure over triangulations given by det(D) (later shown in
[CDEI9] to coincide with the Weil-Petersson metric over marked complex curve),
had a direct relation with the gauge fixing Fadeev-Popov determinant in two di-
mensional quantum gravity. If true, it should be related to the so called b-c ghosts
system in Polyakov’s formulation as Liouville theory of 2D gravity and non-critical
strings (see [Fri84]). Then one could have expected a different value for the central
charge, since the central charge for the b-c system is ¢ = —26, and the central charge
for the corresponding Liouville quantum gravity (at Q = 5//6 i.e. v = 1/8/3) is
c = 26.

The conformal laplacian A.

For the conformal Laplacian operator A, we do not have such a simple result,
and the corresponding OPE cannot be interpreted as coming from a CFT. There
are additional contributions that comes from the chords, which have been studied
in section [6.3] and are the chord-chord term given by [6.58 and the chord-edge term
given by @ The later chord-edge term has the expected harmonic form (depend-
ing only on (z —2’)~* and its c.c.), but with a local geometry dependent coefficient
involving both VF,VF, and VF;VF, terms. The chord-chord term is even more
involved and contains a non-harmonic term, proportional to |z — 2’| =%, with a more
complicated geometrical dependence in the geometry of the faces and the chords.
In Appendix [C] we give an explicit example of a critical lattice with a finite density
of chords where these addditional “anomalous” terms give a macroscopic anoma-
lous contribution to the second order variation, which precludes an interpretation
in terms of conformal field theory in the scaling limit. Of course this comes from
the anomalous terms in the expression of the discretized stress-energy tensor 1.,
(of general schematic form given in , which does not have a simple universal
field theoretical interpretation in the scaling limit. This is also a new - although
somehow negative - result.
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9.4. Relations and differences with other discrete models.
The operators that we study here are defined on planar isoradial Delaunay graphs.
Isoradial graph embeddings play a very important role in the study of two dimen-
sional models of statistical mechanics in theoretical physics and in mathematics.
In particular they are an essential tool in the proof of the conformal invariance of
the Ising model at its critical point, and in the study of the conformal invariance of
other critical models. They are very important in our study too, since they afford
control of the large distance properties of the respective Greens functions.

However, we stress that there is an important difference in term of perspective.
In studies of critical statistical models on such graphs, the underlying graph is fixed
and the proofs of the existence of a scaling limit and of its conformal invariance are
undertaken for a fixed lattice. The random triangulation model of [DE14] is a statis-
tical model of planar graphs, rather than on a planar graph. The planar isoradial
graphs that we consider here are just some special “semi-classical” configurations,
which minimize a “local curvature functional”, as discussed in the introduction in
1w

There are nevertheless relations between our work and some recent works, espe-
cially in regard to defining a notion of a discrete stress-energy tensor. Let us briefly
discuss two of them.

Discrete stress-energy tensor in the loop model of Chelkak et al. In [CGSI8| Chelkak,
Glazman and Smirnov study the famous critical O(n) loop model [DMNSS8]] [Nie87|
[Kos89] on abstract discrete surfaces with boundaries (denotes Gs) made by gluing
together equilateral triangles A and rhombs ¢(6) of unit length ¢ where each rhomb
has an independent acute angle ¢ selected in the range 0 < 6 < 5. See Fig. The
surface has in general conical singularities at all of its vertices. In general a discrete
surface may admit more than one tessellation into triangles and rhombs if some ver-
tices are flat (no conical defect). Two tessellations are equivalent (i.e. they describe
the same surface) if one can be transformed into the other by applying a sequence
of the following three kinds of local operations: (i) Yang-Baxter transformations
which flips a flat hexagon made up of three rhombs sharing a common vertex, (ii)
pentagonal transformations which interchange a triangle and a rhomb which form
a flat pentagon with a triangle and two rhombs, (iii) split transformations which
dissect a rhomb (%) into a pair of equilateral triangles sharing a common edge.

See Fig. 29

FIGURE 28. The triangles and rhombs of [CGSIS|

The states of the O(n) loop model for a tessellated surface G are configurations
~ consisting of non-crossing loops and strands (joining boundary components, if
present) drawn on the surface G5 which can be obtained by concatenating local
arrangements of arcs, one for each triangle and rhomb in G;5. A local weight w, (£)
is associated to each face £ of Gs which depends on the configuration of the loops
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FIGURE 29. Yang-Baxter, pentagonal and split moves of [CGSIS|;
white vertices o have to be flat (no conical singularity)

—

on f, the geometry of the face (hence of angle 0 if £ = ¢(0) is a rhomb), and on a
parameter s (related to the temperature). A factor n (loop fugacity) is associated
to each closed loop. The local weight w () (that we do not discuss here) are taken
to have a very specific form in order to satisfy the Yang-Baxter and Pentagonal
relations ensuring that the model is the same for equivalent tessellations of the
surface.

The partition function Z°(Gjs) for the O(n) loop model on a fixed surface G
equipped with a boundary condition b (specifying which boundary edges are joined
by arcs), is given by the sum over states (loops+arcs configurations v) by

(9.20) Z°(Gs) = > n#loors) TT o (£)
b-configurations y faces
feGs
In addition, when the specific relation between n (the loop fugacity) and s (the
temperature parameter)

n = —cos(4m s/3)

holds, then the loop model is critical.

In [CGSI8| Chelkak et al. consider a planar version without conical defects
where all rhombs have angle § = %, and such that the discrete surface Gs is a
compact, connected domain 2 of the triangular lattice. In this planar case, they
define a discrete stress-energy tensor as the response of the model to an infinitesimal
e-deformation of the original planar surface into a non-planar surface with conical
defects. More precisely, two deformations are considered: (i) replacing two adjacent
equilateral triangles (forming a rhomb {(7/3)) by a rhomb ¢(6) with angle 6 =
% + ¢, (ii) replacing two aligned edges by a “almost flat” rhomb O(e) (see Fig. .
The variation of the logarithm of the partition function under such e-deformations
defines the e.v. of discrete stress-energy tensor 7|, associated to edges e or to
midlines m (of the honeycomb lattice built from the original triangular lattice),
and out of these related real objects, a discrete complex stress-energy tensor T
can be associated to the vertices and the faces of the lattice (with relations). In
[CGS1§| it is conjectured that this object is approximately discrete-holomorphic
and converges to the stress-energy tensor of the corresponding CFT in the scaling
limit.
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FIGURE 30. The e-deformations of rhombs in [CGS18§]|

Similarities and differences. There are similarities but also important differences
with the approach and results of our study. The discrete conformal Laplacian
A defined in is also defined with respect to a rhombic tessellated surface S
naturally associated to a Delaunay graph G in the plane (see Sect. and especially
Def. . However Sg is constructed only out of rhombs {(e) associated to edges
e of G, and contains no equilateral triangles. Morover, the rhombic surface Sg
is bipartite: whose black and white vertices correspond to vertices and faces of G
respectively. Finally, and most importantly, the black vertices of Sg must be flat
(they do not carry a conical singularity), while the white vertices carry in general
a conical singularity (corresponding to a non-zero Ricci curvature given by ,
see Fig. [31] Thus our model considers only a subspace of the space of tessellated

curvature

N
+«— flat

FIGURE 31. The rhombs which build the tessellated surface S& in
this paper

surfaces of [CGS1S].

Like [CGS18], the stress-energy tensor in our study is defined in terms of defor-
mations. However an important difference is that we consider deformations of Sg
which are induced from deformations of the underlying Delaunay graph G in the
plane. This space of deformations differs from those considered in [CGSIg| in two
respects. First, our deformations preserve the flatness of the black vertices of Sg.
Second, and this is essential, our discrete stress-energy tensor has a specific invari-
ance properties under global continuous analytic transformations of the plane, i.e.
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Moebius transformations. This holds a priori, independent of the specific geometry
of the Delaunay graph G.

In [CGSIS] as well as in other studies, the framework is different. One looks for a
discrete stress energy tensor on an isoradial critical graph G which has some specific
invariance properties under the discrete analytic and anti-analytic transformations
of G. Discrete analyticity is a very special and powerful property, but it depends
explicitly on the critical graph considered. It is only in the scaling limit that discrete
analyticity can be shown to “converge” (this is a crude presentation of beautiful and
precise results) towards the usual analyticity in the continuum (i.e. in the complex
plane C).

Another difference is that our deformation setting include deformations of “flat
rhombs” (corresponding to chords) which are not deformations of aligned edges, as
the deformations considered in [CGS18| and depicted in Fig. These deforma-
tions induce the appearance of the “curvature dipoles” discussed in Sect. which
complicate the analysis of the deformations of A.

The overlap between our work and the results of [CGS1§| is restricted to the
case of the A operator, which is related to the GFF. Strictly speaking the authors
of [CGSI8| consider the critical O(n) loop model for n € [—2,2], but it is known
that the GFF can be related to the n = 2 model, and that there is some relation
between the Laplace-Beltrami operator on a graph and the n = —2 model.

On the other hand, the Laplace-Beltrami operator A and the Kahler operator D,
which we would like to study on general Delaunay graph G, are not defined in term
of the abstract rhombic surface Sg. We do not know how to relate precisely, and
in general, their corresponding discrete stress-energy tensors to the construction of
a stress-energy tensor of [CGS18].

Stress-energy tensor constructions through lattice representations of Virasoro alge-
bra. In an approach taken by Hongler et. al. in [HKV19|, a stress-energy tensor for
some lattice models is defined implicitly by identifying its modes through an action
of the Virasora algebra on an appropriately defined vector space § := F°¢/F"! of
lattice local fields (modulo null fields) supported on the graph. This construction
avoids interpreting the stress-energy tensor as a response to a deformation of the
graph embedding. Instead an intermediate action of the Heisenberg algebra is in-
troduced using a discrete holomorphic current along with a technique of discrete
contour integration and a notion of discrete half-integer power functions. Only
the special cases of the discrete GFF and of the Ising model on the square lattice
G = Z% with mesh size § are handled in [HKV19]. However, we expect that most
of their technology (e.g. the notions of medial and corner graphs, discrete power
functions, and discrete contour integration) is readily adaptable to arbitrary isora-
dial graphs (and their rhombic graphs where the theory of discrete holomorphicity
is well-behaved). The space of lattice local fields F'°¢ of [HIKV19] depends on the
translation properties of G = Z2. Specifically &'°¢ consists of fields which can be
constructed as polynomial expressions of elementary fields ¢s(z) together with their
translates ¢5(z + z8) for x in some fixed, finite set V' C Z? of admissible displace-
ments. For a general isoradial graph one would need to specify an adequate vector
space of lattice local fields F'°¢ on which a representation of the Virasora algebra
could be supported. Bearing this, it would be natural to examine whether the
stress-energy tensor(s) for the operator(s) considered in our paper can be realized
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by such putative Virasora algebra action(s). For older references of representations
of Virasoro algebra in lattice models, see the references in [HKV19].

9.5. Open questions and possible extensions.

1: We would like to reiterate the problem of settling Conjecture [I] of Sect. [8:6] or
in lieu of that finding another adequate bound on R(£)™'Vps(£) uniform in the
faces £ of Tg") and the scaling parameter ¢ (or r = 1/¢), in order do complete the

proof of props. [16] and [I7] as well as

2: Instead of using an isoradial Delaunay graph, we could instead begin with a
Delaunay graph which is “smoothly non-isoradial”, in the sense that the circumradii
of the faces R(f) vary slowly with the position of the faces in the plane. Studying
the Laplace-like operators A, A and D and their deformations on such a graph
is an interesting problem which might entail finding asymptotic expansions of the
corresponding Green functions.

8: The properties that make an general isoradial graph G so useful as a starting
point in our analysis are a reflection of the underlying notion of discrete analyticity
supported on the lozenge graph G¢. Chelkak, Smirnov and others [Chel8] have
introduced the concept of s-holomorphicity and s-embeddings of graphs, and one
can try to develop a theory of deformations for such graphs and their associated
operators.

4: In the scaling limit, random planar graphs are known to be related to Liouville
conformal field theory. Finding a notion of discrete Liouville local field, with good
properties in the scaling limit, for the model of random Delaunay triangulations
is still an open problem. A solution could lead to an alternative discrete stress
energy tensor on a Delaunay graph, different from the one considered here, and
with different properties under geometrical deformations of the graphs; in particular
having a discrete central charge different from ¢ = —2 (possibly ¢ = —26).

5: It should be also interesting to study the existence and description of a stress
energy tensor for other discrete models on Delaunay graphs, such as Dirac Fermions,
the Ising model, the O(N) model, etc. using the approach of our work. It would be
fruitful to compare the results with the approaches taken in [HKV19] and [CGS1S)|

(see section [0.4).
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APPENDIX A. REMINDERS: THE STRESS-ENERGY TENSOR IN QFT AND THE
CENTRAL CHARGE IN 2D CFT

A.1. The stress-energy tensor. For completeness, we recall some textbook ma-
terial of QFT and CFT, which can be found for instance in [DEMS97]. A cen-
tral concept in field theory is the stress-energy tensor T = (T*) (also denoted
the energy-momentum tensor in the literature). Firstly, T can be viewed (in flat
space) as the conserved current JV = (7,") associated to space-time translation in-
variance, and is defined through Noether’s theorem by the action of an infinitesimal

local change of coordinates
(A1) ¥ =’ + £ (x)

on the action S (classical or quantum) of the theory. Secondly T can be viewed (in
a general curved space) as the “response of the theory” to an infinitesimal variation
of the classical “background metric” g = (g..)

(A.2) Guv = Guv + 09w

of the space-time M where the theory “lives”. More precisely T is defined classically
by the functional derivative of the action &

oS

2
V(@) 09, (@)

For a quantum theory (i.e. a local QFT), T is now a quantum operator. Its
vacuum expectation value (the vacuum-vacuum matrix element) is given by the
first order variation of the logarithm of the partition function Z of the QFT under
an infinitesimal variation of the metric dg,.,

(A.4) SlogZ = / 02 /9 (@) Sgp () (TH (2)) + ---
M

Similarily the first order variation of the vacuum expectation of an observable O,
for instance a product of local operators Oy (1) - - - O (), gives by the connected
correlator of T times O

(A.5) 6(0) = ;/de V() 69,0 ((T’“’(:c) O)onn. + contact terms) + -

where the so-called “contact terms” are present in when the position x of T
coincides with that of some local operators in O.

These two definitions of the stress-energy tensor T are closely related, and in fact
equivalent (with the proper definitions of T), since a diffeomorphism induces a
change of metric

(A6> (Sg/u/ = ugu + Dufu

with D), the covariant derivative and £, = ¢,,£".

These definitions extend to higher order terms in the expansion in the infinites-
imal variation dg,,, which give expectation values of products of T (correlators).
For instance the second order term in the variation of log Z gives the two point
correlator

(A.7)
1 /dw V()09 (x) /dy VIY) 3950 (y) (TH () TP (Y)) conn. + contact terms
8 Jm M

and so on.

(A.3) TH () =
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A.2. The stress-energy tensor in two dimensional CFT. In two dimensions,
it is standard to work in complex coordinates z = z! +i2?, Z = 2! —iz?, so that
the flat metric is

9zz = 9zz = 07 9zz = 9zz = 1/2 .
An infinitesimal diffeomorphism z — z + € F'(z, z) thus amounts to a variation of
the metric

(A.8) 8G.. = €OF, 6gsz =€0F, 6g.: =09z, = €(OF + 0F)/2

For QFT’s in two dimension (in particular for CFT’s), especially important are
the holomorphic and antiholomorphic components of the stress energy tensor T,
which are denoted T" and T in the litterature (see e.g. [DEMS97]). In the flat
metric they are
(A.9) T = —gTﬁ - T, T= —g T = —on T,

The variation of log Z [A4] reads

Slog(7) = - < / P (9F(x) (T(x)) + OF (x) (T()))

(A.10) .
+ i/dzx (0F (z) + OF (z)) (tr T(z)) + -
where tr T = TH =T g,, = T** = T*.
Conformal invariance in 2D implies that 777 = T?%* = tr'T = 0 identically

vanishes. For a quantum theory (a CFT) this requires a proper definition of the
renormalized stress energy-tensor, and this identity is valid up to very specific
contact terms. The law of conservation for the current 9,7*" = 0 reduces to oT =
0, 0T = 0, hence the terminology holomorphic and antiholomorphic components.
This is valid for a CFT in a flat metric.

For a 2D CFT defined one a general surface with a non flat metric g, one can
still use conformal coordinates where the metric reads ds? = p(z, z) dzdz, so that
the analyticity property of T and T are preserved. p is the conformal factor of the
metric. A most important property is that the trace of the stress-energy tensor
does not vanish anymore. Its expectation value is given by the trace anomaly

(A11) (tr D)) = gu ()T (2)) = 57— Ruca(x)

where Rgca(z) is the local scalar curvature of the metric, with ¢ the central charge
of the theory. The trace anomaly is a quantum effect, caused by short distance
quantum fluctuations and renormalization effects. See e.g. [Eri84] for a derivation.
Finally, another very important feature of 2D CFT is the short distance operator
product expansion (OPE) for the stress energy tensor, which takes the form

(A.12) T(z)T(Z) = %ﬁ + subdominant terms
with again ¢ the central charge of the considered CFT.[AT1]and [A-12] are of course
not unrelated.

For a discrete statistical model, corresponding to a lattice regularized QFT,
conformal invariance is expected only at a critical point and in the large distance
scaling limit ( a famous example is the Ising model). The scaling limit of the model
corresponds to a CFT. The discretized stress-energy tensor T.c.. can be defined, but
it contains in general short distance UV divergent terms, proportional to negatives
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powers and logarithms of the short distance regulator a (the lattice mesh) or powers
the high momentum /energy cut-off A ~ 1/a. By dimensional analysis

(A.13) Treg. < A>~a™?

The definition of the continuum limit @ — 0 (A — o) requires a renormalization
prescription in order to define a renormalized stress-energy tensor T with the correct
properties for conformal invariance (OPE, trace anomaly).

A.3. The two dimensional boson and the A theory. Finally we recall that our
results for the Laplace-Beltrami operator A can be interpreted in the framework
of the standard free boson CFT with central charge ¢ = 1. Indeed, classically,
the action Si,..., and the stress energy tensor for the free boson are (on a closed
Riemannian manifold)

(A1) Sltl= 5 [ Povaoeemae =3 [ Eoiowa)

with stress-energy tensor

v 1 v g oV
(A.15) ™ = (— 5997 9" )8p¢0a¢
In two dimensional flat space, using complex coordinates, A, = —4 00. The action
and the components of the stress-energy tensor are
(A.16) Suonld] =2 [ %2 0600
(A.17) T=-2m(0¢)?, T=-21(0¢)*, totT=T*=T% =0

The last identity shows that 2d free boson is indeed conformally invariant. The
partition function for the boson is related to the determinant of A, by the functional
integral

(A.18) Zoson = /D[¢] oSl — det(Ag)—1/2

with “det” the properly defined functional determinant (taking into account the
normalization problems and the treatement of the zero mode).

Formally det(A,) = Z, 2 is the partition function of the “n =—2 components”
free boson CFT, with ¢ = —2. Equivalently, a standard trick is to write det(A,) as
the partition function of a theory for a scalar complex Grassmann field (a spin zero
field obeying Fermi-Dirac statistics) described by a pair of conjugate Grassmann
(anti-commuting) fields (®, ®), where the ®(x)’s and ®(x)’s are the generators of
an infinite dimensional Grassmann (or exterior) algebra. The partition function Z,
is given by the Berezin functional integral (see e.g. [DFMS97], [DEET99| and more
seriously [Ber66]) written (using the Berezin integration rules)

(A.19) Zn=detA, = /D[(I),(i)] eSO DIo,3] = [ do(x)dd (=)

with the action S, (here a degree 2 element of the Grassmann algebra) which is
simply the Grassmann version of the action for a complex bosonic scalar field

(A.20) S, [®,®] = 4/d2x 0P 0P = /d% A,
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Of course, unlike the bosonic case, the Berezin functional integral cannot be thought
in term of probabilistic averages over random real or complex fields “living” on a
space-time manifold, but as an algebraic construction. In the fermionic theory, the
two point functions (the propagator) are (note the anti-commutivity)

(A21) (2(2)®(y)) = —(2()2(y)) = [A;7],, . (2(2)2(y)) = (B(2)®(y)) =0
The stress energy-tensor components are
(A.22) T, =—47000®, T, =—-47990®, trT, =0

A
As explained in the discussion section [9] our results for the variations of the dis-
cretized laplacians A, A and the K&hler operator D (defined on a triangulation T)
can be easily formulated in term of discretized stress-energy tensors attached to the
faces of T. However, only for the Laplace-Beltrami operator A can the discretized
stress energy tensor be given a simple continuum limit formulation as the stress
energy tensor of a continuum QFT.
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APPENDIX B. PROOF OF LEMMA

Proof. For j = 2,3 introduce interpolations z;(t) := tz; + (1 — t)z1 between z; and
z1. In addition set z(s,t) := sz3(t) + (1 — s)22(t). We start from the definition of V

[#(22) — ¢(21)] [Z3 — Z1] — [d(23) — @(21)] [22 — 71

(B.1)  Vé(t) = )

where by formula [3.6] we have for the area of the triangle £
(BZ) 4A(f) = |Zl - 22| |22 - 23| |2’3 - Zl‘ /R(f)

The numerator can be expressed by
(B.3)
[0(22) — ¢(21)] [Z3 — Z1] — [@(23) — @(21)] [22 — 1]

_ /0 1 a s [¢(zg(t)) 2 - 7] - o(=(0) [ _z2]]
/0 L [[zg ] [E - 2]06(2(t) — [z — 1] [ _Zl}a¢(zg(t))] s-integral

= +
/O " l[zz ][5 - = [00(2(0)) - 8(;5(2;;@))]] sx-intogral

Apply the fundamental theorem of calculus once again, the x-integral in [B.3| can be
expressed as a double integral

(B.4)
11
,/O /0 dtds % |f9¢(2(5,15)) (5[23 —z][z2 —Z1] + (1= 8)[22 — 21] [75 — zﬂ)]

/01 /01 dt ds 8¢(z(s,t)) ([2’2 - zl] [53 - 51] — [23 — zl] [EQ — 21})

= —4iA(£)

+
_ /01 /01 tdtds 90 (z(s,t)) [z — z3](s[z3 —al[Fa— 7] + (1 - 8)[z2 — 2175 —21])

1 1 *
/ / tdtds 00¢(z(s,t))[z2 — 73] (3[23 —z)[Z2— 7] + (1= 8)[z2 — z1][73 — 21])
0o Jo




112 FRANGOIS DAVID AND JEANNE SCOTT
Dividing the *-integral in by (—43mA(f)) we obtain a first contribution to

V¢(£), namely
(B.5) o
// dtds 0¢(z(s,t))
0o Jo
+

//tdtds&% z(s, t)) I I Bl Z2 — 21 +(1—s) Z2— 21 Z3— 21
|72 = 2 |Z3721H22*21| |22 — 21| |23 — 21

— —Z —21 Z2—7% 29— 21 Z3—Z
f) / / tdt ds 00¢ (= (s, t)) 2T (T A 2T A + (-2 28 A
0 Jo |22 — 23] \ |23 — 21] |22 — 21 |22 — 21| |23 — 21
Again, by the fundamental theorem of calculus, we can transform the x*-integral

[B.3 and obtain
(B.6)

/o1 dt <[z2 71 (52— 1] |00 (2(1)) — 96 (=5(1))]

_[22—21][23—21]/0 /0 dtds(i(@qﬁ(z(s,t))
— -7l =] /O /O bt ds ([ZQ—Z3]88¢(z(s,t))+[22—23]88¢(z(s,t))>

Dividing the *x-integral in by (—4JmA(£)) we obtain a second contribution to
V¢(£), namely

(B.7)

Z2

. Z2—Z1 Z3— 21
e A <|22_23|aa¢(( ) ] PO D)

So we end up with

(B.8)
//dtds@qb (s, 1))

(f)/ / tdtds 00¢(z(s,t)) s B N B Zo — Z1 (- 29 — 21 Z3— Z1
0o Jo

|22 — 23| \ |23 — 21| |22 — 21 |22 — 21| |23 — 21

+

= //tdtds@@qﬁ (s, t)) B N Bl B Bl Y (1-s) Z2— 21 Z3—7Z1
|Z2—Z3| |2’3—21H22—Z1| |32_21||23—21|

. Zo—Z1 Z3— %1 Z9

R(t tdtds 00 + 3 99

1 ( )|22_Zl||23—21| / / <|22_Zd| ¢)< ( )) |22—Zd| d)( ( )))
Thus we can bound the norm of the r.h.s. of [B:§ by

(B.9) R(f)/o /0 tdt ds (100(=(s, 1)| + 2108(=(s, )| + |90 (=(s, 1))
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Thus we have
(B.10)
1 e 1 _ 1
Vo(f) — dt dsd R(f)( 5 99 2
’ o(£) /O /0 tds qs(z(g,t))’ < (f)< sup ¢(z)‘ + 5 SuP

zef

38@1)(2’)‘ + sup

zef

2 zef

Finally we come to bound the difference between the d¢(z(s,t)) and d¢(z¢) where
z¢ 18 the circumcenter of £. Again, by the fundamental theorem of calculus, defining

Z(pasat) = pZ(S,t) + (1 7p)zf

we write

Yood
8¢(z(s,t)) — 0¢(z¢) = dp —Bgzb(z(p, s,t))
(B.11) . /0 dp
=/ dp ((2(s,t) — 26)006(2(p, 5, 1)) + (2(s,t) — 2:)2I(2(p, 5,1)))

0
Since z(s,t) is inside the triangle f, it is also in the disk B: of radius R(f) with
center zg, hence |z(s,t) — z¢| < R(f) and we get the bound

00¢(z)| + sup |90¢(z)

z€Bs

(B.12) |06 (2(s,t)) — 0p(z¢)| < R(£) (sup

2€Bs

which when averaged becomes
(B.13)
1,1
/ / dt ds 9 (=(s, 1)) — 99 (z:) 88¢)(z)‘>
0o Jo

Combining the bounds and we get the final result of lemma [2]

88(;5(,2)’ + sup

z€Bs

< R(f) (Sup
2€Bs

(B.14) |Vo(£) — 96 (=)

3 _ 1 —
< R(f) (2 Sélg ‘82¢| + 2 Sélg ‘85)(;5’ + 3 s;lg |82¢’>
z £ z £ z £
([

Remark 32. For a general point w € Bs we have |2(s,t) —w| < 2R(£f) and after
modifying our estimates by a factor of 2 we obtain

(B.15) |Vo(f) faqS(w)‘ < R(£) (Z sup [0%¢| + 3 sup |99¢| + % sup |32¢|>
2€Bs z€Bs 2€Bs

&%(z)D
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APPENDIX C. CONTINUUM LIMITS OF ANOMALIES: EXAMPLE ARISING FROM A
BI-PERIODIC TILING OF THE PLANE USING A SINGLE CYCLIC
QUADRILATERAL

In this appendix we present an example of an isoradial Delaunay graph G, for
which the chord-to-chord A®™*<? and edge-to-chord A°d*°h anomalous terms of the
associated conformal Laplacian (as explained in formulae and of Section
have well-defined, non-trivial £ — oo scaling limits. Unlike the continuum
limits addressed in Corollary [I.18] the anomalous limit values computed in Claim [2]
of this section reflect features of the underlying geometry of the initial critical graph
G, — specifically the choice of fundamental quadrilateral Q used to construct Ge,.

Begin with four angles a3 < as < asz < a4 in the interval [0,27) and con-
struct the cyclic quadrilateral @ whose vertices are the unit complex numbers
3k = exp(iag) with k € {1,2,3,4}. We will require that the origin is contained in
the interior of Q; achieved whenever a3 — vy > 7 or ag — g > 7. This constraint is
to insure that the tiling we are about to construct is Delaunay. Let Q°P denote the
quadrilateral obtained by rotating Q by 180 degrees. A cyclic quadrilateral with
associated angles oy = /3, ag = 57/7, a3 = 137/9, and oy = 217/11 is illustrated
in Figure 32

FIGURE 32. Fundamental quadrilateral Q

Construct a doubly periodic, quadrilateral tiling G, of the plane using trans-
lations of @ and Q°P. Clearly G, will be isoradial and Delaunay in the sense of
Section by construction each face of G, is a cyclic quadrilateral. Figure
depicts such a tiling.

For each quadrilateral face q of G, let 2z denote the complex coordinate of its
center; with respect to this center, the four vertices vq(k) of q, with k € {1,2, 3,4},
have complex coordinates z(vq(k)) = zq & 31 where the sign is + if q is a translation
of @ and — if q is a translation of Q°P. Let e;r denote the chord of the quadrilateral
q joining vertices vq(2) and v4(4) while e; will denote the chord joining v4(1) and
vq(3). Up to a sign, the corresponding north angles are given by ¥, = ag — au
and J_ := a1 — ag respectively. Define z; := 32 — 34 and z_ := 3, — 33. Let Ag
denote the area of Q.

Let F(z) be a smooth complex-valued function with compact support together
with deformation and scaling parameter values € > 0 and ¢ > 0. Let 7., denote
graph obtained by deforming the embedding of G, by the perturbation z +— z +
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F1GURE 33. Fragment of a tiling G, by a cyclic quadrilateral q

elF(z/C) and by adjoining the edge e;r or e, to each quadrilateral face q of G,
according to whether 0. ¢(ef) > 0 or 0 ¢(e;) > 0; these conditions are mutually
exclusive, as the signs of 6., g(ec—;) and 0. ¢(e; ) are opposite. Neither edge is selected
if both conformal angles are zero. As long as € > 0 lies within the range 0 < € < ep
as prescribed by Claim ?? the graph G, , will remain Delaunay.

As an example consider the following "mollified" shear of G.,. For simplicity we
consider the case where the support of F' has one connected component (in partic-
ular, it is a disk D with unit radius):

exp <i¢ + |22|i1> Jm[z] if 2| <1
F(z) = 2

0 otherwise

Figure [34] depicts the effect of of the corresponding deformation z — z + elF(z/¢).
The reader will notice that the support of Fyy : z +— (F(z/{) is partitioned roughly
into three "unidirectional" zones consisting of deformed quadrilaterals whose diag-
onals share the same alignment. In general, for any smooth compactly supported
perturbation z — z 4+ e£F(z/{), the support of F; will be partitioned into such
zones of constant alignment. If we ignore the quadrilaterals q for which 967g(e;‘)
vanishes then the remaining set of quadrilaterals can be partitioned into zones over
which the sign of 6{ ,(el) is constant. For £ >> 0 large, the interfaces between
these zones approximate the level curves of jm[gF(g) 5} = 0 within the disk D, of
radius £ where
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E:= ¢e12 — €23 + €34 — ¢14 and ey, = dm —dn for m,n € {1,2,3,4}.

m n
This convergence is a manifestation of the existence of the scaling limit of the
anomaly formalized in Claims [[]and 2] In the case of the mollified-shear example
the corresponding level curves are depicted in red by Figure [34]

FIGURE 34. mollified-shear with angle value ¢ = — %, deformation
parameter value e = 0.1, and scaling parameter value ¢ = 22

In order to analyze the anomalous terms arising in the second order variation of
the conformal Laplacian the reader will recall that we use a bi-local perturbation:
Begin with two smooth complex-valued functions F(z) and F»(z) whose supports
Q, and Q9 are compact and disjoint together with two deformation parameters
€1,€2 > 0. We consider the smooth function F'(z) obtained by superimposing Fi (z)
and Fs(z), i.e.

Fl(Z) if z€ Oy
(C.1) F(z) = Fy(z) if z€ Qo
0 otherwise

We economize the notation for the bi-local perturbation and write z — 2z +elF(z/{)
where € = ¢; depending on whether or not z/¢ € ;.

Given p € C and a value of the scaling parameter ¢ > 0 center a copy of the
fundamental quadrilateral Q about the dialated point £p € C. The coordinates of
its vertices are qu(p; k) = fp + 31 for k € {1,2,3,4}. The perturbation will displace
these vertices by q¢(p; k) — qee(p; k) where qce(p;k) = qe(p; k) + e0F (qe(p; k) /€).
The conformal angle ke ¢(p), its e-derivative g ,(p), and its infinitesimal conformal
angle K o0 (p) at p € C are accordingly defined by:

(ge.e(;4) = 4ee(D;3)) (Gee(D3 2) — gee(p; 1))
(Ge,e(P;4) = qee(p; 1)) (Ge,e(P32) — Ge,e(p; 3))

(C2)  keulp) = Imlog
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Ke,e(p)
e=0

d
“6,@(?) = de

Jm [?F(g) (Ep +31,0p + 52, p + 54) (e12 — e14)]
- +
Jm [ﬁF(g) (Zp +32,0p + 33, {p + 34> (€31 — 923)}

jm[éF(p) 5} + 0(1/0)

Keoo(D) = lliglo Jmlog

(4e.6(p;4) = qe.0(133)) (ge.e(p; 2) = gee(p; 1))
(e.e(P;4) = qee(0; 1)) (Gee(P32) = gee(33))

Claim 1. Fiz a value of the scaling parameter £ > 0, then for any pair of points
p, z € suppF with |z —p| < 1/¢

(C.5) ‘Hg,e(z) ~Im [EF(p)g} ‘ < 4/0M(z,0) where
(C.6)
M(z,0):== max |0°F(w)| +2 max [00F(w)| + max ’52F(w)‘
lw—z| <1/¢ lw—z| <1/t lw—z| <1/

Definition 19. For a fized value of the scaling parameter £ > 0 and any (continu-
ous) function ¢ : C — C let us introduce the following piecewise abridgment

whenever {p € int (q)
¢(za/t) for a quadrilateral q
whenever {p € int (8q1 N 8qg) for
a pair of quadrilaterals q1 and qa

¢<Z% /E)

| —
(]

(C7) (9),(p) =

E
I
-

whenever fp € gy N dge N Aq3 N Jqq
for quadrilaterals q1, 92, q3, and qq

¢<ZQk /f)

RN
NE

x~
Il
—
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Remark 33. Let x, := <’{6,£>e then x¢ — 3m[5F : 5] uniformly as £ — oo.
Furthermore ngt — Jm® [5F-S} uniformly as £ — oo where g™ (p) := max (g(p), 0)
and g~ (p) := —min (g(p),0) for any real-valued function g : C — R.

Claim 2. For signs o,7 € {+,—} define

(C.8)
2
tan? 9, tan? ¥, = o A1 5
Jom = A Vo tan7 i, // @ d?y Im” [ DF (2) €| [Re -~ | ImT[OF(y) €
16m2 A% 0 z—y)
1 X80
2 29
_ F
JO o t;;j“ / &z d*y Im? [ OF (z) €| Re 20 9F(Y)
Q Ql XQQ (:L. B y)
tan? 9 OF (z) 22 =
J? = z // d?z d*y Re| ——229 | w7 | OF (y) €
o 2 4
8w AQ oo, (x_y) |: :|

edxch chxed
AZ Aé

The continuum limits of the edge-to-chord , chord-to-edge , and chord-

to-chord Azhx‘:h anomalies exist and their values are:

lim AGh = g 4 g®

£—00
(C.9) Jlim At — AN )

lim Achxch  — 7G4 I (G I (€ RN [

{— 00 ¢
Proof. We’ll verify the claim in the case of the chord-to-chord anomaly AZhXCh and
leave the remaining cases to the reader. Begin with a pair of signs 0,7 € {£}. For
(x,y) € Q1 x Q2 let’s introduce the following step-function

(C.10)
- Y s 2 . Lz eint(x)
[5b.6(/0)] - [ﬁﬁ — ] [rbel/0] ty € inty)
Oy (2, y) = (25 — ) %,y € F(Gy)
bounded noise otherwise
Note that A‘éhxcr =3P +3077 + 3077 + 357 where where
o tan® 9, tan J, o
iy g - et ()

X €F(Ger) yEF(Ger)
X NQ(0)#£0 yN Qo (0)#0

It follows from Claimthat Q)7 (z,y) — ®77(x,y) converges uniformly on £y x Q
as { — oo where



(C.12)

PERTURBING ISORADIAL TRIANGULATIONS 119

7 (2, y) = Jm”[aF(a:)s] : [Sﬁe Z"Zfzr -JmT[EF(y) 5}

tan? 9, tan 9,

(o,7)
4 16772A2

1672 AQQ

1672

= lim 377
{— 00

tan? 9, tan? 9,

tan? 9, tan? 9.

(z-y)

// d*x d*y 77 (z,v)

Ql XQQ

lim / Pz d*y @77 (z,y)
Z—>oo
QlXQZ

TS (aes)

xEF(Ger) yEF(Ger)
xNQ(0)#£D yNQa(£)#£D
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