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Abstract

In this thesis, we present the construction of a hybrid space associated with a compact complex manifold X
together with a simple normal divisor D. The notion of hybrid arises from the fact that this space combines
aspects of complex geometry and polyhedral geometry. Once this topological space is established, we
study its fundamental topological properties, which lead us to formulate and prove a continuity theorem
for measures on the hybrid space.

After developing the theory in the case of complex varieties, the next step is to extend the construction
to the setting of toroidal Deligne-Mumford stacks over C.

The construction of these spaces and the resulting theorems are broadly motivated by the connection
between amplitudes in quantum field theory and string theory. In particular, the hybrid space associated
with toroidal Deligne-Mumford stacks, such as the moduli stack of stable curves of genus g with n marked
points, offers a natural geometric setting in which the computation of amplitudes in these physical theories
can be understood as integrals over a hybrid space associated with the moduli stack.

Resumen

En esta tesis presentamos la construccion de un espacio hibrido asociado a una variedad compleja compacta
X junto con un divisor de intersecciéon normal simple D. El cardcter hibrido de este espacio proviene de
la combinacién entre la geometria compleja y la geometria poliedral. Una vez establecido este espacio
topoldgico, se estudian sus propiedades topoldgicas fundamentales, lo que permite enunciar y demostrar
un teorema de continuidad de medidas en dicho espacio.

Después de desarrollar la teoria en el caso de variedades complejas, el siguiente paso consiste en extender
la construccion a los stacks toroidales de Deligne-Mumford sobre C.

La motivacién principal de esta construccién y de los resultados obtenidos proviene de la relaciéon entre
las amplitudes en teoria cuantica de campos y las amplitudes en teoria de cuerdas. En particular, el
espacio hibrido asociado a stacks toroidales de Deligne-Mumford, como el stack méduli de curvas estables
de género g con n puntos marcados, ofrece un marco geométrico natural en el que el calculo de dichas
amplitudes en estas teorias fisicas puede interpretarse como integrales sobre el espacio hibrido asociado
al stack moéduli de curvas estables.
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Introduction

In classical mechanics, if the initial state of a system is known and the governing laws are specified, the
final state can be determined with certainty. In contrast, quantum mechanics is not deterministic: even
with the same initial state, there exists a range of possible final states, each occurring with a certain

probability. Thus, the nature of quantum mechanics is fundamentally probabilistic.

Therefore, in high-energy physics, we would like to predict the probability of an experiment involving an
initial set of k elementary particles with initial momenta p1;,...,pr,; which interact to produce a final

state characterized by momenta pgy1 ¢,...,Pn f-

The key tool for determining this probability are the scattering amplitudes, which encode the likelihood
of scattering events and depends on the initial and final momenta, as well as the nature of the particles

involved.

In closed string theory, scattering amplitudes arise from summing the contributions of integrals over the
moduli spaces My, of (super)-Riemann surfaces of genus g with n marked points, n corresponds to the

number of external momenta involved in the scattering process. Specifically,

Ait/ring(P) — Z/ eXp(—io/]:g)dMg,n
M,

9>07Man

where p = (P1,i,- - s Phyis Pk+1,f» - - - » Pn,f) denotes the set of external momenta; o’ is a positive real con-
stant, equal to the square of the string length; F, : My, — R is a continuous function, which depend of

the momenta p; and dug , is a volume form on M, , which is independent of the momenta.

If we fix values g and n, we consider the integral

/ exp(—ia'}"g)dugm
M,

g,n



we obtain an asymptotic expansion in o/ of the form

/ exp(—ia Fy)dpgn = Agy(o/)* + Agya (o)) (1)
M,

g,n

where kg € Z.

In the setting of quantum field theory, scattering amplitudes are computed via Feynman diagram tech-

niques and can be described in terms of integrals over the tropical moduli spaces:

Al (p) =3 [ expl-iG,)ivy.
Mt'rop

907 Mg
where Mg?ﬁp is the moduli space of metrized graphs of genus g and n leg. Each leg corresponds to an
edge of infinite length attached to a vertex, and therefore has no terminal vertex. Graphs of this kind are
known as tropical curves. The function G, : M;Tﬁp — R is a continuous function which depends of the

. tro
momenta p; and dvg, is a volumen measure on My,

Under suitable assumptions and formalism, physics suggests that for fixed values g and n, the limit of
. . . . . . string / . . .

the leading term in the asymptotic expansion of the string amplitude A_,""’(P) as o/ — 0 coincides with

the corresponding quantum field theory amplitude A%f*(p). That is, after normalizing by (/) ™%, we can

express this limit as:

_ . 1 .
lim exp(—ia/ Fy) |:W)k0d,ug’n:| = /thp exp(—iGy)dvyn (2)
g,n

!
a’—0 Mgy n

The mathematical formalization of this convergence was introduced by Piotr Tourkine, who described

this interpretation in [ToulT7].

In recent years, certain mathematical objects known as hybrid spaces have gained significant importance.
Roughly speaking, in the setting that concerns us, suppose that we have an open complex manifold
embedded in a compact complex manifold such that the complement is a simple normal crossing divisor.
To this divisor, one can associate a skeleton of a non-Archimedean analytic space. Then the resulting
hybrid space is a topological space structured as a family over the interval [0, 1], where each fiber for
0 <t <1 corresponds to the open complex manifold, and the fiber over ¢t = 0 is given by the associated

non-Archimedean space.

Regarding the moduli space of curves, Sam Payne, Dan Abramovich and Lucia Caporaso [ACP12] showed



that the tropicalization of the moduli space of curves M, ,, is naturally identified with the tropical moduli
space M;Tﬁp . This conclusion is based on the observation that, by considering the Deligne-Mumford
compactification Mg,n of My n, the boundary of the compactification is a normal crossing divisor. In this
setting, one can associate a non-Archimedean analytic space, analogous to the case of complex manifolds.

This associated non-Archimedean space turns out to be precisely My 7.

This point of view motivates the consideration of the hybrid space

Mgy x (0,1] J] MimeP x {0}

analogous to the hybrid spaces constructed in the complex setting. In this context, two natural questions

arise from the convergence in :

1. Is the function

o - Fy(z) if o #0,
FIP My x (0,1 [ MEP x {0} = R, (2,0)) = J (3)

Gy if o =0,
continuous with respect to the hybrid topology?
2. What can be said about the convergence of the measure dy, to the measure dv, , as o — 07
Regarding the first question, in [ABGFI6], it is shown that the functions o/F, converge to G, as o/
tends to zero, along suitable admissible paths. However, their analysis does not involve hybrid spaces;

instead, they study the behavior of o/ F, along paths in M, , whose limit points lie in the boundary of

the Deligne-Mumford compactification.

Based on the framework developed above, the problems addressed in this thesis are the following:

1. To extend the construction of hybrid spaces to the setting of Deligne-Mumford stacks.

2. In the case of hybrid spaces in the complex setting, we define the notion of P-residues of a logarithmic
(n,n)-form, and we prove a continuity theorem for measures on the hybrid space. This result

provides a foundation for understanding the convergence of measures in the context of the limit

lim exp(—ia’ Fy) [(a')kodug’n} :/ exp(—iGq)dvyn
Mtrop

/
a’=0 Mg," g,n



as described in (2).

A key step toward establishing a convergence theorem for measures on hybrid spaces is to understand the
behavior of the measure dp,,, near the boundary of the moduli space M, ,,, and to analyze the types of
singularities that arise in this setting. To illustrate this, we consider the fermionic theory of four particles

at one-loop level. In this context, we examine the following illustrative example:

Let C the sigular curve of genus 1 with four marked points, represented by the complex curve:

To this curve we associate its dual graph, shown below. For each irreducible component of the curve,
we assign a vertex; for each intersection point between two components, we assign an edge; and for
each marked point on the curve, we attach a leg incident to the vertex corresponding to the component

containing that marked point.

This curve can be represented by a point in the Faltings—Chai compactification of the moduli space of
abelian varieties of genus 1 with three distinguished points. The coordinates on this moduli space are
given by (T, 22, 23, 24) where 7 is the modular parameter of the fundamental domain (encoding the complex

structure), and z9, 23, 24 are elliptic variables representing the positions of the marked points on the torus.



In these coordinates, and following |[GRV0S|, the measure dyu 4 takes the form:

drdTdzodZodz3dZ3dz4dZy
Jm(7)?

dpra =

Using the theory of degeneration of abelian varieties developed by Faltings and Chai (see [FC90]), we

introduce local coordinates around the degenerate curve C by setting

2™ = yugusuy and ¥ = uj for j=2,3,4

where each u; lies in a small complex disc. In terms of these coordinates, the measure becomes:

durduy . . . dusduy

dpg = —— —
A= cugly(—log lur| — ... — log |ugl)®

string

For this concrete case, the degree of the leading term of the string amplitude A7 ;(p) in the asymptotic

expansion is kg = 1. Adding this factor, we obtain:

duldﬂl e dU4CW4

a'uiu .. .U4ﬂ4(— log ]u1| —...—log |U4D5
Once we consider the sustitucion z; = —a'log |u;| for i = 1,...,4, the measure becomes:
dwldx2d1’3d.1‘4

(z1 + T2 + 23 + 74)°

This measure is precisely dv 4.

The factor (z1 + ...+ x4) in this measure plays a key role in the tropical moduli space Mf;fp , as it is
related to the dual graph of the curve C. Indeed, it corresponds to the first Symanzik polynomial of the
associated graph. If we assign to each internal edge of the graph a leght, say x1,xs,z3 and x4, then the
first Symanzik polynomial is defined as the sum, over all spanning trees of the graph, of the product of

the edge lengths not contained in each spanning tree.

In our case, the graph has four generating trees, obtained by deleting one internal edge each time, and
the resulting polynomial is:

T+ 22+ 23+ T4

Such Symanzik polynomials are always homogeneous.



This example illustrates the type of singularities we aim to study in order to formulate a convergence

theorem for measures in the hybrid space.

Having established the motivation and origin of the problems addressed in this thesis, and having outlined
the specific questions explored throughout this work, we now proceed to present in detail the main results

obtained.

In the paper Tropical and Non-Archimedean Limits of Degenerating Families of Volume Forms, Boucksom
and Jonsson [BJ17] develop a framework to study the asymptotic behavior of volume forms in degenerating
families of complex varieties. In this analysis, they develop the construction of a hybrid space, which serves

as a bridge between complex analytic geometry and polyhedral(tropical) geometry.

The construction of the hybrid space proceeds as follows. Given a complex manifold X and an effective

divisor D C X with simple normal crossing, we consider the disjoint union
X" .= (X~ D)[]AD)

where A(D) is the dual complex associated with the irreducible components of the divisor D. That is,
for each irreducible component of D, one assigns a vertex; to each connected component of a non-empty
intersection of irreducible components, one associates the simplex spanned by the vertices corresponding
to those components. The face relations of A(D) are determined by the stratification induced by the pair
(X, D). To endow X hyb with a natural topology, they proceed as follows. For each point of D, one can

choose coordinates (U, z = (z1,...,2y,)) such that the pullback of D to U is given by the vanishing of a

monomial:
.
fU = H Zj Ja
Jj€J
where J C {1,...,n} and each z; = 0 defines a component of D appearing in the chart.
Having fixed it, they define:
1 .
logyy : U N |D| = oy, z+ (—W) , (6)
log |fU| jeJ

where oy, is the standard simplex corresponding to the stratum defined by the intersection of the divisors

zj =0for jeJ.

Based on this construction of local functions, a key result [BJ17, Proposition 2.1] states that there exists an



open neighborhood V' C X of D and a continuous map Logy, : V ~.D — A(D) such that for each adapted
coordinate chart (U, z) with U C V, we have Logy (U \ D) C oy, and Logy = logyy + O <(log \fU,Z\)_1>

uniformly on compact subsets of U.

Therefore, the hybrid topology defined in [BJ17] is the coarsest topology such that Logy, is continuous,

and the inclusion X ~ D < X™P is an open embbeding.

Motivated by this construction, in Chapter [2| we develop an analogous notion of a hybrid space, though
with some notable differences. For instance, in our setting we work with cone complexes rather than
compact polyhedral complexes, as will be explained below, and the resulting hybrid space differs slightly
from the one defined in [BJ17].

A key element in our construction, analogous to the approach in [BJ17], is the use of Green function
associated with Cartier divisors. Given a Cartier divisor D, a Green function (of continuous type) for D,
is a continuous function g : X \ |D| — R such that for every x € X there is an open neighborhood U, of
z, and a local equation z € Ox , defining the Cartier divisor on Uy, such that the map log|z| + g extends

to a continuous function on U,.

One of the main motivations for taking Green functions as the starting point in the construction of the
hybrid space arises from the fact that, in order to ensure the continuity of the limit in , the functions F,
Gn, corresponding respectively to the string and the analytic settings, must satisfy a basic compatibility
condition: as o/ — 0, the function F, must converge pointwise to G,. Since F, depends, in an essential
way, on Green functions, it is therefore natural, and indeed necessary, to use Green functions to define the

topology of the hybrid space. This provides a coherent framework to guarantee the desired convergence.

Analogously to the local functions defined in @, we fix a complex manifold X, with a reduced simple
normal crossing divisor D. For each irreducible component D; of D, we fix a positive Green function g;.

Then, for an open chart U as above, we define
FUtU\D—>UU, :L"—>(gj>j€J, (7)

where oy denotes the cone generated by the rays corresponding to the irreducible components D; of D
that intersect U non-trivially. Note that in the j-th coordinated, we only evaluate the Green function g;

if the corresponding component D; meets U.

These local functions serve as the “local models” in our hybrid space and play a role analogous to the



maps defined in @ With this analogy in mind, we introduce the cone complex (X, D), where, instead of
associating points to the irreducible components of the divisor, we associate rays, and instead of simplices,
we consider cones. The face relations among these cones are determined by the natural stratification
induced by the pair (X, D) (see Section . With this setup, we can now state the following result

adapted to our setting:

Proposition A. [cf. Proposition [2.2.3] There exists a continuous map F : X ~ D — X(X, D) with the
following property: For each stratum Y C X, each point x € Y, every adapted open U containing x with
Y as its minimal stratum, and every function Fy; defined by a collection {g}}icr, there exists an open V/

of x contained in U such that on V ~. D we have
F=Fy+¢
Where ¢ is a bounded function defined in V.

The existence of the function in the above proposition is the main ingredient in defining the hybrid space.

Fixing such a function F' that satisfies the statement of Proposition [A] we consider the set:
X = (X~ D)x (0,1 [] =(x,D) x {0}
Then, on ngb define the following map

G: XM (X, D), (5t) b FR) i £0 ®)

z if t =0,

based in this construction, we define the hybrid topology

Definition 0.0.1. The hybrid topology is the coarsest topology on ngb such that:

1. (X~ D) x (0,1] = X" is an open inmmersion.
2. The projection 7 : ngb — [0, 1] is continuous.
3. The function G defined in is continuous.

This construction highlights a key difference from the hybrid spaces defined in [BJ17], where the divisor

is removed and replaced by the dual complex. In contrast, we regard X(X, D) as a ”degeneration” of



X N\ D as the parameter ¢ tends to zero. Moreover, in [BJ17] the associated polyhedral space is compact,

whereas in our case the corresponding polyhedral space is open, that is, a cone complex.

As we show in Proposition[2.2.7] this hybrid topology will be independent of the choice of F' if the complex

manifold X is compact. Since we do not want a dependece of F', we will focus in this case.

Once we establish the construction of the hybrid space, we focus on proving a degeneration theorem for
measures. At this stage, we return to the example of genus one with four marked points in order to

identify the type of singularities that we are interested in.

Note that the measure dpuq 4 exhibits simple singularities together with a homogeneous polynomial in
logarithmic variables. These singularities in this example motivate the introduction of P-residues of

logarithmic (n,n)-forms in the complex setting.

Specifically, suppose that X is a compact complex manifold of dimension n, and D a simple normal
crossing divisor. Assume that all minimal closed strata of D have the same codimension, say k. By closed
strata we mean the connected components of nonempty intersections of the irreducible components of D.

Denote by 3 the set of such closed strata.

Definition 0.0.2. Let P := {P, }sex, be a collection of homogeneous polynomials, each of degree r, and
let w be a continuous (n,n)—form defined on X \ D. We say that w is a P-logarithmic form if, for every

adapted chart (U, z) such that the associated stratum Y, is a minimal stratum, w can be written as

Y Gy Py

dzm, A dZm,,
P ((—log|zm. k) = Z z z
(el g 1%m;l)j=1) #m1 my mp my

9)

W\U =

Where ny is a continuous (n — k,n — k)-form defined on U. If all the polynomials P, are constant and
the expression @D holds for every adapted chart; that is, not only around the minimal strata, we refer to

w simply as a logarithmic (n,n)-form.

The local function ny plays a fundamental role, since its restriction to the associated stratum is indepen-
dent of the choice of adapted chart. This observation naturally motivates the definition of residues, which

we will call P-residues.

Definition 0.0.3. Let P be a collection of homogeneous polynomials associated to the minimal strata
of X. Let Y be a minimal stratum, and let w be a P-logarithmic form. The P-residue of w along the
stratum Y is defined to be the continuous form Resp y (w) on Y, which satisfies the property that for any

adapted chart (U, z) with Y as its associated stratum, nyy = Resp(w)pny-



10

If w is a logarithmic (n,n)-form, i.e., all the polynomials P, are constant and the local description of w

extends to every adapted chart-we simply denote the residue by Resy (w)

Now, following the construction of the hybrid space in the compact case, we consider a family of measures
{1t }o<t<1 on the hybrid space ngb, where p; is supported on the fiber over ¢, it for each ¢. This family

is defined as follows:

Mt = "
ZYQEZk (fya ReSP,Ya (w)) % t=0

Where w is a P-logarithmic (n,n)-form defined in X ~. D. Note that the factor t*~" corresponds to the

coefficient (o/)* appearing in the convergence described in .

Let ¥(X, D)<* denote the union of cones in ¥(X, D) of dimension less than or equal to k — 1. We define
the open subset

X9 = XM (2(X, D)<k x {0})
In this setup, we obtain the following result:

Theorem A (cf. Theorem [2.3.10)). Let {u:}o<t<1 be the family of measures defined in . Then, for

every continuous function f € C.(X%, R) we have:

g%/X fdutz/Xo Fdo
D D

One of the reasons to consider continuity on the open set X% is the configuration of the homogeneous
polynomials: in the maximal cones, the measure is singular along the proper faces of these cones. However,
if all the polynomials are constant, i.e., if w is a (n,n)-logarithmic form, these singularities are absent,
allowing for a more refined treatment. In this case, we obtain the following degeneration theorem for

measures along the entire hybrid space ngb:

Theorem B (cf. Theorem [2.3.12). Let {u:}o<i<1 be the family of measures defined in . Then, for

every continuous function f € Cc(ngb,]R), we have:

tim [ = /. o 0
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Once these results are established in the complex setting, we take a further step toward extending them
to the analytic coarse moduli space of toroidal Deligne-Mumford stacks over C. In this broader context,

we begin by identifying the appropriate analogue of complex cone complexes.

Let (2,7 ) be a toroidal Deligne-Mumford stack over C, and let X, U denote the coarse moduli spaces
of 2 and % respectively. Then, by the result of Payne, Abramovich, and Caporaso [ACP12], we can
associate to this pair the open skeleton (2", %), which generalizes the cone complex in the case of

complex manifolds.

Now, consider X" and U%" the complex analytification of X and U respectively. Note that, in general,
X9 is not a complex manifold, and X" ~ U®" is not a simple normal crossing divisor, but rather a

normal crossing one.

In this setting, we construct local models
Fy:V— E(%, %)

analogous to the local models defined in in the complex manifold case. Here, V C X%" denotes an
open set playing the role of an adapted chart. From this construction, we obtain the following analogue

of Theorem [Al

Theorem C (cf. Theorem [3.5.2)). There exists a map F : U — $(27, %) with the following property:
For each stratum M,., each point x € M,., every orbifold chart (V, G, ¢) containing x, with M,. as its associ-
ated stratum, and each Ay -equivariant function Fy defined as in , there exists an open neighborhood
W C V of x, an orbifold chart (V',G’,¢') with associated stratum M,» C M,, and a Ays-equivariant map
F':V'\ D' — oy such that

1. The following diagram commutes:

| .

ML NS %

2. If (Fy) : (¢/)"1(W) — oy denotes the function induced by Fy, then (Fy) = F’ + ¢/, where ¢' is a

bounded continuous function defined on (¢')~!(W).
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This result serves as the starting point, as it allows us to define a function G analogous to the function G

defined in , We then define:
2 =Um % 0,1] [ =(2, %)

And define the topology as the coarsets topology such that G is continuous, U%" x (0,1] < 2"° is an
open embedding, and the projection 7 : 20 — [0, 1] is continuous. This object will be our hybrid space

associated to a Deligne-Mumford stacks.

In particular, in the case of the moduli of curves, we have hybrid space

MY = M x (0,1] ] M % {0}

g7n

where M, , denotes the coarse moduli space of smooth genus g and n- moarked points, and Mgfﬁp is the

moduli space of tropical curves of genus g and n-marked points.

Within this framework, if the function defined in equation satisfies the conservation law of momenta,
then it is continuous on ///g}f %b. This continuity is a particular consequence of the results developed by

Omid Amini, José Burgos, Javier Fresdn, and Spencer Bloch in [ABGF16].

Once the construction of the hybrid space associated to a Deligne-Mumford stack has been established,
we restrict our attention to those stacks for which the minimal strata of X" are points. In this setting,
we obtain a generalization of Theorem namely, a convergence theorem for the family of measures
defined on an open subset %hyb of 2P This open set is constructed in direct analogy with the open
subset X% of ngb. The corresponding family of measures is defined in a manner similar to the complex

analytic case, and the detailed construction will be developed in Section [3.6

Theorem D (Cf. Theorem [3.6.17)). Let {u:}o<t<1 be a family of measures as in (3.41)). Then for each

continuous function f € C’c(%hyb, R) we have

O T T
2y

t—0 %Ohyb

We conclude by highlighting several possible directions for future research arising from this work.

First, as discussed in Theorem [A} the construction cannot be extended to the entire hybrid space ngb

because of the presence of the homogeneous polynomials. Note that if we drop the factor "% and consider
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the asymptotic expansion of the integral

f7r71 dw,
/7r gy

then the coefficient associated with the power "% is precisely the conclusion of Theorem We may

therefore expect that the subsequent terms ¢*~ ¥+ ¢"=%+2  correspond, in some sense, to the contribu-

tions arising from the integrands supported on the proper faces of the cone complex (X, D).

A second line of investigation is to analyze these higher-order terms in the setting of the hybrid space
Z M0 in a manner analogous to the previous discussion, in the case where the Deligne-Mumford stack

has minimal strata consisting of points.

A third avenue for future work is to extend Theorem [D| to general Deligne-Mumford stacks, without

assuming that the minimal strata are zero-dimensional.

Finally, we plan to study the moduli space of hybrid spaces in the complex-analytic setting and to compare

our construction with the frameworks developed by Omid Amini and Noema Nicolussi in [AN20), [AN22].
Outline

The structure of this thesis is as follows. Chapter [I] introduces the language of stratifications, polyhedral
complexes, orbifolds, and Deligne-Mumford stacks. If the reader is already familiar with these topics,
this chapter may be skipped. Chapter [2| presents the construction of the hybrid space in the setting of
complex manifolds and outlines the convergence of measures in this context. Chapter [3] develops the

construction of the hybrid space associated to a Deligne-Mumford stack and studies its properties.



Chapter 1

Preeliminary topics

1.1 Combinatorial structures of topological spaces

In this section, we give a general overview of the definitions of simplicial complexes, cone complexes,
and generalized cone complexes. The first notion will provide the framework for developing triangula-
tions adapted to stratifications, while the latter two will be related to polyhedral structures induced by
stratifications arising from Cartier divisors. These notions will be treated in detail in Section

Definition 1.1.1. Let V be a nonempty set. An abstract simplicial complex on V is a collection K C P(V)
of nonempty finite subsets of V', called simplices, such that:

l.Ifoe Kand ) #7 C o, then 7 € K.

2. Every singleton {v}, with v € V, is a simplex. Each such element is called a vertez.
We say that 7 is a face of 0. Each element o = {vy, ..., v} € K is called a k-simplex, and its dimension
is defined as dim o := k. The elements vy, ..., v, are the vertices of o.
Definition 1.1.2. The geometric realization |K| of a simplicial complex K with vertex set V is the

topological space
K| = o]

ceK

where each |o| is the standard geometric k-simplex associated to o = {vo, ..., v}, defined as:

k
’O’| = {ZtiUiERV: t; >0, Ztizl}
1=0 7

with {e,}yer denoting the standard basis of RV. Each simplex |o| lies naturally in a finite-dimensional
subspace of RV, and we equip it with the subspace topology inherited from the Euclidean topology on
RY.

Having introduced simplicial complexes, we now broaden the framework by introducing cone complexes,
extended cone complexes, and generalized cone complexes.

14
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Definition 1.1.3. Let X be a second-countable topological space. A rational cone complex with integral
structure on 3 is a pair ({o; }ier, {M;}icr), consisting of a finite collection closed subsets o; that cover X,
together with finitely generated R-vector spaces M; of continuous R-valued functions on o;, satisfying the
following conditions:

1. For each index i € I, the subset o; is homeomorphic, via the evaluation map, to a strictly convex,
full-dimensional, rational polyhedral cone in the vector space Hom(M;, R).

2. Under the identification above, any face 7 of o; also appears as one of the subsets o; in the covering.

3. For any 4,7 € I, the intersection o; N o; is a union of faces of both o; and ;.

In this work, we will refer to rational cone complex with integral structure just as cone complex.

Let ¥ and X' be cone complexes. A morphism of cone complezes f : ¥ — Y is a continuous map of
topological spaces such that for every cone o C X, there exists a cone o/ C ¥/ and an integral linear map
of cones f, : 0 — ¢’ such that f|, = f,.

Let 0 C Hom(M,R) be a cone, and denote by S, C M the additive monoid of integral linear functions
that are non negative on o, then o can be identified with Hom(S,,R>(). The associated extended cone
is defined as

o= HOmMOn(Sa" RZO U {OO}),

The topology on @ is that of pointwise convergence. The cone ¢ is an open dense subset of &, and 7 is
compact by Tychonoff’s theorem. If 7 is a face of o, then the closure 7 in @ is canonically identified with
the extended cone of 7. Such closures are referred to as extended faces.

It is well known that this extended cone can be written as a disjoint union

=11

where the cones in @ \ ¢ are known as the faces at infinity. For a more detailed treatment of this
construction, see [ACP12].

Example 1.1.4. On the left-hand side of the figure, we depict a cone in R?,which has three faces: the
two generating rays and the origin. On the right-hand side, we show its associated extended cone, where
the additional faces at infinity correspond to the rays R>o x {oo} and {oo} X R>q, and the point (0o, 00).

~
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Morphism of extended cones is a continuous map of topological spaces f : @ — & whose restriction to the

interior cone f|, : ¢ — 7' is a cone morphism, where 7’ is either a face of o/, or a face of a face at infinity
/

of o’.

Definition 1.1.5. An extended cone complex is a topological space ¥ together with a finite collection of
closed subspaces {7;}icr and identifications of each @; with an extended cone such that the intersection
of any two o; N7; is a union of extended faces of both &; and &;.

A morphism of extended cone complexres is a continuous map of topological spaces f : ¥ — Y such that,
for each extended cone & C 3, there exists an extended cone @ C ¥ for which the restriction f|z: 5 — @
is a morphism of extended cones.

We conclude this section with the following definition, adapted from [ACP12], which plays an important
role in Sections [[.6] and .7

Definition 1.1.6. 1. A face morphism of (extended) cones ¢ — ¢’ is an isomorphism onto a (ex-
tended) face of o/. We emphasize that the image of a face morphism is not required to be a proper
face of the target, so any isomorphism of cones is a face morphism.

2. A generalized (extended) cone compler is a topological space with a presentation as the colimit of an
arbitrary finite diagram of (extended) cones with face morphisms; we emphasize that the diagram
need not be a poset.

1.2 Simple normal crossing divisors and stratifications

This section explains how a simple normal crossing divisor (see Section [1.2.1]) on a complex manifold or
an algebraic variety defines a natural stratification of the ambient space, and how such stratifications give
rise to conic structures.

Throughout this section, X will denote a complex manifold of dimension n, unless otherwise stated, and
AMx its sheaf of meromorphic functions. We define Div(X) to be

Div(X) := HO(Xa My |O%)

Whose elements are called Cartier divisor. An R-Cartier divisor, is any element of Div(X) ®z R. A
Cartier divisor is said to be effective if every local equation can be taken as a holomorphic function. An
R-divisor is called R-efective if there are effective Cartier divisors D1, ..., D and a1, ...,ar € Rsg such
that the R-divisor can be written as a1 D + ...+ aiDy.

Let D be a Cartier divisor on X. For each x € X, let f, € .#x, be a local equation for D. We define

the support |D| as
|ID| :={zeX:f, ¢ (’);((793}
This definition does not depend on the choice of f, because for any other local equation g, of D at the

point x, fi/g. € Ofm.

If D is a Cartier divisor then there exist effective Cartier divisors {D;}icr, and a collection of integers
{a;}ier, such that the support of every D; is an irreducible (connected) component of |D|, and D =
> icr @iD;. We call Dy, the irreducible components of D.
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Definition 1.2.1. An effective Cartier divisor D on X has normal crossing at a point x, if there exists a
complex coordinate chart (U, z = (z1, ..., z,)) such that D is defined in U by the equation z;, ...-z;, =0,
for some 0 <41 < ... < iy < n. We say that D is a normal crosing divisor if it has normal crossing at
any point of X. A normal crossing divisor D is called simple normal crossing divisor, if every irreducible
component of |D| is without self-intersection.

Remark 1.2.2. 1. If D is a simple normal crossing divisor, then D = » . ; D; where Dy are the
irreducible components of D. By definition, for each J C I, the intersection

(D

VISV
is either empty or has codimension |J|.

2. If E is an R-divisor, and D is a simple normal crossing divisor, with |E| C |D|, then there exist
{a; € R:i €I}, such that E =), ;a;D;.

Following [Stal8, Tag 0BI9], we will also define simple normal crossing divisor in the case of schemes.
Here, the definition of Cartier divisor is completely analogous to the one given above, where the sheaf of
meromorphic functions is replaced by the sheaf of rational functions.

Definition 1.2.3. Let X be a locally Noetherian scheme. A simple normal crossing divisor on X is an
effective Cartier divisor D C X such that for every x € X, the local ring Ox . is regular and there exists
a regular system of parameters f1,..., fg € m;, and 1 < r < d such that D is cut out by f1-...- f. in
Ox .

In the case of X being a variety over C, we have that for every complex point z € X (C), the parameters
fi,--., fqa determine local equations for X% around the point z. If X is regular, which implies that
X is a smooth manifold, the pair (U, (fi,..., fq4)), where U is a small open neighborhood of z, forms
a complex coordinate chart. Note that in this case, the Cartier divisor defined by fi,..., f, in X" is a
simple normal crossing divisor.

In conclusion, we see that the analytification of a simple normal crossing divisor in a regular complex
variety gives us a simple normal crossing divisor in X".

Definition 1.2.4. Let X be a variety over an algebraically closed field.

1. A strict toroidal embedding is a variety X with an open dense subset U such that for every x € X
there exists an open neighborhood V' C X and an étale morphism to a toric variety, that is,
0: (V,VNU) = (X,,T) with o 1T =UnNV.

2. A toroidal embedding is a variety X together with an open dense U such that for every z € X
there exists an open neigborhood V' C X, and an étale-surjective morphism ¢ : W — V', with
(W,¢~1(V NU)) being a strict toroidal embedding.

Remark 1.2.5. 1. From the definition above, Since locally we have étale morphisms, in particular
flat, it follows that the reduced closed subscheme D := X \ U is a divisor. And for the case of strict
toroidal embeddings, the irreducible components of D are normal (see [KKMSD06|, Pag 195]).
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2. Following [W122, Lem 3.8.2], we have that for every x € D and étale morphism ¢ : (V,V NU) —
(X5, T), with V containing z, there is a correspondence between irreducible components of D passing
through x and irreducible components of X, \. T passing through ¢(z). Moreover, this extends to
a correspondence between effective Cartier divisors in Spec(Ox ;) and effective Cartier divisors on

SpeC(OXg,ga(m))'

3. Let X be a strict toroidal embedding, and assume that X is a regular variety. Considering an étale
description ¢ : V. — X,, we have that X, is regular. Therefore, for every € X, and a regular
system of parameters fi,..., fg € Ox; there exist f; ,..., f;,, with 1 <141 < ... <4, < d such that
div(fs,),...,div(f;.) are irreducible components passing through z. This implies that D defines a
Cartier divisor on X, such that its support is precisely |D| and it is a simple normal crossing divisor.
The converse is clear; that is, a simple normal crossing divisor defines a toroidal embedding. In
conclusion, in the case of a regular variety, having strict toroidal embeddings is the same as having
simple normal crossing divisors.

Definition 1.2.6. Let X be a topological space. A stratification of X, is a collection {Yy}4ea of locally
closed subspaces of X, pairwise disjoint, such that:

1. X = [T,ep Ya-

2. For every pair Y, Y3 with Y, NY 3 # 0, we have Y, C Y 5.

A stratified space is a space X together with a stratification. Every element of the stratification will be
called stratum. We will say that the stratification is locally finite if each point z € X has a neighborhood
that intersects only finitely many strata.

As a consequence of the above definition, for every a € A there exists A, C A such that Y, = e Ay Yo

Note that we can establish a partial order < on the strata, saying that Y, < Y3 if only if ¥, C Y.
Remark 1.2.7. 1. The strata which are the minimal elements under the partial order are closed.
2. If there exists a unique maximal stratum under this order, then it is open and dense in X.

3. The closure of every stratum Y, can be written in terms of the partial order; that is

K:Hyg

Y[’?SYQ
Sometimes the closure of the strata will be referred to as closed strata.

4. Note that the second condition in is a local condition. Specifically, it is equivalent to requiring
that for each point x € Y, N Y3 there exists an open neighborhood U C Y,, of  such that Y g.

Example 1.2.8. Let X be a connected complex manifold, and let D = ..; D; be a simple normal
crossing divisor, where each D; is an irreducible component of D. Consider the collection of connected
components of nonempty expression () e D;~U i¢J Dj, where J runs over subsets of I. By the definition
of a simple normal crossing divisor and item (3) of Remark this collection defines a stratification
of X. Moreover, this stratification is locally finite. Some authors refer to such kind of stratifications as
divisorial stratifications.
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Definition 1.2.9. Let X be a C! differentiable manifold of dimension n, and let Y, Z be two connected
C! submanifolds such that Z C Y \ 'Y, with dimension of Y is equal to m. We say that the pair
(Y, Z) satisfies the Whitney condition at a point z € Z if the following hold: For every pair of sequences
{Yntnen C Y and {z,}neny C Z, both converging to z, such that in a local chart at z

e The sequence of tangent spaces {7}, Y }nen in the Grassmannian G}, converges to a subspace 7 €

Gn.

e The secant lines ¥, 2z, converge to a line [ in T, X

Then we have [ C 7.

Example 1.2.10. Let X be a complex manifold of dimension n, and let D be a simple normal crossing
divisor. Then every pair of strata (Ya,Ys), with Y, C Y5 satisfies the Whitney condition at any point of
Y,. Indeed, consider the underlying smooth manifold structure of X. Fix a point y € Y, and choose a
coordinate chart (U, z) around y. Assume that a Riemannian metric is given on U. Suppose that Y, N U
and 75 N U are defined by the common vanishing of the coordinate functions z1,...,z2s and z1,..., 2z,
respectively, with 1 <t < s < n.

Let {yi}ien € Y3 NU and {w;}ieny € Yo NU be sequences converging to y. Then in these coordinates we
can identify every tangent space Ty,Ys with {0}2t x R?"=2t and the first ¢ coordinates of y; — w; are zero.

By the definition of Whitney’s conditions, we have that the limit

li Wi — Yi
1m
n—o0 ||w; — yi|

exists. Moreover, this limit lies in the limit of the tangent spaces T),Y3, which, under the identification
above, is precisely {0}% x R?"~2!, Hence, the pair (Y,, Y3) satisfies the Whitney conditions at every point
of Yy,.

Definition 1.2.11. Let X be a differentiable manifold of class C*. If ¥ = [loca Yo is a locally finite
stratification of X such that the Whitney conditions are satisfied for every pair of strata (Y, Ys) with
Y, C Y, then we say that X is a Whitney stratification.

Whitney stratifications have good geometric and topological properties. In particular, they admit tri-
angulations that are adapted to the stratification (See |Gor78]). This concept is made precise in the
following definition, which is taken precisely from [Gor78].

Definition 1.2.12. 1. A triangulation of a topological space Y is a simplicial complex K together
with a homeomorphism ¢ : |[K| — Y.

2. A triangulation is said to be adapted to a stratification X of Y if, for each simplex o € K, the image
t(o) (i.e., the interior of o) is contained in a unique stratum of . Equivalently, for each stratum
Y € X, the preimage t~!(Y)) is a subcomplex of K.

From Example|1.2.10, we saw that the stratification induced by the pair (X, D) is a Whitney stratification.
Therefore, by [Gor7§|, the underlying smooth manifold of X admits a triangulation adapted to this
stratification.
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Fix a triangulation 7 adapted to the stratification induced by the pair (X, D), and let o € T be a simplex.
Define
Star(c) = U T.
T>0

Since the collection of the relative interiors of the simplices gives a partition of X, it follows that for any
pair of simplices 01,09 € T such that Star(o1) N Star(oy) # 0, there exists a simplex 73 € T such that
Star(o1) N Star(og) = Star(os). Moreover, this simplex is a minimal simplex between those simplices
containing both o; and oy as faces. Note that each Star(o) is open in the underlying smooth manifold of
X. Therefore, Star(o) inherits the structure of a complex submanifold of X.

Proposition 1.2.13. Let X be a complex manifold and D a simple normal crossing divisor. Then there
exists a covering {U,}yec4 of X with the following conditions:

1. The covering is locally finite.

2. For each U,, the collection of strata that have nonempty intersection with U, contains a unique
minimal stratum. We denote this minimal stratum by Y,,(,), and refer to it as the stratum associated
to U,.

v)

3. £ U, NUy # 0, and Yo()» Ya(y) are the associated strata of U, and U, respectively. Then the
strata Y, () and Y,( /) are comparable; that is, one is contained in the closure of the other.

4. If ) # B C A is a finite subset, then mweB U, is again an element of the covering.

Proof. Let T be a triangulation of X. Consider the open cover {Star(c)},c7. Since the triangulation
is adapted to the stratification, it follows that for each o € T, the set of strata that have nonempty
intersection with Star(o) has a unique minimal element. This ensures that the second condition is satisfied.
Moreover, if Y, denotes this minimal stratum, then

o C Star(o,) NY.

We now verify the third condition. If the original cover does not satisfy this condition, we refine the
triangulation by taking the barycentric subdivision of each simplex in 7. Let 7’ denote the resulting
triangulation. Clearly, 7’ remains adapted to the stratification. Consider the open cover consisting of
the open stars associated with 7’. As before, this refined cover satisfies the second condition. We now
claim that it also satisfies the third condition:

Let 71 and 7o be simplices of T’ such that star(r) Nstar(mz) # (. Then there exists a minimal simplex
o € T that contains both 7 and 7. This follows from the fact that the intersection of two open stars
determined by 7" is again the star of a simplex in 77, and every simplex in 7 is subordinate to simplex
in 7. Now, We analyze two possible cases:

1. If the relative interiors of 7 and 75 are contained in the relative interior of o: Since ¢ contains points
of a unique stratum, it follows that interiors of both 7 and 7o have points of the same stratum.
This implies that the minimal strata of St(71) and St(72) are the same.

2. If the relative interior of 7y is contained in &, and the relative interior of 7 lies at the boundary of o:
Since 72 lies in the boundary of o, the closure of the stratum associated with Star(72) contains the
stratum associated with Star(c). This latter stratum is precisely the one associated with Star(7).
Therefore, the strata corresponding to Star(7;) and Star(72) are comparable.



1.3. Groupoids and orbifolds 21

This shows that the refined open cover satisfies the condition (3).

Finally, Since X is paracompact, we may extract a locally finite subcover from the collection {Star(c)},c7.
By also including all finite intersections of elements of this subcover, we obtain an open cover that is locally
finite and satisfies the first and last conditions. Hence, this refined cover satisfies all the required conditions
of the statement. O

The Proposition above motivates, in a certain sense, the following definition.

Definition 1.2.14. Let X be a complex manifold, and let D a simple normal crossing divisor. We say
that an open subset U C X is adapted to the stratification, or simply an adapted open, if the collection of
strata that have nonempty intersection with U has a unique minimal stratum.

1.3 Groupoids and orbifolds

In this section, we introduce the definitions of proper Lie groupoids and orbifolds, and establish the
relationship between these two concepts.

Definition 1.3.1. 1. Let X be a paracompact Hausdorff space. A real (resp. complex) orbifold chart
on X is a tuple (U, G, ¢), where U is an open connected set in R™ (resp. C") for some n, and G
is a finite group that acts smoothly (resp. holomorphically) on U by C*°-diffeomorphisms (resp.
biholomorphisms). The map ¢ : U — X is a G-invariant continuous map such that the induced
map @ : U/G — X is an open embedding. We denote the image of this embedding by U. Note that,
by G-invariance, p(U) = U.

2. An embedding (V,H,¢) — (U, G, ) between two charts is a smooth (resp. homolomorphic) em-
bedding ¢ : V — U, together with an injective group homomorphism p, : H — G, such that ¢ is a
p.-equivariant and satifies p o1 = ¢.

3. A real (resp. complex) orbifold atlas on X is a family {(Va, Ga,@a)}aen of orbifold charts that
cover X, and are compatible in the following sense: For any pair of charts (Vu,Ga.p) and
(Vor, Gy o), and any point x € Vo NV, (where Vo := ¢©0(Va), Vo = @a(Vy)) there exists
a chart (Voyr, Gorypqr) such that x € Vo €V, NV, and there are smooth (resp. holomorphic)
embeddings from (Vor, Gor, 00r) 10 (Va, Ga, 9a) and (Vyr, Gor, @or), respectively.

4. Two orbifold atlases are said to be equivalent if they admit a common refinement. An orbifold
(of dimension n) is such a paracompact Hausdorff space X, together with an equivalence class of
orbifold atlases.

Unless otherwise specified, we will omit the mention of the atlas and refer simply to the orbifold X.
From now on, we will focus on real orbifolds, since every complex orbifold is a real orbifold with an extra
estructure.

Given a chart (Uy, Go, ¢a), note that since G, acts smoothly on U,, we have a homomorphism p,, : G, —
Aut(U,) from the group G, to the group of smooth automorphism of U,. TThis observation motivates
the following definition.

Definition 1.3.2. An orbifold X is called effective if it has an atlas where all its homomorphism of groups
Po : Go — Aut(U,) are injectives.
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In [Sat57], a characterization of effective orbifolds is presented, showing that every orbifold of this kind
can be realized as a quotient of the form M /G, where M is a smooth manifold and G is a Lie group acting
smoothly on M

Definition [1.3.1] gives the classical definition of orbifolds in terms of local charts and compatibility con-
ditions. Motivated by the characterization of effective orbifolds, several works in the theory of orbifolds
have developed alternative approaches by describing orbifolds in terms of specific types of groupoids. In
particular, [Moe02] demonstrates that groupoids offer a natural and robust language for establishing the
foundations of orbifold theory.

In what follows, we adopt this perspective by working in the language of groupoids, which, as we will
see in Section [1.4] is closely related to the language of stacks. The definitions and statements presented
below are based on the exposition in [Moe02].

Definition 1.3.3. 1. A groupoid is a category in which every morphism is an isomorphism.

2. If C is a category with fiber products, a groupoid object G in C consists of a tuple (G, G1, s,t,m, u, 1),
where G and G are objects of C, and s,t : G1 = Go,m : G1 X564+t G1 = G1,u : Gop = Gy, and
i : G1 — Gp are morphisms. The morphisms s and t are called the source and target maps,
respectively. The morphism m is the composition map. The morphism wu, called the identity
morphism, satisfies sou =t owu = idg,. The morphism ¢, referred to as the inverse map, satisfies
i? = idg,, together with the identities s 0 i =t and t o7 = s. For simplicity, we omit the notation
G1 Xs,Go,t G1, and instead write G1 x g, G1. These maps satisfy the following axioms:

(a) The multiplication m commutes with s and ¢ in the following sense:

G1 XGo Gl - " G1 G1 XGo G1 —m G1
| [ !
Gi ———— Gy Gl ———— Gy

(b) Associativity: The following diagram commutes

m,id
G1 XGo Gl XGo Gl !> Gl X Gy Gl

(id,m)l lm

Gl XGo G1 #) Gl

(c) Identities: The following two diagrams are commutative

uxid idxu
Go XGo Gl — G1 XGo G1 G1 XGo Go — G1 XGo G1
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(d) Inverses: The two diagrams below commutes

(Z i) Gl X Go G1 G1 —_—

" b S b

Example 1.3.4. 1. Let G be a group. Then consider the category, which has a single object, denoted
by *, whose morphisms from * to itself are given by the elements of the group G, with composition
defined by the group operation. This category is clearly a groupoid, and is known as the classifying
groupoid of G, denoted as BG.

2. Let G be a finite algebraic group over a field k, and let X be a scheme over k. A (left) action of G
on X is given by a morphism of schemes p : G X X — X such that we have the commutativity of
the following diagrams:

GXkGXkaGXkX (eidx

G xp X
ing,u,l ) lﬂ & lﬂ
X

Gxp X — X

where m : G x G — G is the multiplication of groups, and e : Spec(k) — G is the identity section of
the group scheme. This action induces a groupoid object in the category of schemes G x X = X,
where the maps s and ¢ are given by the action map and the projection.

Based on the definition above, we now consider groupoids in the category of Hausdorff smooth manifolds.
Since this category does not necessarily admit fiber products, we require that the source map s and the
tarjet ¢t be submersions. This condition ensures that the fiber product G; xg, G is a Hausdorff smooth
manifold, as pullbacks along submersions always exist in the category of smooth manifolds.

In concrete terms, we have the following definition.

Definition 1.3.5. A Lie groupoid is a groupoid G in which both the object space Gy and the morphism
space GG1 are Hausdorff smooth manifolds, and the structure maps s,¢,m,u and i are all smooth. In
addition, the source and target maps s and ¢ are required to be submersions.

Definition 1.3.6. A Lie groupoid is called proper if the map (s,t) : G1 — Gy x Gy is a proper map, that
is, the preimage of any compact set is compact.

A Lie groupoid G is called étale if the source and target maps s and ¢ are local diffeomorphisms.

Given a point z € Gy, the isotropy group (or stabilizer) at x, denoted G, is defined as {g € G1 : s(g) =
t(g) = x}. That is, G, consists of all arrows in GG; whose source and target are both equal to x.

Let G be an étale groupoid, and let z € G;. Then there exist open neighborhoods V' C G of z and
U, W C Gy of s(z),t(z), respectively. Such that the restrictions

S‘VIV—>U, t|VV—>W

are diffeomorphisms. This implies that the map (tos™ )‘U U — W is a smooth diffeomorphism. Different
choices of such neighborhoods V, yield the same germ of diffeomorphisms from s(z) to ¢(z).
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Moreover, for each © € Gg and each element y € G, the element y defines a germ of a diffeomorphism
at x given by sy : V. — U and ¢y : V — U, where U is a suitable neighborhood for z. This con-
struction induces a group homomorphism from the isotropy group G, to Diff,Gq, the group of germs of
diffeomorphisms of Gy at the point x.

Definition 1.3.7. We say that the étale groupoid G is effective if, for each x € Gy, the homomorphism
from the isotropy group G, to the group of germs of diffeomorphisms at x is injective.

Definition 1.3.8. Let G and H be Lie groupoids. A homomorphism of Lie groupoids (or simply a
morphism) from G to H is a pair of smooth maps

(b:Gl—)Hl, w:G0—>H0

that are compatible with the groupoid structure; that is, they commute with all the structure maps
(source, target, identity, composition, and inversion).

Remark 1.3.9. If G is a proper and étale Lie groupoid, then for each point x € G, the stabilizer group
G, is finite. Moreover, since G is étale, there is a natural homomorphism from G, to the group of germs
of local diffeomorphisms at . As a consequence, there exists an open neighborhood U C Gq of =z on
which the finite group G, acts smoothly. Furthermore, by étaleness, the source and target fibers over U
coincide, i.e., s7H(U) = t71(U), and the restriction s~ }(U) = U defines a Lie subgroupoid of G. This
restricted groupoid is isomorphic to the action groupoid G x U = U. This local construction shows that
a proper étale Lie groupoid defines an orbifold structure on the quotient it presents.

Before introducing groupoids, we observe that effective orbifolds can be described by groupoids, and by
Remark [1.3.9] every proper and étale groupoid defines an orbifold, which is not necessarily effective. This
naturally raises several questions. If we start with an effective groupoid, construct the associated orbifold,
and then recover a groupoid from this orbifold, do we obtain the original groupoid? Conversely, if we
begin with an effective orbifold and consider its associated groupoid, is this groupoid effective? Moreover,
when we take the orbifold induced by this groupoid, do we recover the original orbifold? To address these
questions, we first need to clarify what it means for two such objects to be considered “equal.”

Definition 1.3.10. Let G and H be Lie groupoids. A homomorphism of Lie groupoids F' = (¢,v) : G —
H is called an equivalence of Lie groupoids if the following two conditions hold:
1. The map t o pry : Hy X¢ 1,0 Go = Ho, (h,z) — t(h), is a surjective submersion. This condition
ensures that every object of H is locally isomorphic to an object of G.

2. The following diagram is a pullback of smooth manifolds:

Gl#Hl

(s0)] |0

G()XG()WH()XHO

That is, the map ¢ : G; — H; induces a diffeomorphism:
Gl = G() X Hy H1 X Hy Go.

This ensures that (¢, ) induces bijections between the morphism spaces in a smooth way.
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Two Lie groupoids G and G’ are said to be Morita equivalent if there exists a third groupoid H and
equivalences

GEHSG

Having established a series of definitions, we will enounce the Theorem that is established in [Moe02] and
relate orbifolds and Lie groupoids.

Theorem 1.3.11. Let G be a Lie groupoid. The following conditions are equivalent.

1. G is Morita equivalent to an effective proper étale groupoid.

2. G is Morita equivalent to a groupoid G x X =% X, where G is a compact Lie group acting on a
smooth manifold X, such that each stabilizer is finite and acts effectively on the normal bundle.

In summary, we have a one-to-one correspondence, up to equivalence, between effective orbifolds and
effective orbifold groupoids.

Remark 1.3.12. Finally, if G is an arbitrary étale groupoid, assume that {(Va, Ga, ¢a) taca is the orbifold
that deterimes G. For each «, consider the kernel H, of the map from G, to the group of diffeomorphisms
of V,, to itself. Therefore, we consider the orbifold given by the charts {(Va, Go/Ha, ©a)}aca. Since the
actions are not trivial, this defines an effective orbifold whose underlying space is precisely the same
underlying topological space of {(Va, Ga, ©a)}ach-

1.4 Deligne-Mumford stack

In this section, we review the definitions of algebraic and analytic stacks. Most of the material presented
here is based on [G601], [LMB99], and [Alp24] for the case of algebraic stacks, and on [Toe99] for the
analytic setting.

Given a scheme S, the big étale site (Sch/S)¢: is defined as the category of S-schemes, denoted (Sch/S),
equipped with a Grothendieck topology generated by a standard notion of covering: families of étale
morphisms {U, — U}aen such that [[, Uy — U is surjective.

Let S be a base scheme, and let X be an S-scheme. The functor of points of X, denoted by hx, is the
presheaf (in fact, a sheaf) on the big étale site (Sch/S); defined as follows:
hx : (Sch/S)? — Sets
T — Homg (T, X)

For simplicity, this functor of points is often denoted by X or even by X itself when there is no ambiguity
between the scheme and its functor.

Let S be a scheme, and let F,G, H : (Sch/S)°? — Sets be sheaves of sets on the big étale site. Suppose
that ¢ : ' — H and ¢ : G — H are morphisms of sheaves. Then fiber product F' X G is defined as the
sheafification of the presheaf given by:

(F > G)(T) == F(T) Xa(r) 9(T)
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Definition 1.4.1. 1. Let S be a scheme. A sheaf F': (Sch/S)°" — Sets is called representable if there
exists an S-scheme X such that F' = X. Here, this equivalence of functors means that there exists
a natural isomorphism ¢ : F' = hx.

2. Let F — G be a morphism of sheaves on (Sch/S)¢. We say that the morphism is representable
by schemes if for every S-scheme X and every morphism X — G, the fiber product F xg X is
representable by an S-scheme.

3. We say that a morphism f : F' — G of sheave is étale (respectively, surjective, flat, open, or closed)
if it is representable, and for every S-scheme X and every morphism X — (G, the base change
F xg X — X is an étale (respectively, surjective, flat, open, or closed) morphism of schemes.

Having established the preceding definitions, we now present the definition of an algebraic space.

Definition 1.4.2. Let S be a scheme. An algebraic space over S is a sheaf F' of sets on the big étale site
(Sch/S)e: satistying the following conditions:

1. The diagonal morphism A : F — F x F' is representable by schemes. That is, for every scheme T
and morphism T — F x F', the fiber product F' X pxr T is representable by a scheme.

2. There exists a scheme U and a morphism of sheaves U — F', such that this morphism is repre-
sentable, étale, and surjective.

Example 1.4.3. 1. A basic example of an algebraic space is the functor of points of a scheme. This
shows that the category of schemes over a base scheme S embeds fully faithfully into the category
of algebraic spaces over S.

2. Another example of an algebraic space results from taking quotients by group actions. Let S be
a base scheme, and let X be an S-scheme. As in the Example suppose that a finite group
G acts on X, via a morphism p : X x G — X, (x,9) — z-g. This group action induces, for
every S-scheme T, an action of the group G(T') on X (7). Then we can consider the quotient in the
category of sets

(X/G)(T) :== X(T)/G(T)
this naturally defines the following presheaf

X/G: (Sch/S)°®? — Sets
T —(X/G)(T)

This presheaf is in fact a sheaf for the étale topology. Moreover, if G acts freelyﬂ on X, this sheaf is
an algebraic space (see [Stal8l, Tag 02Z0]). In this case the natural map X — X/G is representable,
étale and surjective. As we will see below, this algebraic space is not always representable by a
scheme.

We will show an easy example in which not every algebraic space of the type described in is a
scheme. For this, we will use the following result: A necessary and sufficient condition for the existence
of a quotient of a scheme X by a finite group G, in the category of schemes, is that the orbit of every
point in X is contained in an affine open subset of X (see |Gro71l, Prop 1.8]).

! An action of G on X is said to be free if for every scheme T over S, and every x € X(T), if - g = 2 for some g € G(T),
then g is the identity element of G(T')
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Example 1.4.4. Consider the non-separated affine line X := A(%: L] AL~ {0} A}C. Recall that this scheme is

obtained by gluing two copies of the affine line along the open subset A{ \ {0}. Let Z/2Z acting on X
by multiplication by —1 at every point except the two point of the origin, and swaps the two copies of
the origin. Note that this action is free since no point is fixed by the non-identity element. The quotient
is not representable by a scheme, since there is no affine open subset containing both origin points. This
is because every affine scheme is separated, and the two origins cannot be contained in a separated open
subset of X. This means the condition in [Gro71, Prop 1.8] is not satisfied.

In the remainder of this section, we focus on stacks, with particular emphasis on Deligne-Mumford stacks,
as they form the central framework of Chapter

Definition 1.4.5. 1. Let S be a scheme. A presheaf of groupoids F on the étale site (Sch/S)et is a
presheaf F': (Sch/S)#? — Groupoids which assigns to each S-scheme U a groupoid F(U), and to
each étale morphism f: V — U a functor F(f): F(U) — F(V)

Definition 1.4.6. Let S be a scheme. A stack over the étale site (Sch/S)e is a presheaf of groupoids
2 (Sch/S)°? — Groupoids

that satisfies the following conditions for every étale covering {U; — U}:

1. For any two objects x,y € 2 (U), the presheaf of sets
Isom(z,y) : (Sch/U)*® — Sets, T+ Isomy (1) (z|r,y|r)
is a sheaf on the site (Sch/U )et.

2. For any collection x; € 27 (U;), and isomorphisms ¢;; : 7|, = zi|y,; on Uj := U; xy Uj, satisfying
the cocycle condition on triple overlaps:

O = ¢ij’Uijk o ¢jk‘Uijk on Uy = U; xy Uj xy Uy.
There exists an object z € 2°(U) and isomorphisms 1); : 2|y, — x; such that
bij = Yilu,; © 1/);1|U1-j-
Moreover, such an object x is unique up to a unique isomorphism in 2" (U).

Example 1.4.7. 1. Fixing a base scheme S, the functor of points of an S-scheme X is a stack.
Moreover, we have that algebraic spaces are stacks.

2. Let G be a finite group scheme over a field k, acting on a scheme X over k (see example [1.3.4)).
Consider the groupoid presheaf [X/G] : (Sch/k)ct — Groupoids defined as follows: For a k-scheme
T, the groupoid [X/G](T) consist of pairs of morphisms

P
lp
T

L}X
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where p is a principal G-bundle, and f is a G-equivariant morphism. Morphisms in this groupoid
are G-equivariant isomorphisms of G-bundles over T that commute with the maps to X. This
construction defines a stack in the étale topology (see [LMB99][Section 2.4]), which is commonly
referred to in the literature as the quotient stack [X/G].

A morphism of stacks is a natural transformation between the associated sheaves of groupoids; that is,
for each object in the étale site, it gives a functor between groupoids compatible with restriction maps.

Definition 1.4.8. A morphism 2 — % of stacks is representable (resp. representable by schemes) if
for every morphism U — % from a scheme U, the fiber product U x o~ % is an algebraic space (resp.
scheme).

In the same way as in Definition [1.4.1] we consider the following definition

Definition 1.4.9. Let P be a property of morphism of schemes.

1. We say that P is étale local on the source if for every étale surjection Z — X of schemes, a morphism
X — Y satisfies P if and only if Z — X — Y does. P is étale local on the target if for every étale
surjection Z — Y of schemes, a morphism X — Y satisfies P if only if X xy Z — Z does.

2. Let P be stable under composition and base change and is étale local on the source and target.
A morphism of stacks Z° — % has the property P if for all étale presentations V. — % and
U— 2 xg V, the composition U — V has P.

3. A morphism 2~ — # of stacks representable by schemes has the property P if for every morphism
U — % from a scheme U, the morphism U X ¢~ % — U of schemes has the property P.

The properties of flatness, smothness, surjectivity, locally of finite presentation, or locally of finite type
are smooth local on the source and target.

Definition 1.4.10. A Deligne Mumford (resp. algebraic) stack, is a stack 2" over (Sch/S)es such that
there exist a scheme U and a surjective, étale (resp. smooth), and representable morphism from U to 2.
The morphism U — 2 is called an étale (resp. smooth) presentation.

If 2 is a stack over (Sch/S)et, and U € (Sch/S)et, then using the Yoneda’s lemma for 2-categories, in this
case for stacks, we have an equivalence of categories between Mor(U, 2") and the groupoid fiber category

2 (U).
Example 1.4.11. 1. Schemes and algebraic spaces are a Deligne-Mumford stack.

2. Example[1.4.7]provides an instance of a Deligne-Mumford stack, commonly referred to as a quotient
stack. Moreover, if we have an étale groupoid of schemes P; = Py such that such that the associated
morphism P} — Py xg Py, determined by the groupoid structure maps, is separated, quasi-compact,
and of finite type, then the associated groupoid defines a Deligne Mumford stack [P1 = FPpl; see
[LMB99l Prop 4.3.1].

3. The stack .#, of curves of genus g > 2 is a DM stack [DM69, prop 5.1].

4. The stack %gm of curves of genus g and n—marked points, with 3¢ — 3 + n > 0 is a DM stack
[KNUS3|, thm 2.7]
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In [Alp24] Theorem 3.2.1] it is stated that the diagonal of an algebraic space is repesentable by schemes,
and the diagonal of an algebraic stack is representable. In conclusion, if 2 — % is a representable
morphism of stacks, then 2~ — 2 x4 2 is representable by schemes. Based on the observation above,
we now consider the following definition.

Definition 1.4.12. 1. A representable morphism 2~ — % is separated if the morphism 2" — 2~ X
Z, which is representable by schemes, is proper.

2. An algebraic stack X is separated if the diagonal 2~ — 2 x 27, which is representable [LMB99,
Cor 3.13], is separated.

Separability is an important concept in stacks because it allows us to have better properties on stacks, for
example, if X' is a DM stack, the separability implies that any étale presentation U — 2 is representable
by schemes.

Definition 1.4.13. A substack % C 2 of a stack is called an open stack (resp closed) if the inclusion
U — 2 is representable by schemes and an open inmersion (closed immersion).

Example 1.4.14. 1. From Example let x : Spec(k) — X be a geometric point and denote G,
the stabilizer of the point; that is, the subgroup of G(Spec(k)) consisting of elements that fix the
point . Then, there exists an open neighborhood U C X of x that is invariant under the action of
G5. In this case, the quotient stack [U/G;] defines an open substack of [X/G].

2. Following the example [1.4.11} the substack My p, of smooth curves of genus g and n-marked points
of M 4, is an open substack. See [KNUS83| theorem 2.7].

In general, the following fact holds for any stack admitting a surjective morphism from an algebraic space.
However, since we are primarily interested in Deligne-Mumford stacks, we will develop it in that setting.

Let p: P — Z be an étale presentation of a separated Deligne—Mumford stack. Then this presentation
defines an étale groupoid P X ¢ P = P, in the category of schemes. The stack that defines this étale
groupoid is isomorphic to 2" see [LMB99, Prop 3.8]. The description above in terms of groupoids gives
us a characterization for the substack of Z7; that is, if s,¢: P X - P — P is the respective groupoid, then
there exists one-to-one correspondence between open (closed, locally closed) substacks of 27, and open
(closed, locally closed) subschemes W of P satisfying the condition s~1(W) = t~}(W); see [Gil84, Pag
208]. This correspondence is independent of the choice of étale presentation.

Definition 1.4.15. The inclusion Z C 2 is called a toroidal embedding if the morphism % — 2 is
representable by schemes, and such representation is a toroidal embbeding.

Let (2, % ) be a toroidal embedding of DM stacks, and let P — 2 be an étale presentation. The induced
toroidal embedding on the presentation is given by % x ¢ P — P. For simplicity, we denote % X o P
by Py . Note that we can always find an étale presentation P — 2~ such that the pair (P, Py ) is a strict
toroidal embedding.

Example 1.4.16. 1. Following Example let G be a finite group scheme acting on a regular
variety X over a field k, and consider the quotient stack [X/G]. Suppose that D C X is a simple
normal crossing divisor that is invariant under the action of G. Then the open set U := X \ D
is also G-invariant, and we may consider the induced open substack [U/G]| C [X/G]. Since X is
regular, and D is a simple normal crossing divisor, the pair (X, U) admits the structure of a toroidal
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embedding (see Remark [1.2.5). Moreover, the inclusion U < X is G-equivariant, so the induced
morphism [U/G] — [X/G] is representable by the toroidal embedding U — X. It follows that the
pair ([X/G],[U/G]) defines a toroidal embedding of Deligne-Mumford stacks.

2. The pairs (A 4, M,) and (M g, M) are toroidal embbedings of DM stacks [KNU83, Thm 2.7].

If 2 is an algebraic stack, its underlying topological space, denoted | 2|, is defined as the set of equivalence
classes of morphisms x : Spec k — 2, where k ranges over all fields. Two such morphisms x1 : Spec k1 —
Z,x9 : Spec ko — 2 are considered equivalent if there exists a field k3 containing both ky and ks, and
a commutative diagram:

Spec ks —— Spec ka

|

Spec ki ——— &
A subset U C | 27| is declared open if there exists an open substack % C 2 such that || = U. This

defines a topology on | 27|, called the Zariski topology.

We say that an algebraic stack 2 is quasi-compact, connected, or irreducible if its underlying topological
space | 2| has the corresponding property.

We now present a series of definitions concerning morphisms of algebraic stacks that are useful to keep in
mind, as they will be used at various points throughout this work.

Definition 1.4.17. 1. A morphism 2~ — % is called quasi-compact if for every morphism Spec A —
% | the fiber product Spec A xg 2" is quasi-compact.

2. A morphism is called of finite type if it is locally of finite type and quasi-compact.

3. A morphism 2" — % is universally closed if for every morphism 2 — ¢, the morphism 2 x4 Z~ —
% induces a closed map |2 xo Z| — | Z|.

4. A morphism 2~ — % is called proper if it is universally closed, separated, and of finite type.

5. A representable morphism 2" — % of algebraic stacks is called locally quasi-finite, if is locally of
finite type and for every morphism V' — % from a scheme, the algebraic space 2 xg V is locally
quasi-finite over 7. [

6. A morphism 2~ — % of algebraic stacks is called locally quasi-finite, if is locally of finite type, the
diagonal & — 2 xg X is locally quasi-finite, and for every morphism Spec k — %, the space
| 21| is discrete.

7. A morphism is called quasi-finite if it is locally quasi-finite and quasi-compact.
8. A morphism of stacks is called finite if it is proper and quasi-finite.

9. A morphism of separated DM stacks 2~ — % is called étale if it is representable, and for every
étale presentation V' — % and étale presentation U — 2~ X4 V, the induced composition U — V'
is an étale morphism of schemes.

2A morphism of algebraic space is locally quasi-finite if the morphism associated in the category of schemes is.
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Definition 1.4.18. Let 2" be an algebraic stack. The inertia stack I9 is defined as the fiber product
Iy = Xpoxo.naZ,

where A : 2" — 2" x 4 is the diagonal morphism. Intuitively, I4 encodes the automorphism structure
of objects in Z". More precisely, for a scheme T', the groupoid 14 (T') consists of pairs (z,«) where

o z € 2 (T) is an object over T,

e «:x — x is an automorphism of x in the fiber category over T'.
Last description, allows us to view the inertia stack as a stack that parameterizes objects of 2" together
with their automorphisms. This motivates the following definition.

Definition 1.4.19. Let 2" be an algebraic stack, and x : Spec k — 2" be a geometric point. The stabilizer
group of the point x, denoted G, is defined as the fiber product of the morphims A : 2" — 2 x Z and
(x,z) : Spec k = 2" x 2.

Remark 1.4.20. As the diagonal morphism A : 2" — 2 x 2 is representable [LMB99, Cor 3.13],
the stabilizer group is an algebraic space. Moreover, if the algebraic stack is a Deligne-Mumford stack
separated, then the stabilizer group is represented by a finite and reduced scheme [Alp24, Remark 3.3.13].

Finally, following [AIp24] Section 3.1.8], the stabilizer group of a point x : Spec k — 2~ of 2" can also be
described by the sheaf

Isom g1y (7, ) : (Sch/S)et/k — Sets
(T i) Spec k) — Mor o1y (f*z, f*z)
Definition 1.4.21. A morphism 7 : 2~ — X from an algebraic stack to an algebraic space is a coarse

moduli if the following conditions hold:

1. For every algebraically closed field k, there exists a bijection between the set of isomorphism classes
of Z'(k) and X (k).

2. Every morphism from 2" to an algebraic space Y factors through .
Not every algebraic stack admits a coarse moduli space. However, in the case of Deligne-Mumford stacks,
the following proposition provides conditions under which a coarse moduli space exists.
Proposition 1.4.22. Let 2 be a separated DM stack of finite type over k. Then there exists a coarse
moduli space 7 : & — X, which satisfies the following additional properties:

1. X is of finite type.

2. X is separated on k.

3. The map 7 is proper and finite.

Proof. See [Ryd07, pag. 2], or [Con05, thm 1.1] O
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The following proposition, proved in [LMB99L Prop. 16.6.1], will be useful in establishing certain topo-
logical properties of the coarse moduli space of separated Deligne—-Mumford stacks, as we will see in
Chapter

Proposition 1.4.23. Let 2" a DM stack of finite type over a noetherian scheme S. There exist a
surjective proper morphism Z — 2" from a quasi-projective S-scheme Z such that the map is étale on
an open dense subscheme of Z.

Finally, we conclude this section with a discussion of analytic stacks of Deligne-Mumford, and complex
analytifactions. The statements and definitions in this part are taken from [Toe99).

Recall that a subset A C C" is called an analytic set if, for every point z € A there exists an open
neighborhood U C C” of x and finitely many holomorphic functions fi,... fr : U — C such that

ANU=A{z€U: fi(z) =...= fr(z) =0}

In this context, a complex analytic space is a locally ringed space over C that is locally isomorphic to a
closed analytic subset of an open set V' C C”, equipped with the structure sheaf of holomorphic functions
modulo a coherent ideal.

Definition 1.4.24. Let f : Y — X be a morphism of complex analytic spaces. We say that f is étale at
a point y € Y if there exist open neighborhoods V C Y of y and U C X of f(y), such that the restricted
map f|y : V — U is an isomorphism of complex analytic spaces.

The morphism f is said to be étale if it is étale at every point y € Y; that is, f is a local isomorphism in
the analytic topology.

The morphism f is said to be finite if it is proper and has finite fibers.

Definition 1.4.25. The étale site (An/C)e; is defined as follows: The objects of (An/C)e; are complex
analytic spaces U. Morphisms U — V in (An/C)e are morphisms of analytic spaces over C.

A family {U; — U} is a covering, if the maps U; — U are étale morphisms, and the union of their images
covers U.
Having fixed this, the notion of presheaf of groupoids on the site (An/C)et, as well as the notion of an

analytic stack, is analogous to the corresponding definitions in the algebraic setting.

Definition 1.4.26. A separated analytic stack of Deligne-Mumford, is a stack 2" over the site (An/C)g
satisfying the following conditions:

1. The diagonal morphism A : 2" — 2 x 2 is representable by complex analytic spaces, separated,
and finite.

2. There exists a complex analytic space U and a étale, surjective morphism U — 2~

Now, we will expose a series of propositions that can be found in [Toe99, Chap V]

Proposition 1.4.27. Let 2 be an analytic stack of Deligne-Mumford.
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1. There exists a complex analytic space X, and a proper morphism
p: X=X

which is universal among morphisms from 2 to analytic spaces, and which induces a bijection
between the class 2 ((Spec C)*") of complex points of the stack and X ((SpecC)*").

In the analytic setting, the space X is the moduli space for 2.

2. Let X be the moduli space of Z". Then, there exists an étale cover U — X, and a complex analytic
space Y, a constant sheaf of finite groups H on Y, and an action of H on Y, such that the pullback
stack

%U =2 X X U
is equivalent to the classifying stack [Y/H].

The analytic stack [Y/H| is defined in similar way as in Example

Just as in Example [1.4.11] analytic stacks can be described via groupoids arising from their étale presen-
tations. In this sense, the analytification of a Deligne-Mumford stack can be defined as follows:

Let 2" be a separated Deligne-Mumford stack over C, and let P — 2~ be an étale presentation. Then
the associated étale groupoid P X - P —= P induces, by analytification, an étale groupoid of analytic
spaces

(P x g P)™ — P™
This groupoid defines an analytic stack, which we denote by 2 ".

Proposition 1.4.28. Let X be a scheme and H a finite group acting on X. Then there is a natural weak
equivalence between the analytification of the quotient stack and the quotient of the analytified space:

[X/H]™ ~ [X*"/H].

Proposition 1.4.29. Let 2" be an algebraic stack, and let p : Z° — X be the projection to its coarse
moduli space. Then the induced morphism on analytifications

pan . r%/'an — XaTL

makes X" the coarse moduli space of 2 %".

1.5 Fundamental group of an stack

The main reference for this section is [Noo04]. In what follows, we discuss the fundamental group of a
connected algebraic stack.

Definition 1.5.1. Let 2" be a connected algebraic stack. A morphism f: % — 2 is called a covering
map if % is a connected algebraic stack, and f is representable by a finite étale map.

The category of covering maps on 2 is denoted by Cov(Z"). In addition, if = : Spec k& — 2 is a
geometric point, then we associate a functor

F, : Cov(Z") — sets
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called fiber functor, defined as follows: for a covering map f: % — 2", we set

: Spec k — % is a geometric point,
R 2) = { )| 1 e i) |/

¢ :x —> f(y) is a morphism in 2 (k)

where two pairs (y, ) and (v, ¢’) are considered equivalent if there exists an isomorphism 5 : y — ¢/
such that f(3) o ¢ = ¢'. In this context, f(y) denotes the composition f oy, and f(3) : f(y) — f(¥/).

For simplicity, we write F, (%) instead of F,.(f : % — Z').
The set F, (%) is naturally in bijection with the underlying set of the fiber product Spec(k) X o= %

According to [Noo04, theorem 4.2], the pair (Cov(2), F,) forms a Galois category. This motivates the
following definition.

Definition 1.5.2. Let 2" be a connected algebraic stack and let z : Spec k — £~ be a geometric point.
We define the étale fundamental group n$*(2",x) as the group of self transformations of the functor fiber
Fy

Having defined the étale fundamental group of a stack, we now construct a natural homomorphism from
the group of k-points of the stabilizer G, (k), associated with a geometric point x : Spec(k) — £, to the
étale fundamental group 7¢*(2°, z).

According to Remark the k-points of the stabilizer group scheme G, correspond to automorphisms
v € Mor 1) (@, x). Therefore, v induces a natural self-transformation of the fiber functor F as follows:

Given a covering map f : # — 2 and a class (y,¢) € F,(%'), we map this class to the new class
(y, o 0oy~1). To verify that this assignment is well-defined, suppose that (y/, ') is another representative
of the same class as (y, p), meaning there exists an isomorphism § : y — ¢’ such that f(8) oy = ¢'.
Then, we have that f(8)opo~y~!t = ¢ oy~!. showing that (y, 0oy~!) and (v/, ¢’ 0oy~ 1) lie in the same
equivalence class. Hence, the assignment is well-defined.

This construction yields a natural map:
wy : Gu(k) = 7842, 2) (1.1)

which sends each v € G, (k) to the corresponding automorphism of the fiber functor F,. Moreover, this
map is a group homomorphism, as shown in [Noo04, Section 4].

Example 1.5.3. This example is established in [Noo04, Ex 4.3]. Let X be a simply connected variety
over an algebraically closed field k, and let G be an algebraic group of finite type over k, acting trivially
on X. Consider the quotient stack 2" = [X/G].

Then, the stabilizer group at any geometric point x : Spec k — Z  is presicely G, since the action is
trivial. In this case, Noohi shows that the étale fundamental group of the stack is given by the quotient
G /Gy, where G is the connected subgroup of G that contains the identity. Moreover, the homomorphism
Wy : Gz(k) — (2, z) constructed earlier coincides with the natural quotient map G — G/Go.
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1.6 Skeletons associated with toroidal embedding of DM stacks

This section is based on material from [ACP12] and [Thu07]. We describe how compact analytic do-
mains arise from toroidal embeddings, and explain how this concept extends to the setting of toroidal
Deligne-Mumford stacks.

Let k be an algebraically closed field equipped with a trivial valuation. The Berkovich analytic space
associated with a variety X over k will be denoted by XBer.

Definition 1.6.1. The space X= is the compact analytic domain of X B characterized by the property
that, for any valued extension K|k, its set of K-points consists precisely of those points admitting an
extension to Spec K.

Remark 1.6.2. 1. Every morphism f : X — Y of k-varieties induces, in a unique way, a morphism
f=: X7 = Y7 see [ThuO7, Prop. 1.3].

2. If X is proper, then every K —point admits a prolongation to K°. Therefore, X7 is equal to XBer;
see [Thu07, Rem. 1.4].

If (U,X) is a toroidal embedding, in [Thu07, Cor 3.9], is constructed a continuous idempotent map
Px : X 3 — X7, This map allows us to fix the following definition.

Definition 1.6.3. Let (X, U) be a toroidal embedding. The skeleton is defined as the subset $(X) C X=
that is the image of the map py

Let us consider an example that, at first glance, may appear unrelated to our current discussion. However,
once introduced, it will serve as a useful tool for presenting simple examples of skeletons.

Example 1.6.4 ([KKMSDO0G6][Chap. II). | Let (X,U) be a strict toroidal embedding, and let E1, ..., E,
be the irreducible components of X ~\ U. Then X admits a canonical stratification, where each stratum
is a connected component of a locally closed set of the form

(ﬂ Ez) N U Ej 5
il jel
for some subset I C {1,...,n}. Given a stratum Y, define Star(Y) C X as the union of all strata whose
closures contain Y. With this setup, we define the following objects associated to the stratum Y:

e My := {Cartier divisors on Star(Y") supported on X (Y) ~ Xg},

e Sy C My, the submonoid of effective Cartier divisors,

e Ny := Hom(My,Z), the dual lattice,

e oy = Hompion(Sy,R>0) € Ny ®z R, the dual rational polyhedral cone.
Whenever a stratum Y’ lies in the closure of a stratum Y, the restriction of Cartier divisors induces a

morphism Ny — Ny, which identifies oys with a face of oy. Gluing the cones oy along these face
inclusions, we obtain the cone complex ¥ (X).
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Having stated the example, we now turn to the following remark.

Remark 1.6.5. If (X,U) is a strict toroidal embedding, then the image of UP" N X= under py is
canonically identified with the cone complex 3(X) associated to the toroidal embedding, as constructed
in Examplem Then (X)) is the closure of ¥(X) in X=, and is canonically identified with the extended
cone complex associated to ¥(X); see [Thu07, Prop. 3.17].

In [CTO7] Brian Conrad and Michell Temkim extend the notion of compact analytic domains to algebraic
spaces. This allows [ACP12] to consider the following construction:

Let 2" be a separable stack of finite type over an algebraically closed field k, and let (%, 2") be a toroidal
DM stack, X the coarse moduli of 2", and P — 2  an étale presentation from a scheme P such that
(P x g9 %, P) is a strict toroidal embedding. Then the right-exact diagram

Pxg P=zP—>X
induce a right exact diagram
(P xy P)? = PT > X-
see [ACP12, lemma 6.1.3]. This construction carry us to define the skeleton for DM stacks in the following

sense.

Definition 1.6.6. Let (27,% ) be a toroidal DM stack with X being the coarse moduli of 2". Consider
P— % an étale presentation from a scheme P, such that (P X9 %,P) is a strict toroidal embedding.
The skeleton (2 )7 C X7 of the toroidal DM stack associated to the étale presentation is defined as the

colimit of the diagram
S(P xq P) = X(P) (1.2)

Remark 1.6.7. 1. In [ACPI12, Proposition 6.1.4] is shown that the skeleton is independent of the
choice of étale presentation. Therefore, it is denoted by X(.27), and referred to as the skeleton of
the toroidal DM stack. Moreover, an idempotent retraction map pg : X3 - (%) is defined,
analogous to the construction in the case of toroidal embeddings.

2. Since we can always take an étale presentation P — 2" such that (P x4 %, P) is a strict toroidal
embedding, it follows from ([1.2)) and example that the skeleton 3 (2") is a generalized extended

cone complex.
3. As in the case of toroidal embeddings, we denote by 3(.2") the image under p 4 of the intersection
UBer 0 X2, where UB is the Berkovich analytification of the coarse moduli space U of % .
In what follows, our goal is to describe a decomposition of the skeleton ¥(.2") in terms of certain quotients

of cones by finite group actions. To do so, we begin by fixing some preliminary data.

For each étale morphism from a scheme V — 27, define:

e My the group of Cartier divisors on V supported on the boundary V ~ (V' X o %),

e Sy C My : the submonoid of effective Cartier divisors.

Let M and S be the étale sheaves on 2" associated to the presheaves V +— My and V' +— Sy, respectively.
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It is well known that the pair (27, %) induces a stratification of Z"; see Lemma for a detailed
proof. Let # C A2 be a stratum, and let w € # be a geometric point. Consider the stalk M,, and S,,.
The group M,, is finitely generated and a free abelian group, while S, is a sharpE], saturated, finitely
generated submonoid that generates M,, as a group [ACP12| sec 6.2]. Based on this, consider the dual
cone:

ow := {¢ € Hom(M,,,R) | £(s) > 0 for all s € S, },

which is a strictly convex, full-dimensional, rational polyhedral cone. Since M is étale-locally constant
on each strata of .27, the étale fundamental group 754 (#, w) acts on M., and preserves S,,. See [ACP12,
Sec.6.2]

Definition 1.6.8. The monodromy group I'y, is the image of the étale fundamental group of the stratum
W at the geometric point w in the automorphism group of M,,:

T, :=Im (ﬁt(W, w) — Aut(/\/lw)) .

Fix a stratum % of 2", and w a geometric point of #. We now recall a definition introduced in [ACP12]:
Definition 1.6.9. Let (27, %) be a toroidal embedding of DM stack, and w a geometric point. A small
toric chart around the geometric point is an étale morphism V' — 2~ satisfying

1. The toroidal embedding (V x g %, V) is strict.

2. There exists a unique minimal stratum W of V.

3. The image of W contains the geometric point.
From the above definition, it follows that the cone complex associated with the small toric chart V is
precisely a cone, which we denote by oy . Moreover, oy is canonically identified with oy,.
Having these descriptions, one of the main results in [ACP12] is the following.

Theorem 1.6.10. Let #4, ..., ¥y be the strata of a toroidal Deligne-Mumford stack (Z°,% ), and M the
sheaf defined above. For i =1,...,n, let w; be a geometric point of W;, o; the dual cone of M,,, &; the
relative interior of o;, and I'; the monodromy group. Then we have a natural decomposition

S(X, %) Hal/f‘@, and (2, %) ]_[az/r

1.7 Tropicalization of the moduli of curves

In this section we define the moduli space of tropical curves, called tropical moduli. We will show an
explicit stratification of this tropical moduli in terms of non-isomorphic stable graphs of genus g and
n legs. Finally, we will relate this description with the skeleton of the toroidal Deligne-Mumford stack
(M g1, Myy). For more details on this section, we refer to [AHCGII, chap. XII], [ACP12, sec. 3 and 4]
and [Cap13].

3 A monoid is said to be sharp if its only invertible element is the identity.
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Definition 1.7.1. A weighted n-marked graph G is a tuple (G, g, m) where

1. G is a connected graph.

2. g:V — Z>g is any function from the vertex of the graph to non negative integers, called the weight
function.

3. m:[n] — V is any function called n-marking, where [n] denotes the set {1,2,...,n}.
The genus of a weighted n-marked graph is defined as g = |E| — [V|+ 1+, g(v).

Denote by L the set {(i,v) : m(i) = v, i € [n]}. For simplicity, we write v; to refer to the pair (i,v), to
refer to the pair L legs. Thus, we have a map ¢ : L — V. which assigns each leg to the vertex to which it
is attached.

Forgetting the weight for a moment, a morphism «a : G — G’ of marked graphs consists of a map
ar : L — L' between the respective sets of legs, and a map ayg : VUE — V' U FE’, such that
ayr(V) C V" and for every edge e € E, either ayg(e) € E' and the image of the endpoints of e are the
endpoints of ayg(e), or ayg(e) € V', in which case the edge is contracted to a vertex. Moreover, these
maps are required to make the following diagram commute:

ar,
L—— 1

/
Y ave

We say that a morphims « is an isomorphism if « induces, by restriction, three bijections:
OéLiL—>L/, avtV—>V/, OéEiE—>E/.

An edge contraction in a graph is an operation that removes a chosen edge e connecting two distinct
vertices u and v, and identifies these two vertices as a single new vertex w. After this identification, all
edges previously incident to either u or v become incident to w, except for the contracted edge e, which
is deleted. In this process, some edges that formerly connected v and v may become loops at w.

A weighted graph contraction ™ : G — G’ is then defined as a contraction of the underlying unweighted
graph obtained by a finite sequence of edge contractions, together with a canonically induced weight
function on the contracted graph G'.

The weight function ¢’ on G’ is determined as follows: for each vertex v’ in G/, we consider the subgraph
7~ 1(v") C G that contracts on v'. The new weight is given by

g (W) = g(x™ (W),
where 7~!(v') denotes the genus of the subgraph G.

An automorphism of the weighted n-marked graph G is an isomorphim of the underlyig unweighted graph
to itself such that the weight is preserve; that is, g(v) = g(ay (v)).
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Definition 1.7.2. 1. A weighted n-marked graph G is called stable if for every vertex v, we have
2g(v) — 2+ n(v) > 0. where n(v) denotes the cardinality of the preimage of v under the marking
function m.

2. A metric graph is a graph G together with a real leght at each edge. That is, a function £ : £ — R<.

3. A tropical curve is a stable weighted graph G endowed with such a metric structure, i.e., it is a
stable weighted graph that is metric.

Note that contractions preserve the total genus of the graph. Moreover, any contraction of a stable
weighted graph yields another stable weighted graph.

We say that two tropical curves (G,¢) and (G', '), are isomorphic if there exists an isomorphism « :
G — G’ of their underlying unweighted graphs such that

le) ="V (ale)) forallee E, and g(v)=d(a(v)) forallveV

Let g and n be non-negative integers satisfying 2g — 2 +mn > 0. Fix a stable weighted graph G of genus g
and n marked points. By allowing the edge lengths to vary over all positive real numbers, we obtain all
tropical curves of combinatorial type G, where by combinatorial type we mean a tropical curve together
with an identification of its underlying graph with G. The moduli space of such tropical curves can be
naturally identified with the open cone
oG = R
>0

If we further restrict to tropical curves of combinatorial type G considered up to isomorphisms, we must
take the quotient by the automorphism group Aut(G). The corresponding parameter space then becomes

og/Aut(G)

If we also allow edge lengths to be zero, interpreting this as contracting subsets of edges in G, we
obtain new tropical curves whose combinatorial types are contractions of G. These degenerations are
parametrized by the cone

og = RLEO‘.

If : G — G’ is a weighted contraction, there is a canonical inclusion i, : g/ < og, which identifies
o’ with the face of o/ where all edges contracted by 7 are assigned length zero.

This process leads naturally to the construction of the moduli space of tropical curves of genus g and n
marked points.

Definition 1.7.3. As a topological space, the coarse moduli space of tropical curves Mgtfﬁp is defined as
the generalized cone complex
MyyP = lim o
(G,m)
where the limit is taken over the category of stable weighted n-marked graphs of genus g, with morphisms
given by weighted contractions and isomorphisms.

In the same way, we can consider the extended cone g = (R>o U 00)lEl, which is called the parameter
space of the extended tropical curves with graph equal to G.
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Definition 1.7.4. The coarse moduli space of extended tropical curves MZIZSLP is the generalized extended
cone complex

Mtrop : lﬂ Fa
)

In the definition m (and similarly for Definition , oberve that every automorphism of a weighted
graph G is, in particular, a weighted contraction. Therefore, the natural map from og to the colimit
M'WP factors through the quotient g — og/Aut(G). Moreover, two points in the colimit are identified
if and only if they are the images of two points in some open cone og, that differ by an automorphism of
G. This leads to the following proposition.

Proposition 1.7.5. 1. Let g,n integers as above. Then, the coarse moduli space of tropical curves
Mgy n tmp decomposes as a disjoint union

[[o&/Aut(G)
G

where the disjoint union is taken over isomorphism classes of stable weighted graphs of genus g with
n marked points.

2. Similarly, the extended moduli space Mtgfzp decomposes as a disjoint union

H a/Aut(G

where og, := (Rso U 00)Zl, with E being the set of edges of G.

Due to the work in [Capl3|, we have an alternative description of the (extended) moduli space of tropical
curves, which we summarize here.

Let G be an n-marked graph, where the weight function is zero in each vertex, and let v a vertex of G.
The valence of v is defined as the number of incident edges plus the number of incident legs. Note that
a loop is counted twice.

We say that G is 3-regular if every vertex has valence equal to 3.

Based on this, the moduli space admits the following description:

MoP = IT oc /% (1.3)

G 3-regular

Here, the disjoint union is taken over the set of 3-regular graphs of genus g and n marked points, and with
weight function equal to zero in each vertex. The equivalence relation 2 identifies isomorphism classes of
tropical curves.

Definition 1.7.6. Let p € ]g,n be a geometric point which represents a n-pointed curve (C;p1,...,pn)
with at most nodes in its singularities. The weighted dual graph G¢ associated to the curve is a stable
weighted graph described as:

1. The vertices correspond to irreducible components of C, and it is labeled with the geometric genus
of the irreducible component.
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2. The set of edges corresponds to the nodes of the curve C'. Here an edge is incident to two vertices
if the correspondient node lies in the intersection of the two irreducible components.

3. The marked points correspond to the marked points of the curve, where a marked point is associated
to a vertex if the marked point of the curve lies in the component associated with the vertex.

Having introduced the notion of skeletons for toroidal embeddings of DM stacks in Section [1.6| we now
identify the skeleton of the toroidal embedding (A g, #,) with the coarse moduli space of tropical
curves.

Fixing a geometric point = € ]g,n, which corresponds to a stable curve C, there exists an étale neigh-
borhood V' — ]g,n that parametrizes deformations of C, where a node that persists in the deformation
corresponds to a smooth and irreducible divisor. Moreover, the collection of all divisors corresponding
to the nodes of C' is precisely the normal crossing divisor of the toroidal embedding associated to V', see
[AHCG11, Chap 11- Thm 3.17 |. If G¢ is the dual graph of C, then the dual graph of any curve in the
family parametrized by V is a contraction of G¢.

Shirinking V' if necessary, we can consider V' — .# ., a small toric chart for the geometric point x. Then
the skeleton ¥(V) is equal to 7G.. By Theorem [1.6.10, we see that the image of o, in ¥(.# ) is the
quotient of g by the monodromy group H, and by |[ACP12, Proposition 7.2.1] this monodromy group
is isomorphic to Aut(G¢).

As a consequence of this description and by Theorem [1.6.10, we have

Corollary 1.7.7. The skeleton X(.#,) is decomposed as [[q T& /Aut(G): Where G ranges over iso-
morphism classes of stable graphs of genus g and n marked points. TThis yields a natural bijection
between S(A ) v M;Zp. Moreover, this bijection is in fact an isomorphism of generalized extended
cone complexes.

Proof. [ACP12][Cor 7.2.2] O
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Green functions and hybrid spaces

In this chapter, we construct a hybrid space associated with the pair (X, D), where X is a complex
manifold of dimension n, and D is a simple normal crossing divisor (see [1.2.1)).

To achieve this construction, we first show how to associate a cone complex with the stratification deter-
mined by the pair (X, D). Additionally, we introduce the notion of a Green function of continuous type,
which plays a fundamental role in defining the hybrid space.

Finally, we focus on the case where X is compact, as this will allow us to provide a precise description of
the hybrid space. Moreover, compactness will allow us to define a continuous family of suitable measures
in the hybrid space.

2.1 Polyhedral spaces and Green functions
Let D =} ,.; D; be a simple normal crossing divisor on a complex manifold X. To the pair (X, D), we
associate a cone complex, denoted by (X, D), as follows:

For each stratum Y, which is a connected component of [
the cone

ies Dj~ UjéJ D, for some J C I, we associate

J

oy = R‘E(I]

Note, for example, that the stratum X \ D is determined by a set of indices J = ), so X \. D has associated

the 0-dimensional cone {0}. Once the cones are defined, we establish the faces relations as follows. oy~

will be identified as a face of oy if only if Y C Y”. The underlying topological space of (X, D) is defined
by gluing all cones oy along their common faces. We also denote this topological space by (X, D).

Example 2.1.1. Left part of the Figure show a divisor on a surface, with two irreducible components.
Here, we have 5 strata: Dy ~ {Y1,Y2} and Do \ {Y7,Y>}, assume that these two are connected, the two
points Y7 and Y5, and X ~ D. On the right, we have its associated cone complex, where the two
2—dimesional cones glued along two rays.

Remark 2.1.2. If X is a regular variety over C and U C X is a strict toroidal embedding (see|1.2.4]) then
the complex cone associated to the toroidal embedding is canonically identified with the cone complex that
is associated with the simple normal crossing divisor X** \ U%". Here X“" is the complex analytification

42
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Figure 2.1: Cone complex

of X, which in this case is a smooth complex manifold. Moreover, by Remark this cone complex is
canonically identified with ¥(X) := UB® N X(X), where ¥(X) is the skeleton of X; see Definition [1.6.3

Definition 2.1.3. Let D be a Cartier divisor on a complex manifold X. A Green function of continuous
type for D, is a continuous function g : X ~\ |D| — R such that for every x € X there is an open
neighborhood U, of z, and a local equation z € Ox , defining the Cartier divisor D on U, such that the
map log|z| 4+ g extends to a continuous function on U,.

A positive Green function for D is a Green function g of continuous type such that g(z) > 0 for all
x e XN |D|.

Example 2.1.4. If X = C and D = {0}, then —log |z|, and max{—log |z|,log|z|} are Green functions
for the divisor D. Note that only the second function is a positive Green function.

Remark 2.1.5. e If g, g’ are two Green functions for D, then g — g’ can be extended to a continuous
function on X. In particular, if X is compact, then g — g’ is bounded.

o If D=3, ;a;D;is a divisor on X, with every a; € Z. For each i € I, g; is a Green function for
D;, then gp := Zz’el a;g; is a Green function for D.

o If {g;}!" is a collection of Green functions for a divisor D, and {x;}/; a collection of continuous

functions in X satisfying > ", x; = 1, then >_"" | x;g; is a Green function for D.

The second remark in [2.1.5 provides a way to extend the definition of a Green function of continuous type
to R-Cartier divisors.
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Definition 2.1.6. Let D = ) ,_; D; be a Cartier divisor and let £ = ), _; a;D; be an R-Cartier divisor,
with a; € R for ¢ € I. A Green function for the R-divisor FE is a function of the form

> aigi

iel
defined on X ~ |E|, where {g;}ics is a family of Green functions, one for each Cartier divisor D;.
We will say that ). ; a;g; is a positive Green function for the R-divisor £ if it takes positive values.

Remark 2.1.7. From the above definition, each summand a;g; in the positive Green function Eie 7 Qi%i,
which is associates to the R-Cartier divisor F, is itself positive. Indeed, for each irreducible component
D; of D, we can choose a point x € D; \ U#i D; and an open neighborhood V' of x such that VN D; =0
for each j # 4. In this neighborhood, the functions g; for j # ¢ are defined and bounded in V, while
g; remains unbounded. Since the total function ), ; a;g; takes positive values, it follows that a;g; must
also be positive in V.

Definition 2.1.8. Let X be a complex manifold, D =, ; D; a simple normal crossing divisor, and let
(U,z = (21,...,2n)) be an open connected chart. We say that (U, z) is an adapted chart if the following
conditions hold:

1. If J={j € I|D;NU # 0}, then U N Dy is nonempty and equal to the intersection of U with some
stratum Y of Dy :=(;c; Dj ~ Ujes Dj-

2. For every j € J there exists i(j) € {1,...,n} such that z;;y is a local equation of U N D;.
3. |zij)| < 1 for every j € J.

Remark 2.1.9. Note that in Definition we introduced the notion of an open set adapted to
the stratification, or simply an adapted open, meaning that the set of strata intersecting the open set
nontrivially has a unique minimal stratum. Every adapted chart is, in particular, an adapted open.
However, the converse does not necessarily hold. Even if the adapted open U is a coordinate chart,
this does not guarantee that it is an adapted chart. This is because, although U is equipped with local

coordinates z;, these coordinates do not necessarily define the irreducible components of the divisor on
U.

Green functions are determined by local conditions. Since we are working on a complex manifold, we can
construct local Green functions around the support of a simple normal crossing divisor and then patch
them together appropriately to obtain a global Green function. This process will be illustrated in the
following example.

Example 2.1.10. Let D; be an irreducible component of a simple normal crossing divisor D, and let
{(Uq, za) }aea be a locally finite covering of X by adapted charts. For each chart (Uy,,z,) such that
U N D; # 0, denote by z,, the coordinate whose zero locus coincides with U N D;. Define a collection of
local functions {f,} as follows: If U, N D; # 0, set fo, = —log|zqa,|. Otherwise, set f, = 0. Consider
{Xa}aen a partition of unity subordinate to the covering {U, }aea, and define the function

l0gp, == Y Xafa

a€eA

Then logp, is a positive Green function associated to D;.
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2.2 Construction of the hybrid space

Given D a simple normal crossing divisor on a complex manifold X, the aim of this section is to construct
a hybrid space associated with this pair. As mentioned earlier, this construction is inspired by the hybrid
space introduced by Boucksom and Jonsson in [BJ17|, which, in turn, was influenced by the work of
Morgan and Shalen [MS84].

Let D = > ,.; D; be a simple normal crossing divisor, {g;}ic; be a family of positive Green functions,
where each g; is a Green function for the divisor D;. For an adapted open set U (see Definition [1.2.14]),
denote by Y;; the stratum of X associated with this open set. Since strata are in correspondence with the
cones of X(X, D), denote by oy the cone associated with Yi;; we will refer to oy as the cone associated to
the adapted open set U. With these conventions, for each adapted open set U, we associate the following
function

Fy 2U\D—>O’U, X — (gj(m))jeJ (2.1)

Where J C I is the subset of indices of the irreducible components that have nonempty intersection with
the adapted open set U. Observe that in the case where U N D = (), the function Fy is identically zero,
since oy is a point.

As each cone o in (X, D) is identified with a subset of R", for some n € N, we say that a function
¢:Y — o, from any set Y, is a bounded function if there exits r > 0 such that (YY) C o N B(0,r), where
B(0, ) is the open ball of radious r centered at the origin in R™.

Lemma 2.2.1. Let U, U’ be two adapted open sets with U’ C U, and let Fy;, Fy;» be defined by the family
of positive Green functions {g;};c;. Then for every point = € U’ there exists an open neighborhood V' of
x contained in U’ such that at V ~. D

Fyp=Fyp+¢

with ¢ being a bounded function defined on V.

Proof. Note that the stratum Y; is contained in the closure of the stratum Ygr. Therefore, we can identify
oy as a face of oy. Following Definition let J and J’ be the subset of indices associated with the
charts U and U’, respectively. Then we have J' C J.

For every x € U’ there exists an open neighborhood V' C U’ of z, such that g; is defined and bounded on
V for all j € J~ J'. This condition ensure that

Fyp=Fy +¢

where ¢ : V' — oy is the bounded function whose j-th component is equal to g; for j € J \ J', and zero
for all other components. ]

Lemma 2.2.2. Let U be an adapted open set, and let Fy7, Fy; be defined by the family of Green functions
{gi}ier and {g;}icr, respectively. Then for every point x € U there exists an open neighborhood V of
contained in U such that at V ~x D

Fy=F;+¢

with ¢ a bounded function defined in V'

Proof. Let x € U, and let Y, denote the stratum that contains the point z. Define J, as the set of indices
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corresponding to the irreducible components of D that contain the point x, and let J be the set of indices
corresponding to the irreducible components of D that have a nonempty intersection with U. Then:

e For each j € J, there exists an open neighborhood Uj of = such that g; — g;- is defined and bounded
in Uj.

e For each j € J \ J; there exists an open neighborhood U; of x such that g; and gg are defined and
bounded in U;.

Taking V' an open set that contains the point z, and is contained in (). ; U; we have at V ~ D that

jeJ
Fy=F;+¢
with ¢ a continuous bounded map defined in V. O

Proposition 2.2.3. Given a complex manifold X, together with a simple normal crossing divisor D, we
associate its cone complex (X, D). Then there exists a continuous map F : X \ D — X(X, D) with the
following property: For each stratum Y C X, each point x € Y, every adapted open set U containing z
with Y as its associated stratum, and every function Fy; defined by a collection {g;};cs, there exists an
open set V' of x contained in U such that on V ~ D we have

F=Iy+¢

Where ¢ is a bounded function defined in V.

Proof. Let {Uy}aca be a locally finite covering of X by adapted open set satisfying the conditions of
Proposition Let {Xxa}aca be a partition unity subordinate to this covering, and let {g;};c; be a
collection of positive Green functions, with g; being a Green function of the irreducible component D;.
For every z € X, define the sets

Ay ={aeA:zeU,}, Bp={BcA:x¢Supp(xs)}

and consider the open set

Wy = ( ﬂ Ua) N U Supp(Xﬁ) (22)

a€Ay BEBy

Since the covering satisfies the conditions of Proposition the minimal strata associated to the
elements of A, are pairwise comparable. Therefore, there exists a unique minimal stratum. We denote
the cone associated to this stratum by oy, . Note that W, N Supp(xa) # 0 if only if z € Supp(xs). This
would imply that oy, is a face of oy, . Therefore, the function

Z XoFU,
aEA

is well defined in W, . D, takes values in oy, , and is continuous.

Now, if y € X is another point such that W, "W, # ). Then on the intersection W, NW,, this construction
assigns values in both oy, and oy,. However, since this intersection W, N W), is nonempty, it follows that
the corresponding adapted open sets U,, with a € A, U A, have pairwise nonempty intersections. By the
definition of adapted open sets, the associated strata are pairwise comparable, and hence the cones oy,
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and oy, are comparable in the sense of one is a face of the other. As a consequence of this compatibility,
the local functions glue together to define a global continuous function

F:X <D= %(X,D)

Now, let us to see that F' satisifes the conditions of the statement. Indeed, let Y C X be a stratum,
z €Y, let U be an adapted open set that contains z, with Y as its associated stratum, and {g}ics a
collection of positive Green functions, which in turn defines the function F};. Let W, be the open set
defined in . Observe that for each U, containing x, we have Yy, is contained in the closure of Y.
Since the covering is locally finite, applying the lemmas [2.2.1] and 2.2.2] it follows that for each o € A,
there exists V, containing the point z, and contained in W, N U such that on V, ~ D we have

FUa = FZ,J + ¢a
with ¢, being a bounded function defined in V. Finally, taking V' = [ ¢ 4, Va, we have that at V/
> XaFu, =Y XalFU + o) = Fu + ¢
acl aEN

where ¢ := > -\ Xa®a is a bounded function defined on V. Therefore, F' satifies the conditions of the
statement. O

Given a pair (X, D), denote by ngb the set
(X ~D)x(0,1] [ =(X,D) x {0}

Let F' be a function that satisfies the conditions of Proposition then consider the function G :
XMW 3(X, D) defined as:
tF(z) if t#0
G(z,t) = (2.3)
z if t=0

Definition 2.2.4. The hybrid topology is the coarsest topology on ngb such that:

1. (X~ D)x(0,1] — th)yb is an open inmmersion.

2. The projection 7 : X¥* — [0,1] is continuous.

3. The function G defined in (2.3)) is continuous.

Note that this topology depends on the choice of the function G, and more specifically, on the function
F. Different choices of G may give us different topologies, as we will see in the following example.

Example 2.2.5. Let X = C, and let D = 0. Consider the following two positive Green functions g
and go associated with D. The function g;(x) is given by max{—log|z|,0}, while the function gy is
given by max{—log |z|,log |z|}. Denote by 71 and 79 the topologies determined by g; and go, respectively.
Consider the sequence {(e", %)}neN- Denote by G1 and G2 the functions determined by g1 and go as in
respectively. The image of the elements of the sequence under G; are zero. This implies that the
sequence converges to zero with respect to the topology induced by Gj.
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Note that the image of the same sequence under G is constantly equal to 1. Hence, the sequence converges
to 1 in the topology induced by Go. This show that the topologies defined by G1 and G are distinct,
since the same sequence has different limits.

Note that in the example above, we used sequences without first verifying that the space is sequential.
However, this is justified by the fact that ngb is second countable. In fact, a countable base for a point
in the zero fiber 771({0}) can be obtained by taking inverse images of a countable collection of open sets
in ¥(X, D), were clearly this set is second countable. On the other hand, the space (X ~\ D) x (0,1] is

clearly second countable. Therefore, the space th)yb is second countable and, in particular, sequential.

Remark 2.2.6. Since ngb is a sequential space, a sequence {z, }nen in ngb converges to a point x if
only if, for some (and therefore all) G, the sequence {G(zy)}nen converges to G(x), and the sequence
{m(xn) }nen converges to w(x).

We now state a proposition that provides sufficient conditions to ensure that the topology does not depend
on the choice of function G.

Proposition 2.2.7. Let X be a compact complex manifold. Then the topology defined by G and G’
coincides.

Proof. Let 7,7" be the topologies determined by G and G’ respectively. We will prove that a sequence
converges in one topology if and only if it converges in the other topology, and that the limits coincide.
It suffices to verify one direction of the equivalence, and to consider the case of a sequence {(zy, t,,) }nen,
with ¢, > 0 for all n, and lim, . t, = 0, as the remaining cases are clear. Assume that this sequence
converges to the point (x,0) with respect to the topology 7. From the sequence above, consider the
sequence {x, }nen. Note that each element of this sequence is in X ~\ D. Since X is compact, it follows
that there exists a subsequence {z,, }ren of {zy}nen that converges to an element xy € X. Let Y, be
the stratum containing the point zg, U an adapted open set that contains the point z¢ and with Y,
as its associated stratum. Let Fy : U ~ D — oy be defined as in . As the functions G and G’
are determined by the functions F' and F’ that satisfy the conditions of the Proposition m Then by
Lemmas [2.2.1) and 2.2.2] we have that there exists an open neighborhood V' of z contained in U such that
at VD
F=Fy+¢ F =Fy+¢

where ¢ and ¢’ are bounded functions defined in V. Since there exists ky € N such that z,, € V for each
k > kg, it follows that

x = klgrolo tny F(Tn,,)
= I o, (Flan,) + 6(rn,)
= lim tnkFU(xnk)
k—o0
= lim t,, F'(zn,)
k—ro0
Since this limit exits, it follows from Remark that the subsequence {(zn,,tn,)}nen converges to
(x,0) with respect the topology 7.

What we have proved is that for every convergent sequence in the topology 7, there exists a subsequence
that converges in the topolgy 7/, and with the same limit. Therefore, we can conclude that the sequence
{(xn, tn) }nen converges to (x,0) in the topology 7’. O
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We now present an example to illustrate the hybrid topology. In particular, we will compare it with the
product topology to analyze how sequences behave and how convergence differs in the two settings.

Example 2.2.8. Let X = PL, and D = {0}. By Proposition we can say that the hybrid topology
on (Pt~ {0}) x (0,1] [T Rx x {0} is determined by the function G : ngb — R>0 which is defined as:

—tlog|z| if |z| <1, andt#0
G(z,t)=4 0 if |z|>1, andt#0 (2.4)
z if t=0

Let us to see the behavoiur of some basic open set in R>g. If (a,b) is an open interval of R>q, the
intersection of G~1((a, b)) with the fiber 7=({to}), for some 0 < ¢y < 1 is of the form

_b _a
{z:e 0 <|z]<e W}
If instead the interval is of the form [0, b), then the corresponding intersection is:
_b
{z:e ™ <|z] < o0}

Figure below show the behaviour of the fiber as they tend to zero for the first case. For simplicity, the
picture only show the norm of the elements of PL . {0}. That is, every point (r,t), with ¢ > 0, correspond
to the closed set {z € (PL ~ {0} : |z| = r}.

On the left hand of this picture, we have the product topology (P{ ~ {0}) x [0, 1]. In this topology, a path
v :(0,¢] = (P~ {0}) x (0,1] with |y(¢)| = e~ converge to zero as t — 0. On the right hand, we have
the hybrid topology. where the same path converges to a, as t tends to zero. From these two topologies,
note that the hybrid topology can be interpreted as having applied a blow-up to the origin to the picture
of left side.

In the remainder of the section, we will detail some properties of the function G defined in (2.3)), as well
as the connection between toroidal divisors and piecewise linear functions defined in X (X, D).

The following definition is taken from [ABGE16].
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Definition 2.2.9. A path v: (0,7] — X \ D is called an admisible path if for any adapted chart (U, z)
the limit

lim — tlog |2 (v(t))|
t—0
always exist for ¢ = 1,...,n, and the value of these limits lies in the interval [0,1). Here, z; is the i-th

coordinate of z.

If ~ is an admissible path, denote by y; the value of the limit %ir% — tlog|zi(y(t))|. Then consider the
ﬁ

function 7 : [0,7] — X" defined as:

(v(t),t) if t#0
y(t) = (2.5)
(yj)jes if t=0

where J ={j € {1,...,n} : y; # 0}.

Proposition 2.2.10. If X is compact and v is an admissible path, then 7 is a continuous path.

Proof. To prove the continuity of 7, it suffices to verify continuity at zero. Let {t,}n,en a sequence of
points in (0, 1] that converges to zero. Consider the sequence {y(t,)}nen in X ~\ D. Since X is compact,
there exists a point zgp € X and a subsequence {7(t,,)}ren of {7(tn) nen that converges to z.

Let Y be the stratum that contains the point zg, and let (U, z) be an adapted chart that contains the
point zp, and such that its associated stratum is Y. Consider the function Fyy : U ~ D — oy as in ([2.1]).
Fix a function F' that satisfies the statement of Proposition [2.2.3] After possibly shrinking U, there exists
a bounded continuous function ¢ : U — (X, D) such that, on U ~\. D, we have

F=Fy+9¢

On the other hand, we have that there exists ko € N such that ~(¢,,) € U for k > ko. This implies that
for k > kg
G(v(tny), tny,) = tn F((tny,)) =t Fu(¥(tny)) + oy 0(1(tny,))

Since ¢ is bounded, we have that ¢,, ¢(y(t,,)) tends to zero, as t,, tends to zero. Therefore,

lim G(7<tnk)7tnk) = lim tnkFU(fy(tnk)) = (yj)jGJ
k—o0 k—o0

By Remark this implies that {(7(tn,),tn,) tken converges to ((y;j)jes,0). Moreover, this limit is

independent of the chosen subsequence or the point zg, since 7 is an admisible path. Therefore, the entire

sequence {(Y(tn,),tn, )} nen converges to ((yj)jes,0), and we conclude that 7 is continuous at 0. This

completes the proof. O

Proposition 2.2.11. If X is compact, then the function G is proper.
Proof. We have to show that for every compact K C (X, D), the set G™1(K) is compact. In fact, let

{U;}se1 be a covering by open sets of G~1(K). Since the fiber at zero of G71(K) is equal to K, consider
the set Iy = {i € I : KNU; # 0}. This implies that {U; N 7=1(0)};es, is a cover by open sets for K.
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Hence, we can take a finite subset I; C Iy such that {U; N7 ~1(0)};cy, is a covering for K. For each x € K
there exists an open neighborhood V, C ¥(X, D) of z, and €, > 0 such that

G'V)ynz ([0,e,)) C U;

for some ¢ € Iy. Since K is compact, it can be covered by finitely many of open sets V,. Therefore,
there exists a € > 0 such that {U;};c;, forms a cover of G™H(K) N7 1([0,¢)). It remains to prove
that G1(K) N7 ([5,1]) can be covered by finite elements of the cover. It will suffice to show that
G HK)N71([5,1]) is a closed set of X x [§,1]. This would imply that G~ (K)nx—!([5,1]) is compact,

27 27
since X x [§,1] is compact.

Let (2,t) be an element in the closure of G™1(K) N7~ 1([§,1]), and consider {(zp,t)}nen a sequence of
elements in G~1(K) N7 !([5,1]) that converge to (z,t). If z € D, and since t, > § for n € N, it follows
that {¢,G(z,)} is unbounded in 3(X, D), which is a contradiction due to the compactness of K. This
implies that z cannot lie in D. Hence, we have

G Y K)N w—l([g, 1) N (D x [¢/2,1]) = 0

Therefore, Gp' (K) N7~ 2([5,1]) is closed X x [¢/2, 1], which is what we wanted to show. O
Let £ = ) ,.;a;D; be an R-Cartier divisor supported on the divisor D; see Section Then we can
associate a piecewise linear function:

65 2(X,D) > R

Defined as follows: For each ray 7; of 3(X, D), generated by a vector v,, and associated to the irreducible
divisor D;, define ¢(vr,) = a;. This assignment extends linearly on each cone of ¥(X, D) yielding a
piecewise linear function.

If gp : X \|E|] — R is a positive Green function associated to the divisor E; see [2.1.6f Then we can
define a function G : th)yb — R as follows:

t-gp(2) t#0
Gg(z,t) = (2.6)
qu(Z) t=0

Proposition 2.2.12. If X is compact, then Gg is a continuous function in the hybrid topology.

Proof. Let E =), ;a;D; and gg = >, ; a;gi, with {g;}ics being a collection of Green functions, where
each g; is associated with the irreducible component D;. By remark each summand a;g; takes
positive values. Therefore, we may assume, without loss of generality, that each g, is positive.

Let {Uq}aen be an open covering of X by adapted open sets satisfying the conditions of the Proposition
1.2.13] and let {xq}aca be a partition of unity subordinated to this covering. By Proposition this
data induces a function F', and consequently a function G : ngb — X(X, D) constructed as in (2.3]).

Let {7;}icr be the rays of (X, D) associated to the irreducible divisors D;s. Denote by p; : 3(X, D) — 7
the ¢-th projection, which is clearly continuous. From Remark we see that p; o F' is a Green function
for the divisor D;. Moreover, for every z € D; there exists an open neighborhood V of x such that at
VD

(pioF) =g, (2.7)
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Therefore, the function Gp, : X" — R defined as

t-gi(z)  t#0
G, (1) = (2.8)
z t=20

is a continuous function. Since Gg = Zie 1 a;Gp,, it follows that G'r is continuous. O

2.3 Continuity of measures on the hybrid space

In this section, unless otherwise stated, X will denote a compact manifold of dimensién n, and D = ¥;c1D;
a simple normal crossing divisor.

Following [KKMSDO06, Chap II], let Y be a stratum, and consider the following open submanifold

Star(Y) := U Y’
Y'DY

Recall from Example that My denotes the free abelian group of Cartier divisors on Star(Y') supported
in D N Star(Y), and that Sy C My is the submonoid of effective Cartier divisors. The generators of the
group My correspond to the irreducible components of D that contain the stratum Y.

We now consider the dual lattice Ny = Hom(My,Z), and the associated real vector spaces N{g =
Hom(M,R) and M}y := My ®z R, which are naturally dual to each other. Recall also that the cone
oy = {v e NE: v|sy > 0} was previously defined. We now define S¥ = {u € M§ : uy, > 0}. Then oy
and 5’5 are dual cones with respect to the natural pairing between M%g and N%I}.

Now fix r € Ny and let

P € Sym"(5%)
that is, P is an element of the symmetric r-th power of Sglﬁ. Explicitly, P can be written as a finite sum
22:1 i, @ ... ® s;,, invariant under the action of the symmetric group &,, where each s;; € SQ‘%.

Given elements vy, ..., v, in N3, we can evaluate P in the tuple (vy,...,v,) by

P(vy,...,vp) := Zsil(vl) coce i (o).
Moreover, if all v; € oy then each term in the sum is non-negative.

Now if we fix generators of My consisting of elements in Sy corresponding to the irreducible components
of D that contain Y, we obtain coordinate systems on both M§ and N%}}, and hence we identify M%}}
with R¥, where k is the codimension of Y. Under this identification, the cone SQ@ corresponds to the
positive orthant ]R’;O, and similarly oy is identified with RI;O. Therefore, P can be naturally viewed as a
homogeneous polynomial of degree r with non-negative coefficients.

Let (U, z) be an adapted chart such that its associated stratum is Y. Suppose that the coordinates
Zmys ey Zmy, With 1 <mq < ... < my, < n, are such that the zero locus of z,, - ... - zp, coincides with
U N D. Then the collection

—log |zm, |, .., —10g |2m, |
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are local positive Green functions. Therefore, these functions define a map
Fy:U~ND — oy

Note the j-th coordinates of Fyy : U~ D — oy are associated to the irreducible component of D that have
nonempty intersection with U, or in other word, that contains the stratum Y. This allows us to evaluate
the image of Fyy in the polynomial P. In other words, the polynomial P induces a real-valued function
on U \ D given by

P(_ log |Zm1 ‘a T ,log ‘ka’)

We are abusing notation by evaluating the expressions —log|zy,;| in a fixed order; this is done merely
to impose a convenient indexing. Recall that each term —log|zy,| is evaluated on the coordinate corre-
sponding to the irreducible component of the divisor D which, in the chart U, is locally defined by the
equation zp,; = 0.

Let {Y, }acx be the stratification of (X, D), and from now on, we will assume that every minimal stratum
has the same codimension, say, k. Then we denote by X the set of indices of strata of codimension m.
For each o € ¥ consider a polynomial P, € Sym"(Sg,), for ro € N.

Definition 2.3.1. Let P := {P, }qcy, as above, and let w be a continuous (n, n)—form defined on X \ D.
We say that w is a P-logarithmic form if, for every adapted chart (U, z) such that the associated stratum
Y, is a minimal stratum, w can be written as

nu - dzml d,EmI ALLA dka A Cizmk
Po((—log|zm;[)i—1) 2m Zmy Zmy, Zmy,

Wy = (2.9)

Where ny is a continuous (n — k,n — k)-form defined on U. If all the polynomials P, are constant and
the expression ([2.9) holds for every adapted chart; that is, not only around the minimal strata, we refer
to w simply as a logarithmic (n,n)-form.

Note that the continuous form 7y of Definition depends of the adapted chart. In this order, and
analogously to the residue of holomorphic differentials with logarithmic poles (see [PES08] ) we define
the P-local residue of w with respect to the minimal stratum Y, along an adapted chart (U, z) associated
with Y, as:

Resp(wir) :== (nu)y (2.10)

Proposition 2.3.2. Let Y be a minimal stratum, and let (U, z) and (U’, 2’) be two adapted charts with
associated stratum Y. Let w be a P-logarithmic form. Then on the intersection U N U’ we have

Resp (wr) = Resp (w)r)

Proof. Without loss of generality, supose that D;,,...,D;, are the irreducible components which have
nonempty intesection with U, and z; (resp. zé) is the local equation defining the divisor D;; in U (resp.
U') it for j =1,...,k. Assume also that P is the polynomial associated to the stratum Y.

Consider then the description of the P-logarithmic form w in the charts (U, z) and (U’, 2) respectively
i.e.
dzy dz dz, dz ! dzf d7 dz, dz,
e NP .. T NI A NTENTE
P((—loglzj|)j—;) =1 Z1 2k “k P((—log|zj])j-1) =1 2 L 2y,
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Since D is a simple normal crossing divisor, the transition functions between two adapted charts in the
intersection U N U’ take the following form:

zj=zpu; for j=1,....k
(2.11)
zj =w;  for j>k
where up, ..., Uk, W41, ..., w, are holomorphic functions depending on the coordinates 21, ..., 2}, and

each u; is non zero along z;- = (. Since this variable change is induced by the transition functions, which
are biholomorphic, we know that the Jacobian matrix of the transformation has nonzero determinant
along the intersection U N U’. Explicitly we have

7 Oug 1 Quy 1 Quy

21823 +U1 Zlaizl/c 21@
1 Oug 1 Ouy, 1 Oug,

det 2y, o2, cee 2y B fug ... 2 oz 0
€ BwkH 8wk+1 6wk+1 7é

0z} T 0z, T 0zl
Owy, Own Owy,
azi N az}’g . BZ{,L

Considering the restriction of this determinant to the stratum Y, we have the following expression

’LL1|Y e 0 e 0
det | 9wk+1 Owg 41 Owg 1 £0
021 Y T 0z, Y Tt 0z!, v
Owp, Qwy, Owy
0z} Y T 0z, Y T 0zl %

This implies that Uj)y #0forj=1,...,k, and

8wk+1 awarl
7 R
0zy 4 Iy 0zl '
det : : #0 (2.12)
Ownp, Own
0z 1% T Oz, |y

Now, taking differentials of the coordinate change described in (2.11]), we obtain:

/ 8u]-

ou ,
dzj = (“jJijaz;)dZéHﬁzz#ngzz' for j=1,....k

(2.13)
dzy = Y1 Gz for >k

Now, for each j =1,...,k, we divide both sides of the corresponding equation in (2.13) by z;, and in the
resulting expression, we replace z; by Z;Mj on the right-hand side. This yields:
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95
de _ Z; Buj dZ; 1
D=1+ 25) T

Ou;
; +szl¢sz?dZZ for 1=1
dzj =

Lk
P
pay wj

(2.14)
for ji>k
z.

J's

A similar expression holds for the conjugate differentials dz;, with %; and w; as functions of the variables

Now, observe that the wedge product dzy p 421 A

dz p dz1
21 Z1
using the transformation in (2.14) as follows

A dz’“ A= fk can be expressed in the other coordinates

z. O !
8“” T K | A
0z; uj 0z

dz,’c dzy,
! / =/
2] 21 2k 2
d dz!
where wy, is the resulting form whose summands do not contain the term ;1 ANBLA A % A d;,’“
1 k k
For simplicity, denote by « the expression

k / —
i u;j azj uj 82

Then, under this change of variables, the form wy is expressed as

n n n / /
Mo o ow; ow; dzy dz; dz, dzy
- C— dz Az | | A=A = A A—E A= 2.15
ponta | A (Z 92] ) (Z oz, 2 N7 2 N 1)
j=k+1 \i=k+1 I=k+1
Where w, is the resulting (n, n)-form arising from the wedge product of wy, and the differentials ) ;" ; %dzl/ ,
for j =k+1,...,n. And ng is such that n = nodzx11 A dZgr1 A ... AN dZ,.
Expressing the equation (|2 in terms of the wedge product ﬁ ANELA NS 7
1 k k'
n n n
Mo ow; 8wj dzy dz dzk dzy,
- — _ —dz N—F7 N — /\ A N ——
a5 wnk+1+'/\ <Z 0z ) <Z 2 Z
j=k+1 \i=k+1 I=k+1

z},
Lk

. (2.16)
%
Note that every summand of w,_ ;11 contains at least one factor of the form z ’ , with 1 < j < k. This
follows from the structure of the original expression , where each surnmand of wy, is not divided for
any 27, with j =1 .

In order to determine 7/, let us now express the homogeneous polynomial P from the above expression in
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terms of the variables z;-.

P((—log |z)f_y) = P((—1log|2ju;])f—y)
= P((—log || — |log|u;])5-;)
P((_10g|zj|)j:1) +@Q

Where @ is a polynomial depending of —log|z{|,..., —log|z;|, —log |ui],..., —log |uk|, with degree less
than r with respect the logarithmic functions —log ||, ..., —log|z|.

Now denoting

\ "L dw " ow;
s A (30 5] ( 32 G
j=k+1 \I=k+1 I=k+1
to simplify notation, the expression in (2.16|) can be rewritten as:
ano [wn—k+1 + B /\di;ﬂ/\@/\m/\dzk/\fk
_ I\k Q 21 Z1 2 Z)
P((=loglzjl)j-) <1+ P((log|z3|)§1>>

Observe that this expression coincides with wyr. Consequently, we identify:

;amo(wn—kt1 + B)
"= Q
P((—Tog [Z}F_})

Now, evaluating this expression along the stratum Y, we observe the following:

e The function « is equal to 1 along the stratum Y.

e The limit of 1 + P((—+|Z‘|)k1) as every z} tends to the stratum Y is equal to 1, by Remark [2.3.4
JVI=

e The form w,_41 is zero since each sumand has at least a factor z , where 1 < j < k.

Therefore, replacing 8 back into the expression and taking into account the observations above, we obtain:

A "L Ow; " ow;
my =y /\ (Z azzjdzf> A ( > azr]d??> (2.17)
Y 1%

j=k+1 \i=k+1 1 I=k+1 1

Note that the right-hand side of (2.17]) corresponds exactly to the change of variables induced by restricting
the transformation described in (2.11)) to the stratum Y. The fact that this is a change of variables follows

from ([2.12)). Therefore, the equality of the restrictions is proved. O
Proposition 2.3.3. Let P be a homogeneous polynomial of degree r in the variables z1,...,zg, with
positive coefficients. Consider aq, ..., a, real numbers and denote z = (x1,...,x%). Then
P(x A1y, T a
lim (1 +ay,..., o+ k):1

e Plar,..an)
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Where x — 0o means that for every € > 0, there exists M > 0 such that P(MPJEQZZ;F%) — 1| < e for all
;> M, withi=1,... k.
Proof. Since P is a homogeneous polynomial, it follows that for ¢ = 1,...,k, the polynomial g—fi is a

homogeneous polynomial of degree r — 1. Then, by Euler’s homogeneous function theorem, we have

Now, consider the Taylor expansion of the polynomial P

oP 1 9°P
P(a:1—|—a1,...,a:k+ak):P—|—E 78;16-%_'_7'5 D90 Qi@ + ...
. (3 L
(2

2 = x;0x;
With the previous considerations, it will be sufficient to prove that for any i =1,... )k
(57)
ox;
lim ~—Z =0 (2.18)
T—00

Since every partial derivate of P is a homogeneous polynomial with positive coffients, we observe that for

any order [
< P ) ( o'p ) ( 9-1p )
. ox;, ...0x; . 0z, ...0x; . 0z, ...0x;
lim ~——A—"2 — lim L LZ . lim 2 L

T—00 P T—00 ol-1p T—00 P
Oz, ...&zil

Therefore, the desired result follows immediately by induction on [. Recall that limit in (2.18) means that
opP
7.(1'1’~~~7xk)

for every € > 0 there exists M > 0 such that 2 < €, whenever x; > M for every i =1,...,k.
P(:Blz"wwk)

From and the hypotheses that the coefficients of the homogeneous polynomial are positive, we have
forevery i =1,...,k

oP
P>——
r oz, x;
This implies
(5)
ox; T
<
P T
Therefore, given € > 0, the result follows by taking M = 7. O

Remark 2.3.4. In Proposition we consider two adapted charts (U, z) and (U’,2’), both adapted
to the same minimal stratum Y, which has codimension k. On the intersection U N U’, the transition
functions for the first k coordinates are given by z; = z;uj, where each u; is a holomorphic function in
the variables z1, ... 2, and satisfies u; # 0 along the set {2} =0} NUNU".

Shrinking the adapted charts if necessary, we may assume that there exists a constant e; > 0 such that
luj| > ej on UNU’', for each j = 1,...,k. This implies —log|u;| < —loge;. Therefore, we obtain the
inequality

|P((—log |2i)5—1)| = [P((—log |2j] — [log |u;])j—1)| < [P((—log|z}| + ¢;)fy)]
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where ¢; = —log |e;|, for j =1,..., k. With this observation, and by Proposition it follows that

P((—log|2j| +¢;)51)
P((~log|2j])5_1)

-1 as 2 =Y.

Consequently, we conclude that

P((—log|z)%_)

-1 as 2 Y.
P((—1log|2j)i_)

Proposition [2.3.2] motivates the following definition.

Definition 2.3.5. Let P be a collection of homogeneous polynomials associated to the minimal strata
of X. Let Y be a minimal stratum, and let w be a P-logarithmic form. The P-residue of w along the
stratum Y is defined to be the continuous form Resp y (w) on Y, which satisfies the property that for any
adapted chart (U, z) with Y as its associated stratum, nujy = Resp (@)jrry -

If w is a logarithmic (n,n)-form-i.e., all the polynomials P, are constant and the local description of w
extends to every adapted chart-we simply denote the residue by Resy (w)

Recall that we are assuming that all the minimal strata are of codimension k, and that Y denotes
the respective collection of strata. Let P a collection of homogeneous polynomials, one for each minimal
stratum o € Y. Assume that all polynomials in P have the same degree, say, r. Let w be a P-logarithmic
form.

Under these assumptions, we define a family of measures {p}ic(o,1) on ngb, where each p; is supported
on the fiber 771(¢), as follows:

" (2.19)

2 vaesy (fya Respy, (W)> %f t=0

where d)\, denotes the Lebesgue measure on the cone o, associated with the minimal stratum Y.

Let Y be a stratum of codimension k, and let (U, z) be an adapted chart with Y as its associated stratum.
Define
Up = (U~ D) x (0,1]

Assume that z1,...,z; are the coordinates such that, for each 1 < j <k, the zero locus of z; is equal to
the intersection of an irreducible component of D with U.

As in Remark [2.1.10] consider the function from U \ D to the cone oy, which sends a point z to the tuple
(—log \zj\)g?:l. This induces a function

logyy : Up — oy, (z,t) — (—tlog |zj|)§:1 (2.20)

Lemma 2.3.6. Let (U, z) be an adapted chart such that its associated stratum Y, has codimension k.
And let x € C.(U,R). E| Then the family of measures {(logy;), (X - 1) fo<t<1 converges vaguely, as t — 0,

f X is a locally compact and Hausdorff topological space. Then C.(X,R) denotes the algebra of continuous functions
with compact support.
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to the measure (fy X - Resp y, (w)) ‘%—5 in the interior of the cone oy.

Proof. For each ¢ € C.(d4,R), we have to prove that

do
lim (¢ ology) - xdus = (/ X - Respy, (w)> / ¢?

=0 Ju.p Y

Note that U \. D is embedded in the (C*)* x C"~*, since U is an adapted chart. Then for every 0 < ¢ < 1
fixed, consider the transformation

Tt . (R*)k X (Sl)k X Cnfk — (C*)k % Cnfk
(a3, (0051, 2) = ((exp(="2 i), ).

where 2’ = (2k4+1,...,2). So, the change of variables z; = exp(_Tuj +i6;) expresses the complex coordi-

nates z; in terms of the real variables u; and 0;, for j =1,... k.

Differentiating this expression, we obtain the differential:

— i R s
dz; — ( exp( Tt J)) duj; + (’L'exp(zij—i-iej)) dej

t
- Y% 0. L
0z — ( exp( ; ( j)) duj — (z exp(% - in)> do;

This description implies that
*2’LL]'

9
de/\ij:tZeXp< >d’LLj/\9j

Moreover
de A d?j B

N
=L du; A db;
Zj Zj t

Therefore, we have

d dz d dz 2\ *
“A%A...A%A%:(l) duy Ady A . A dug A dOy (2.21)
Z1 zZ1 Zk 2k t

For simplicity, let us introduce the notations v = (uy,...,ug),0 = (61,...,60), and define the ex-
ponential map in multi-index form as exp (5% + i) = (exp(—+ —i—iﬁj)f:l . We also denote df :=
dfy ...dO, du:=duy ...dug and dz’ = dzgyq ... dz,.

With these conventions, applying a change of variables and noting that X -w = x - wyyy since the support
of x is contained in U, we obtain:
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tkfr

¢ ology) - xdp =/ ¢ ology) - x - [.w ]
/U\D ( v) ! (C*)k xCn—k ( v) (4miyF v

th=r dz1 dzy dz, dzy
= 1 — N—AN...N—N —
/ kyCn—Fk ((250 OgU) X |:(47Ti)kmU 21 Z1 Zk Zk

(2m)k /R>0 /(C" k /Sl [ a(uo)] A9z du

Where 79 is such that 7y = nodzg+1 A dzg41 A ...dz,. Note that the factor tF=" is canceled in two
ways: On one hand, by the denominator appearing in equation ([2.21f), and on the other hand, by the
homogeneous polynomial P,, since when we replace —log|z;| by %, we obtain an additional factor of t%

Observe also that RY can be naturally identified with the relative interior of the cone o, and thus we
have:

(2710'“ /<R>o)k /c"—k /(swc o) D’;(m A=t = (271r)’“ /o- /‘cn—k /(Sl)k Plu) [;Q(ZO)] dbdz'du

This implies

1 w
lim ¢ (logy) - xdpe = lim k/ /an /(Sl)k ;1(22) [(x - m0)(e™ ¢, 2)]dOdz" du

t—0 Jyp t—0 (27)

b(u)

The integrand 57 [(x-mo)(e” T,

2] defines a family of functions depending on t. For each fixed triple

(u,0,z"), this expression converges pointwise to d’(?)) [(x - m0)(0, 2")] as t tends to zero.

Since both ¢ and x have compact support, it follows that for each ¢, the support of the function Ifa%) [(x-

no)(e" T+ 2] is contained in the compact set supp(¢) x A" x (§1)% where A" ¥ is the closed polydisc
{(21,- 2 k) €ECPF 1|z <1, i=1,...,n — k}.

Moreover, for each fixed ¢, the function P? (( )) [(x - mo)(e” 7%, 2")] is continuous and bounded on this

compact set. The boundedness follows from the fact that ¢ is supported in the interior of the cone,
which ensure that P, is strictly positive on Supp(¢). Hence, the family of functions parametrized by ¢ is
bounded by an integrable function. We are therefore in a position to apply the dominated convergence
theorem, which yields:

taO (2m)F / /Cn k/sl aJ [x - noldfdz'du = 271T k/o /(an /S1 k;ba(ui - 70)(0. 2] d0d"du
(2n)F / Pl </<w/51 (x * m0)( 02)d0dz)du
) Ifa(uu) </nk(X'770)(0,y)dz’> du

Finally, observe that

/tc 7k(X -10)(0,y)dz" = /Y X - Respy, (w)dzgr1 A ... Adzy.



2.3. Continuity of measures on the hybrid space 61

This completes the proof of the Lemma. O

Note that in the preceding lemma, vague convergence is established only on the interior of the cone o,.
This restriction arises from the presence of the homogeneous polynomial P,, which may vanish along
some of the faces of the cone. Such vanishing introduces singularities in the integrand that prevent the
application of the dominated convergence theorem near the boundary.

However, a situation in which vague convergence on the entire cone o, can be ensured occurs when each
polynomial P, is constant. In such a case, no singularities appear in the integrand of |, up(@ology) - xdpuy
after the change of variables described in the proof of Lemma [2:3.6f Based on this observation, and
following the same reasoning as in the proof of Lemma we obtain the following result.

Lemma 2.3.7. Let (U, z) be an adapted chart such that its associated stratum Y, has codimension k.
And let x € C.(U,R). Suppose w is a logarithmic (n,n)-form; that is, it is given locally by
dzm, A dZm, A A dZm,

w‘U =nNu > = e = .
mi mi mg

Then the family of measures {(logy/), (X - f1t) fo<t<1 converges vaguely, as t — 0, to the measure

( / Respy, <w>> I

on the cone o,.

Lemma provides a characterization for families of measures {1 }o<t<1 on the hybrid space, where
each measure is supported on a distinct fiber. This characterization tells us that if the family converges
vaguely to the measure pg supported on the fiber over zero, then this is equivalent to showing that
the pushforward family {G.(u¢)}o<i<1, under the map G : ngb — X(X, D) defined in ({2.3)), converges
vaguely to pg. Moreover, this equivalence is independent of the choice of the map G. However, before
proceeding with this argument, we first need to establish some preliminary results.

Let X be a locally compact space, and consider C.(X,R) the space of continuous functions from X to
R with compact support. For each compact K C X, denote by C.(X, K,R) as the subspace of C.(X,R)
consisting of functions whose support is contained in K. This space can be naturally identified with the
subspace of Cy(K,R) consisting of continuous functions that vanish on the boundary 0K of K.

Equipping C.(X, K,R) with the topology of uniform convergence via this identification, we see that it is
a closed subspace of C(K,R). Moreover, if K1 C Ky C X are two compacts, then we have a canonical
injection

Co(X, K1,R) — C.(X, K3, R)

which is continuous with the topologies defined above.

Now assume that X is o-compact. Then there exists a sequence of relatively compact open setsﬂ {Un}nen
covering X such that U,, C U,1. Since the space C.(X,R) is expressed as a direct limit

h_H} CC(X7 UWJR)?
neN

2An open set U is called a relatively compact open sets if U is a compact set
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the topology we consider on C.(X,R) is precisely the one determined by this direct limit in the category
of topological vector spaces. By [Bou04, Chap III, Sec I, Prop 1], this space is Hausdorff space. Moreover,
there is a well-defined notion of boundedness in this space, and [Bou04, Chap. III, Sec. I, Prop. 2] provides
a characterization of the bounded subsets: a subset B C C.(X,R) is bounded if and only if there exists
an € N such that B C C.(X,U,,R).

According to [DJ49], we find that C.(X, R) is sequential, as it is the strict inductive limit of Fréchet spaces.
This allows us to study the topology of C.(X,R) via sequences. In this setting, any convergent sequence
in C.(X,R) necessarily forms a bounded set. Therefore, based on the characterization of bounded subsets
discussed above, we obtain an explicit criterion for the convergence of sequences:

A sequence { fy, }nen of elements in C.(X,R) converges to an element f € C.(X,R) if only if the following

two conditions are satisfied:

1. There exists a compact K such that for each n € N, Supp(f,) C K.

2. limy o0 || fro — stup =0.

Now, we state a version of the Stone—Weierstrass theorem adapted to the space C.(X,R). The classical
theorem is usually stated for the space of continuous functions vanishing at infinity; that is, continuous
functions f : X — R such that for each € > 0, there exists a compact set K C X such that |f(z)| < € for
each x € X ~ K. Since we could not find a suitable reference for this specific case, we have decided to
include a full proof for the sake of clarity.

Proposition 2.3.8. Let X be a locally compact and o-compact topological space. If 4 C C.(X,R) is a
subalgebra with the following property: For every compact K C X there exists a relatively compact open
set U such that

1. The compact K is contained in U.

2. The subalgebra AN C.(X,U,R) separates points in U.

3. For each x € U there exists f € A with the support contained in U such that f(z) # 0.

Then A is dense in C.(X,R).

Proof. We have to prove that for each f € C.(X,R) and each £ > 0 there exist ¢ € A such that
I|f — gllsup < €. Indeed, fix a function f, and let K = Supp(f), then by hypotheses there exists a
relatively compact open set U such that K C U.

Consider Cp(U,R), the algebra of continuous functions that vanish at infinity. Then the intersection
ANC.(X,U,R) can be identified as a subalgebra of Co(U, R) via restriction of functions to U. Denote
this subalgebra by Ay .

By applying the Stone-Weierstrass theorem to Cy(U,R), we find that Ay is dense in Cy(U, R), since it
separates points and does not vanish at the points of U by hypotheses. Therefore, as the function f is
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an element of Co(U,R), then for € > 0 there exists h € Ay such that |[fj;y — h||sup < €. Hence, let the
function h : X — R defined as

h(x) xelU
0 x¢U

We have h € A, and that ||f — h||sup < &. Therefore, A is dense in C°(U,R), which completes the
proof. O

We already know that X]}:L)yb is locally compact, since every function G : ngb — X(X, D) defined in
(2.3)) is proper, and X(X, D) is locally compact. Moreover, it is o-compact because X(X, D) is clearly
o-compact. Therefore, we can consider Cc(ngb,R) with the topology constructed above.

Lemma 2.3.9. Let {y}o<t<1 be the family defined in Then for any function G constructed as in
(2.3), the following equivalence holds in the sense of vague convergence of measures:

lim i = li =
lim py = po == W (G)spir = po

Proof. The direct implication follows from the continuity of G. For the converse, assume the convergence
limy0(G)«pe = po holds. Consider then the following subsets of the algebra C'C(ngb, R)

1. A :={GpHp:p e Ci(X(X,D),R)}.

2. Ay = {n*g: g€ C°0,1],R)}.

3. As the set of continuous functions f € C’C(ngb,]R) such that supp(f) € 7#=1((0,1]), together with
. hyb
the constant functions on X .

Fixing these sets, consider the subalgebra A C CC(ngb,R) generated by functions of the form fifsf3,
where f; € A; fori =1,,2,3.

Claim: The subalgebra A is dense in C’C(ngb, R) with respect to the topology described above.

Proof: To prove this, we reduce to verify the assumptions of Proposition Indeed, let K C Xl};yb
be a compact, then G(K) and 7w(K) are compact. Since 3(X, D) is not compact, then there exists
K1 C %(X, D) such that G(K) C K, C K. If 7(K) # [0, 1], then we consider a compact K of [0,1] such
that its interior contains K, otherwise Ko = w(K). With above considerations, note that subalgebras

{¢ € C.(3(X,D),R) : Supp(¢p) € K1} and {g € C°([0,1],R) : Supp(g) C K2}

separate points and not vanishing in all points of K; and Ko, respectively. Consider L = G YKy N
7 1(K3). It is clear that L is compact since Gp is proper (see and 71 (K3) is closed. Note that
K C L, moreover, K is contained in the interior of L. In fact, if 7(K) # [0,1], then K C G_l(lél) N
Wfl(l(o'g) C L. This implies that K C I°/, since the interior of a subset is the largest open set contained in
such subset.

Now, if 7(K) = [0,1], then L = G~1(K}), and it is again clear that K is contained in the interior of L.

Let z,y € L be two distint points, and consider the following cases:
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1.

If 7(z) = w(y) = 0, then there exists ¢ € C.(X(X, D), R), where its support is contained in K7, and
satisfying ¢(x) # ¢(y) (Note that G(x) = z, and G(y) = y). Therefore, consdering f1 = G*yp, f2
any function in A with support in 77!(K3) and not vanishing in x, and f3 is a nonzero constant
function. We find that fifafs is a function in A where Supp(fifafs) C IO/, and is separating the
point = and y.

. If m(x) = w(y) > 0. In this case, can be happen that G(z) = G(y), if this is the case, take f1 € A;

any function with support contained in G~!(K;) not vanishing at x, fo € As any function with
support in 771 (K>3) and non-vanishing at x, and f3 € A3 a function separating the points x and y.
Otherwise, take f; any with fi(x) # f1(y) with support in G~(K3). f» any non vanishing function
not vanishing in  with support in 7=!(K3), and f3 a nonzero constant function. Therefore, the
product of these three functions separates the points x and .

If m(z) # 7(y) then take f; any function with fi(x) = fi(y), the function f5 is choosen in such way
fa(x) # fa(y), and finally, f3 is any function with f3(x) = f3(y). Then the product again separates
such points.

This lead us to conclude that A separates points.

Now, it is easy to check that for every point of L there exists an element of A no vanishing in such
point. Hence, the conditions of the Proposition [2.3.8 have been verified. It follows that A is dense in
C’C(ngb, R), which completes the proof of the claim. |

Having proved this claim, it now suffices to prove the assertion. limy—o [ fur = [ fuo for every f € A.
Moreover, by linearity, it is enough to prove this for functions that are products of three functions, as
previously described. In fact,

lim Jifafadpe = lim G*p-7m"g- fadu
t—0 X~ D t—0 X~ D
= lim G p-g(t) - fsdum
t—0 X~D

Consider the following two cases:

If Supp(f3) N7 1({0}) = 0 then there exist ¢ > 0 such that f3(x) = 0 for every 7(x) < ¢, this implies
that equality holds, since Supp(fifafs) € Supp(fs) = 0. Otherwise, f3 is a constant function, which we
suppose to be igual to 1. For this case we have:

lim G - g(t) - fadp = lim G- g(t)dm
t—0 X~ D t—0 X~ D
= lim @ g(t)d(Gspur)
t—0 E(X,D)
—limg(®) [ g d(Gon)
t—0 Z(X,D)

Since G,y converges to g, and ¢ is a continuous function on X (X, D) of compact support, it follows

that:

lim ¢ g()d(Gep) = 9(0)/ © - o
=0 Jy(x,D) »(X,D)
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Therefore the statement have been prooved since it is verified for the subalgebra A. O

Let X(X, D)sk—1 .= Uags, 0a denote the closed set of (X, D) formed by the union of all cones in the
cone complex that are not maximal. Recall that X, denotes the set of indices « such that Y, is a minimal
stratum.

We then define the following open subset:
X9 = XN B(X, D)sk!

Having defined this set, we now state one of the main results of this chapter, which concerns the degen-
eration of measures in the hybrid space associated to P-logarithmic forms.

Theorem 2.3.10. Let {u:}o<i<1 the family of measures defined in (2.19). Then for every continuous

function f € C.(X%,R) we have
g%/x fdutz/xo fdo
D D

Proof. If we denote %(X, D) := ¥(X, D) ~ (X, D)S*~! then by Lemma it suffices to show that
for each ¢ € C.(X(X, D), R).

lim 0d(Gu) = [ oduy

=0 Jy (X, D)k S(X,D)k

Since ¥ (X, D)* is the disjoint union of the interiors of the maximal cones, the function ¢ is determined by
the family {@q }4exr, where each ¢, denotes the restriction ¢;, . Therefore, the proof reduces to verifying
that for each a € X,

lim / e () = / G

t—0

As the measure p is defined by ). oy ( fYa Respy, (w)) C%‘j, it therefore suffices to prove that

liny /U $ad (G"pu) = ( /Y Resp v, (“)) /a %C?:

Indeed, since the equivalence in Proposition [2.3.9]is true for any G, consider a locally finite covering of
X by adapted chart {(U,, zy)} e satisfying the conditions of Proposition [1.2.13] Moreover, since X is
compact, we can take this covering to be finite.

Let {X~},yea be a partition of unity subordinate to this covering.

Now consider the local functions
Fy, : Uy N D — oy,
which send a point z to the tuple (—log|zy,[)je,-

Define the function
F= Z X+,

which satisfies the conditions of Proposition [2.2.3] Therefore this determines a function G, whose con-
struction is specified in ([2.3]).
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Now let Ug be a chart whose associated stratum is not minimal. Then Fjgypp(y 5) may take values in some
maximal cones; however, it is bounded along the rays associated to those irreducible components that
have empty intersection with Ug. This implies that there exists 0 < £g < 1 such that

Supp(¢) N G(Supp(xg) x {t}) =

for each 0 <t < eg. Since the covering is finite, there exists € > 0 such that

Supp(¢) N G(Supp(xs) x {t}) =

for each 0 <t < ¢ and for every chart Ug whose associated stratum is not minimal.

With this observation, and denoting by Ag the set of indices associated to the charts such that its
associated stratum is minimal, we have the following:

lim od (Gypy) = lim (¢ o G)dpy
t—0 $(X,D)k t—0 X%
=tm>= [ (6060 du)
vE
~tm Y [ o6, du)
t*)O’YGAO U’Y\D
_hmz Z / (¢ © G) (X - dpit)
a€Ty YEA), o Uy~D

Where Ag,o € Ag denotes the subset of indices 7 such that the chart (U, z,) is associated precisely with
the stratum Y.
This decomposition allows us to verify the convergence separately within each cone.

Fix o € Z. For each v € Agq, we find that G = logy +t - ¢y on (Uy \ D) x (0,1], where logy, is the
function defined in equation ([2.20) which is precisely ¢ - Fi;., and 1, is a bounded function on U,

Then by the same argument as in Lemma [2.3.6) we have

1 . P(u+t-1hy) ,
o cduy) = ——1 kSR < POV 0dz'd
/U«,\ (0o G)(xy - dpu) @n)F lim /&a /(an /(Sl)k Pol) (X~ - nu)dbdz"du

Since Supp(¢) is compact and contained in X(X, D), it follows that Supp(¢q ) is compact and lies entirely
within the interior of the cone o,. Therefore, by the same reasoning used in Lemma the family of

functions b+ t15)
U
TU)W(XW *Nu )

converges pointwise as t tends to zero to

m(xfy N Ya-

Moreover, this family is bounded by an integrable function. Hence, the Dominated Convergence Theorem
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applies, and we conclude:

(2m)* HO/ /c k/ syt Po uutff;j)( )l = (/aa ij(lg)d“> ' (271r)k: /Cn_k /( Sl)k(xv'nvmd@d?

Finally, by proposition [2 we have

1
(2m)F /CM /(Sl)k(m )|y, dfdz /(an(X'y )|y, ddz

In consequence we conclude:

i S [ el dn = ([ pan)- [ oom,

’YGA b VEAO,Q

- </aa 12(8) d“’) '/a Resp,y, (w)

This completes the proof. O

The above result does not extend directly to the hybrid space X hyb , as the measure d)‘a is not locally finite

along the faces of the maximal cone o,. Consequently, the Dominated Convergence Theorem cannot be
applied in this broader setting. However, if we instead consider logarithmic (n,n)-forms, Theorem [2 m
can be extended to the hybrid space X hyb, as we will demonstrate below.

Recall that, since w is a logarithmic (n,n)-form, for each adapted chart (U, z), if we assume that the
intersection of the locus zero {z; = 0} for i = 1,...,l coincides with U N'Y, where Y is the stratum
associated with U, then locally we have

where g is a continuous (n — k,n — k)-form defined on U. Since w is a particular case of P-logarithmic
form, the local residue can be defined for each stratum Y, and the independence of the residue from the
choice of adapted chart follows by the same argument as in Proposition Therefore, we may define
the residue Resy (w) for arbitrary strata Y, not only for the minimal ones.

With this in place, and recalling that all minimal strata have the same codimension, say k, we consider
the following family of measures:

th

m)E t#0

it (2.22)

dvies, (fYa Resy,, (w)) dX t=0
where, as above, X denotes the set of indices associated to the maximal cones.

With these considerations, we state the following lemma:

Lemma 2.3.11. Let {y}o<t<1 be a family of measures as in (2.22)), associated with the logarithmic
(n,n)-form w. Then for any adapted chart (U, z) whose associated stratum, say Y, is not minimal, and
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for every x € C.(U,R), the family of measures {(log;;)«(x ) }o<t<1 converges vagely to the zero measure
on the cone o.

Proof. Let Y be a stratum of codimension | < k, and (U, z) an adapted chart with associated stratum
equal to Y. We have to prove that for each ¢ € C.(o,R)

lim [ - d(ogy, (xur) =0
-0 Ju.p
Indeed, we have that
: tr
lim b (¢ ology) - xdu = lim g (¢ ology) - x - [WWIU}
I (¢ 0 logy) thny dz1dz, ... dz
= lim o Sx z1dz1 . ..dZ
t—0 (C*)txCn—t su) X (47Ti)k Hi:l 2% 181 !

Using polar coordinates as in Lemma [2.3.6] we have

thx o P(u) - Xm0 /
1 dzdzy ...dz, = - —dfdz d
/( *)lxCn—t (¢ o logy) [(4m’)k | |ﬁ 1 %iZi ads /R>O)l /(Cn l/sl)l (2 k (4mi)k=t s

where 79 is such that ny = nodzj41 A dzZj41 A ... AdZ,. Since k —1 > 0, and both Supp(x) and Supp(¢)
are compact, it follows that the product t*~ly - x - ng is are compact, it follows that the product and
bounded. Arguing as in the proof of Lemma [2.3.6] we see that this function is also bounded by an
integrable function. Moreover, as t — 0 the product converges pointwise to zero because @ - x - 79 is in
fact bounded. Therefore, by the Dominated Convergence Theorem, the corresponding integral tends to
Z€ro. O

Having assembled all the necessary ingredients, we now state the following convergence theorem in the
hybrid space, in the case of logarithmic (n,n)-forms:

Theorem 2.3.12. Let {u:}o<i<1 be a family of measures as in (2.22)), associated with the logarithmic

n,n)-form w. Then for each continuous function f € C, thb,R we have
(n,n) D

tim [ fdp = /X - Fduo

t—0 XB s
Proof. By Lemma [2.3.9] it suffices to reduce to the case

%I—I)% ngb fd(G*:ut) = ~/)(Zyb fdlu’o

and this case follows from a partition of unity argument together with Lemmas [2.3.7 and [2.3.11] as the
reasoning is identical to that in the proof of Theorem [2.3.10 O




Chapter 3

Hybrid spaces for toroidal DM stacks

Throughout this chapter, 2" will denote a smooth proper Deligne-Mumford stack of finite type over C,
and 7 : 2 — X its coarse moduli space. Recall that in this situation, X is a proper algebraic space and
7 is a proper map [KM97]. The fact that 2 is proper, in particular separated, implies that 2~ admits an
étale presentation P — £ from a scheme P. Since 2" is smooth, we see that P is smooth over C, and
therefore regular. We will denote by 2 " the complex analytic stack associated with 2". As we mention
in chapter (1} in [Toe99| it is shown that 7@ : Z°%" — X% is the coarse moduli space in the category
of analytic spaces of 2 **. Moreover, X" is Haussdorff and compact since X is proper. Moreover, X"
is the coequalizer of (P X g P)* —= P°" in the category of analytic spaces. This leads us to conclude
that X" is a proper étale Lie groupoid (see Definition . Properness follows from the fact that 2
is separated.

In this chapter, we study how the toroidal embedding (2", %) induces a natural stratification on the
analytification X" of the coarse moduli space of Z*". We will show that this stratification can be
refined into strata consisting of points with the same stabilizer; see Section [3.2.15| for further details.

Once this stratification is established, we will analyze the resulting topological properties. In particular,
we show that X" admits a triangulation adapted to this stratification (see . This result is of
particular significance, as it enables the construction of a function analogous to that of Section [2.2.3]
which plays a key role in defining hybrid spaces in the context of Lie groupoids.

3.1 Local structure of analytic spaces and coverings

As mentioned in the Introduction to this chapter, X" is a proper étale Lie groupoid, in particular, it is
an orbifold (see Remark [1.3.9)). Most orbifolds arising from the analytification of coarse moduli spaces of
DM stacks are ineffective. An example of it, is the analytic coarse moduli space My, of .#,,. Because
in the case of g = 2,n = 0 there are hyperelliptic curves with non-trivial involution; see [AHCGI1], Chap
IX, Prop 4.11].

Since our interest lies in the underlying topological space of the analytic space X% the objective of
this section is to exhibit a complex effective orbifold determined by a collection of orbifold charts, whose
associated analytic space is precisely X", and such that each chart possesses properties compatible with
the toroidal structure of the pair (X", U").

69
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Before establishing this objective, we begin by showing a topological property of X" that is useful to
keep in mind, as we will be working with suitable coverings of X%, where conditions such as metrizability
and paracompactness are required. Although this fact is well known, we will include a proof for the sake
of clarity.

Proposition 3.1.1. The analytic space X" is metrizable and second countable

Proof. By Proposition[1.4.23] we have a surjective and proper morphism Z — £, from a quasi-projective
C-scheme Z. As w: & — X is proper and surjective, then the composition f : Z — X is proper and
surjective. Therefore, using GAGA arguments for the case of algebraic spaces, we find that f%": 79" —
X" is proper and surjective. Since X" is locally the quotient V/G, with V' being a smooth complex
manifold and G a finite group acting on V; see [Gil84, Prop. 1.1] or [Vis89, Prop. 2.6], it is clear that
this quotient is locally compact. Hence, we deduce that X" is locally compact. As Z" is contained in
a projective manifold, Z" is metrizable and second countable.

By the properness of f%*, we have f* : Z% — X is a closed map, with compact fibers. This implies
that both, metrizability and second countability, are inherited by X*"; see [MH56 Theorem 2]. O

Recall that in Chapter [I, we introduced the notion of small toric charts (see Definition [1.6.9)), following
the framework established in [ACP12]. These charts are important because they provide information
about the structure of the skeleton associated with the toroidal embedding (27, % ).

As we are interested in studying X", the analytification of a small toric chart is not appropriate for local
analytic considerations. To address this, we introduce a slight modification in the analytic framework. In
this context, the relevant local models are analytic balls, which are particularly useful because they are
contractible. Concretely, given a smooth complex manifold, one can equip it with a Riemannian metric,
which in turn induces a distance function, making the notion of an open ball both precise and well-defined.

With this perspective, we now introduce the following proposition.

Proposition 3.1.2. For every x € X", there exists a triple (V, G, ¢), where V' C C" is an open ball,
G is a finite group acting on V, and ¢ : V — X% is a G-invariant analytic map, that factorize through
2% and induces an open immersion V/G — X" whose image contains the point x, and satisfying the
following conditions:

1. The action of GG in V fixes the center of the complex ball, and this element is mapped to x.
2. The divisor V ~ (V X gran 2 *™) is a simple normal crossing divisor, invariant under the action of G

3. The stratification induced by the divisor has a unique minimal stratum, and the center of V is
contained in this minimal stratum.

Proof. Let {Vi}icr be a collection of small toric charts for 2" such that [[,.; Vi — 2 is an étale pre-
sentation. For x € X" consider a point £ € 2 %" that maps to x. Denote by G the stabilizer of &,
and let V; be a small toric chart such that its analytification V;*" contains a point « which maps to &.
Moreover, assume that u lies in the unique minimal stratum of V;. Recall that since 2 is smooth, each
analytification of the small toric charts are complex manifolds.
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Furthermore, there exists an open neighborhood V' C V%" of u, with G acting on V' by biholomorphisms
such that u is fixed under this action, and a G-invariant analytic map ¢ : V — X% which induces an
open immersion ¢ : V/G — X" see [Gil09, Prop 1.1], or Remark

Taking the underlying smooth real manifold of V', we can consider a Riemannian metric on V invariant
under the action of G. This allows us to consider an open real ball around the point u, which is invariant
under the action of GG, as this is an open set in a complex manifold, we have that it is a complex manifold.
Therefore, without loss of generality, assume that V is a ball, where its center is precisely the point w.

Note that (V,V ~\(V X gran % *")) has a unique minimal stratum, since V' contains a point of the minimal
stratum of V. Moreover, the divisor V ~ (V X gan % ") is a simple normal crossing divisor, as is
contained in a small toric chart. O

Remark 3.1.3. In the above proposition, note that the divisor is invariant under the action of G, since
the open set V' X gran % %" is invariant under the action of G. Therefore, each element of G permutes the
irreducible components of this divisor.

We can refine the triple (V, G, ¢) in Proposition to obtain additional properties, as we will see in
the following proposition. This proposition is based on [AHCGI1, Lemma 6.2, Chapter IX].

Proposition 3.1.4. Let (V, G, ) be a triple that satisfies the conditions of Proposition withu € V
being the center of this open ball. If E' denotes the simple normal crossing divisor fixed by the action of
G. Then there exists an adapted chart (U, z); see definition that contains the point u, such that
the action of G in U is linear.

Proof. 1t is clear that V' contains an adapted chart (U,z = (z1,..., 2,)) that contains u, and is invariant
under the action of G. Denote by Ej,, ..., Ej, the irreducible components of E, then all these irreducible
components have nonempty intersection with (U, z), since this chart contains the point u. Assume that
zero locus of z; is equal to E;; NU fori = 1,..., k. Note that each g € G induces a new system coordinates
on U, given by zg = (219, ..., 2,9), and the zero locus of z;g for i = 1,...,k is the set

{ueU: z(gu) =0} ={w € gU : z(w) =0} =g 'E;.

Since g acts on the divisor E, it follows that there exists a permutation o, € S such that for 1 <1i <k,
E,, ) 1s equal to the zero locus of z;g.

Now, consider the differential dg : T:°U — T3 °U induced by g. Since gE; = E,,
it follows

yforeachi=1,... k,

"t
dg(TuEi) = Tqug,l (%)-

Let E/ C C™ denote the hyperplane defined by z; = 0, for ¢ = 1, ..., k. Identifying T,,U with C" via the
coordinate chart z, we deduce that
/ /
dg(E;) = Eog,l(z‘)‘
Now considering the composition (dg)~'g, we see that the hyperplanes E!,, are preserved in C" under
this map. That is,
(dg)1g(E!) = E! for i=1...k.

Define the transformation

o= |(1;‘ > (dg)'y.

geG
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This defines a new coordinate chart (U, « o z), after possibly shrinking U, which preserves the coordinate
hyperplanes corresponding to the irreducible components of the divisor. The fact that this is indeed a
coordinate chart follows from the fact that « is a local biholomorphism around the origin. To see this,
consider the differential of «

1

do = @l > d(dg' o g)
geG
= ‘(1;’ Z(d(dg_l) o g)dg ( chain rule)
geG
1 1 . . . .
= @l Z(dg o g)dg (since the differentials are linear maps)

geG

Now, consider the differential at the origin point z(u) = 0 in C". Since g(u) = u, each term (dg~'g)(0) -
dg(0) is simply the identity. It follows that day is the identity. Therefore, there exists a neighorhood
around the zero in C” such that « is a biholomorphism.

Moreover, for each g € GG it is easy to verify that
ag = dga

Hence, in these new coordinates, the action of G becomes linear and permutes the coordinate hyperplanes
corresponding to the irreducible components of the divisor. O

Let (U, G, ¢) and (V,G’, ¢') be two orbifold charts of X" as in Proposition Denote by U and V the
images of U and V under the maps ¢ and ¢’, respectively. Suppose that V C U. Then we ask: what is the
relation between these two representations? Although this fact is well known and nicely described in the
literature, we will carry out the construction, as it will be useful in the following sections.

Let U = [U/G] denote the quotient stack associated to the Lie groupoid G x U = U in the category
of analytic spaces. Recall that we are under the assumption that there is a chain of open embeddings

V < U < X% Moreover, assume that the action of G’ on V fixes a point v.

We consider the following diagram:

N

Since the right-hand square in (3.1) is cartesian, and since U < X% is an open embedding, it follows
that U — 2" is an open embedding. Similarly, we state that [V/G'] — 2" is an open embedding.
Therefore, as V< U is an open embedding, we have an open embedding [V/G'] — U.

Given the étale presentation 7 : U — U, and identifying the quotient stack [V/G'] with an open substack
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YV C U, we can consider the following diagram:

V xyr (V) — 771(V) ——

U
Jp J’rﬂ*(v) lﬂ (32)
u

%4 z Vo« -

From this diagram, we have that V xy 7= (V) 2V x U.

Following the definition of an analytic stack quotient; see we have that the map p is a principal
G-bundle and G’-equivariant at the same time. Similarly, the map p’ is a principal G’-bundle, and G-
equivariant. This setup induces two group actions on the fiber product V xy 7=%(V). Assuming that
the actions of G on U, and G’ on V are left actions, it follows that both induced actions on the fiber
product are also left actions. Moreover, these actions commute with each other. The commutativity of
the actions follows from the commutative diagram in , where we denote 771(V) by U’ to have a
cleaner presentation of the diagram.

o XIdgy yr

(G'xV)xp (GxU) 7 Vxp(GxU) —— GxU

IdG’XVX“G JVIdV Xua ‘/ﬂG
e 1% 1 X Ldygr
(G xV)xpU — = VxyU — 5 U (33)
G’ >\<,V = ’ ‘l/ > L

Recall that pg and pg denote the actions of G and G’ on U’ and V, respectively.

Consider again the left-hand side of the diagram (3.2), let p~!(y) denote the fiber over the point y under
p. Since p is a pincipal G-bundle, the group G acts transitively on p~!(y). Moreover, because V is an
open ball, in particular, contractible, and p is etale, the following definition makes sense:

Definition 3.1.5. For every z € p~!(y), there exists a unique holomorphic section
0. V=V xyr YY)

Such that po ¢, =idy and ¢,(y) = z. Furthermore, ¢, is a biholomorphism onto its image.

As a consequence of this definition, we have the decomposition

Vxyr'V) = J] #(V) (3.4)
)

z€p~1(y

Since G acts transitively on p~!(y), we can fix a point zy € p~1(y), such that for each z € p~!(y) there is
a unique g € G with z = gzg. This implies that for every section ¢, we have

©-(y) = 920 = 9= (y)
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Therefore, the section ¢, agrees with gy,,. This allows us to give a description of (3.4) in terms of the
distinguished section ¢.,. That is

Voxym (V) = ] @e20(V)
geG

This representation of the fiber product provides, as we will see below, an explicit description of the
actions of the groups G and G’, once a particular section has been fixed, in this case, the section ¢, .

1. Let v € G and consider the point g, (w) € V xy 77 1(V). Since vy, defines a section, it follows
that ¢z, (w) is equal to Q(g), (w).
2. Let v/ € G’, and consider ¢, (w) as above. Since p is G'-equivariant, we find that 7/¢g., (w) satisfies
the following
P(Y P9z (w)) = 7'P(pgz () = 7'w
This fact implies that, for a fixed g € G, the function v/ ¢g.,~' ~! defines a section. Now, if we want

to see the description of this section in terms of the element zy, we have to evaluate it at the point
y. That is,

Yg20Y " (Y) = g2 (V ')
=gz 1) (y is invariant under the action of G’)
=gz (Property which is satisfied by the section ¢g.,)
= g7z (Commutativity of actions G and G')

= 9Pz (7/)_120
= Plapey(v) 20 (V)

Here, p,,(7/)~! is the unique element in G such that 429 = p.,(7')"'20. The Proposition
below gives us a good reason to consider the element p,,(7/)~! in this sense. The uniqueness of
P2 (7)1 follows from the fact that G’ acts on the fiber p~!(y), because y is invariant under the

action of G/, and G acts transitively on p~(y).
Therefore, we conclude that v/ ¢g.,7 -1 Consequently, the action of 4" on the element

Pgzo (W) is given by

= Pgpzg(v) 20

-1 -1
V20 (W) = 710920 (VT VW) = g7 (VW) = @gp. (v) 120 (V0) (3.5)
Remark 3.1.6. 1. Since p’ is a principal G’-bundle, it follows that p'(p.,(v") "120) = p'(7'20) = p'(20).
Now, using the fact that p’ is G-invariant we also have p'(g20) = g0’ (20). These two facts together

imply that g, belongs to the stabilizer group Stabg(p'(20)).

Denoting by H the above stabilizer group, we can consider the map p,, : G' — H, where each
element 7/ € G’ is sent to the unique element p,,(7’) € G which satisifies the equation

V20 = pzo ()" 20 (3.6)
That is, the element p,,(7') is exactly the inverse of g, defined previously.

2. If z is another element in the fiber p~(y), an immediate question arises: How are p,, and p,
related?. To answer this, note that if 2,29 € p~!(y), then we have z = gzo for some element g € G.
Then writing the expression 7'z = p,(7/) "'z in terms of zp, we obtain

7920 = p-(7') " g20.
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Using commutativity on the left side and applying equation (3.6)), we obtain the expression

p=(v) = gpz(7)g !

In this case, p, : G — gHg™'. This expression is expected because the value p/(z) is in the orbit of
P’ (20), and therefore the stabilizer of p/(2) is a conjugate of the stabilizer of p’(2).

Proposition 3.1.7. The map p,, : G — H is a homomorphism of groups. Moreover, it is an isomorphism.

Proof. Consider 77 and o two elements in G’. Then we have following sequence of equalities:

Pz (1172) 120 = Mv220  (Property of the map p., applied to 7172)
= y1p2(72) *20  (Property of the map p,, applied to v2)
= p2(12) " 1y120  (commutativity of the action G and G)

= Pz (72)_1,%0 (71) 'z (Property of the map Pz, applied to 1)
= (P20 (71)P20(12)) ™' 20

In order to prove that the groups are isomorphism, fix x = p/(z9). For injectivity, let v/ € G’ with
gy = eq. This fact implies /29 = 2. Since p is a principal G’-bundle, the group G’ acts freely and
transitively on the fiber p’~*(z). Therefore, 7/ = ecy.

To prove the surjectivity, let h € H. Hence p/(hzg) = ha = z, this implies that hzg € p'~ (). Since &
acts freely on the fiber of z, it follows that there exists a unique 7/ € G’ with v'z9 = hzg. From this fact,
it is clear that ~/ ~! is sent to the element h. O

Note that the section ¢, plays an important role, as it helps us to establish a function from V to U,
through the composition p’ o ¢,,. Denote this function by f,, : V' — U. Since this function is determined
by the section ¢,,, which in turn depends only on the point 2y, the construction of f,, depends on the
choice of an element in p~!(y).

Proposition 3.1.8. Let p,, : G’ — H be the homomorphism of Proposition Then the map
[z 1V = U is py,-equivariant. Moreover, it is a biholomorphism on its image.

Proof. Let v/ be an element of G’, and w an element of V. Then we have the following sequence of
equalities:

/ W /
fzo(V'w) = p' o oz (7'w)
= p’(y'gopzo( )20 (w))  (Consequence of the equation (3.5)))
=P/ (Pp.y (1) (W)
=P (P2 (V)P (w)) (Action of the group G on the sections)
)

= 02 (V)P (92 (w)) (p' is G-equivariant )
= Pz (V) fzo (w).

(p’ is a principal G’-bundle)

It remains to show that this is a biholomorphism onto its image. Since p’ is an open map, it suffices to
prove that it is injective.

Let 1,29 € V be two points such that f,,(z1) = f(22). This means that the points ¢,,(z1) and
¢z (x2) lie in the same fiber of the map p’. Since p’ is a G’-bundle, we see that there exists v/ € G’
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with 7., () = ¢z (22). Applying p to both sides of the equation and using the G'-equivariance of the
function p, we obtain:

T2 = P 0 5 (22) = P(7 05 (1)) = 7'P(05 (1)) = 711

Now, by equation (3.5) we have /¢ (x1) = ¢, (y1)-12(7'21). This implies ¢, (n-1,(22) = @z (22).
As the images of the sections are disjoint, we conclude that

Pz (7,)_1 = ea

and therefore, v/ = eq, because p,, is injective. It follows that x; = w3, completing the proof of

injectivity. [

The following proposition will play a key role, as it provides a way to express 7~ (V) as a disjoint union
of copies of V. This fact will be especially important, as it allows us to induce functions on 7—*(V) from
functions on V', as we will see in the section [3.5

Proposition 3.1.9. Following the considerations of Propositions and We have

V)2 G XV

Proof. The idea of the proof is to show that there exists a surjective map ¢ : G x V. — 7~ 1(V) such
that £(g1, 1) = (g2, x2) if only if (g1,x1) ~ (g2, x2). Recall that (g1, 1) ~ (g2, x2) if only if there exists
7 € G’ such that x1 = 7'z2 and g1 = gap., (/) L.

Define then the map & by &(g,2) = gf.(x). This map is clearly surjective, since p’ is surjective. To
prove that 7=1(V) and G x& V are biholomorphic, suppose that &(g1,21) = (g2, 22). Denote by g the
expression gy Lg1, then

p/(SOzo (5132)) = gz_lglp/<90«2’0 (.731))
=1'(95 g1 (1)) (Since pis G-equivariant)
= p/(g()ozo (.%'1))

Note that ¢, (z2) and ge.,z1 are in the same fiber under the map p’. Since p’ is a G’-bundle, we see that
there exists v/ € G’ such that v/, (z2) = g¢z,(x1). By equation we see that 7', (z2) is equal to
Ppey ()12 (V' ®2). This implies that

Ppoy (v) 120 (Y T2) = 9020 (1) (3.7)
Applying p to both sides of the equality, we obtain:
Vo2 = (@) () 120 (VT2)) = (902 (1)) = Pz (21)) = 1.
Using the equation and the fact that gy, (z1) = @g, (1), we have:
Ppey (v) 120 (T1) = gz (1)

Since the images of the sections are disjoint, we conclude that p.,(7)~' = g. Therefore, p(v')~" = g5 ' g1.

Hence g1 = g2p(v') L.
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For the converse, assume that (g1,21) ~ (g2,22). Then there exists v/ € G’ such that 1 = 7'x2 and
g1 = gop(7') . Therefore, we obtain the conclusion from the following equalities:

91f= (1) = (920(7) ") (f2o (7' 72))
= (92)p(7") " foo (Y'z2)
= (92)p("") " (p(Y)) fzo (2)
=gaf
O

Now, we establish a short but well-known result involving three orbifold charts and the relationship
between the functions f,, constructed above. We include and prove this result here, as it will be used in

Section 3.4

Consider three orbifold (U, G, ¢), (V,G',¢'), and (W,G",¢"), withW CV C U. Let y € V, 3y’ € W be points
invariant under the actions of G’ and G”, respectively. Then, consider the corresponding commutative

diagrams as in (3.2]):

W sy 17 (W) ———— (@) (W) Vxyn (V) — 22— 7L (V)
q ™| =1 o) P hﬂﬂl(‘”
W s y W 1% LS Y
(3.8)
W sy 7 W) ———— 7 (W
T lm=1(W)
W s W

Here, W is defined analogously to V; that is, W = [W/G"].

Proposition 3.1.10. Let (U, G, ¢), (V,G',¢'), and (W, G",¢") be three orbifold charts with w C V C U.
Let fi : W — n;'W) C Voand fo : V — 7, (V) C U be the functions defined by the choices of
elements z; € ¢~ 1(y') and 23 € p~!(y), respectively. Then, there exists an element 2’ € r~1(y') such that
fao fi =71"0p., where ¢, : W — W xyy 7 1(W) is the section determined by 2.

Proof. Since we have two maps from W to W and 7~ (W), respectively, namely f» o f; and Idy, which
satisfy the commutativity condition of the fiber product, as ensured by equation , there exists a
unique map ¢ : W — W xyy 7~ (W) such that r o ¢ = Idy, and 7/ o ¢ = fo 0 f;. This implies that ¢ is
a section, defined by some 2. O

To summarize, in this section we have shown that if (U1, G1, ¢1) and (Usa, Ga, ¢2) are two orbifold charts
of X" such that ¢Uz) is an open subset of ¢;(U1), then there exists an embedding of orbifold charts
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(Ua, Go, ¢2) < (U1, G1, ¢1), in the sense of Definition [1.3.1, Moreover, if the charts satisfy the assumptions
of Proposition this construction yields a suitable cover of X" by orbifold charts, as we now state:

Proposition 3.1.11. There exists an orbifold atlas {(Vi, Ga,¥a)}aca for X such that each chart
(Va, Ga, 0q) satisfies the following properties:

1. V, C C" is an open ball centered at the origin, and the action of G, on V,, is linear.

2. The divisor V, \ V, X g7an 2™ is a simple normal crossing divisor, and the stratification induced
by this divisor has a unique minimal stratum.

Remark 3.1.12. Since we are interested in the underlying topological space of the analytic space X%,
then considering a chart covering {(Va, Ga, ¢u) taca satisfying the properties of Proposition we
can take for every «, the kernel H,, of the map from G, to the group of biholomorphisms of V,,. Therefore,
we consider the orbifold given by the charts {(Vi, Go/Ha, ©a)taca. Since the actions are not trivial, this
defines an effective orbifold whose underlying analytic space is precisely X%,

From now on, we will refer to this orbifold as the effective orbifold of X%". This orbifold will be of great
importance in the development of the following section.

3.2 Stratifications on X%

The purpose of this section is to show that there exists a stratification in X" that refines the stratification
induced by the toroidal structure (2", % ) and also refines the stratification by stabilizers described below,
this result is summarized in In addition, we will show that there exists a triangulation on X" that
is adapted to this stratification in the sense of Definition |3.2.14

Throughout this section, we will work with the effective orbifold associated to X®". Therefore, unless
otherwise stated, any reference to the orbifold X%* will implicitly mean its associated effective orbifold.

We begin by describing the construction of a stratification on |27|, which is induced by the toroidal
embedding (27, %), and the way that this stratification induces stratifications on the coarse moduli
spaces X and X%,

Before proceeding, recall that to show that a given collection {Y, }aea of locally closed, connected subsets
defines a stratification of a topological space Y, we must verify the following condition:

YoNYs#0 = Y,CYy

Note that we are assuming the strata to be connected. In contrast, Definition [1.2.6] allows for strata
that are not necessarily connected. Under the assumption of connected strata, the condition above is
equivalent to the following local criterion:

For every point = € Y, NY g there exists an open set U C Y, containing z such that U C Yg.

Indeed, the direct implication is clear. Conversely, if the local condition holds for every such point x, then
the set Y, MY 5 is both open and closed in Y,,. Since Y,, is connected, it follows that Y, NY 3 =Y, and
hence Y, C ?5.
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Let (27, % ) be a toroidal Deligne-Mumford stack. In Section we defined an étale sheaf M associated
with the toroidal structure. Since M is a locally finitely generated sheaf. One may then define the rank
function

tk: |27 =+ N, w:Spec(k) = Z +— dim M, @z R.

The connected components of the fibers k™! (n) for n € N defines a stratification of |27|, as described in
[ACP12| Section 6.2].

To provide an alternative and concrete construction of this stratification, let P — 2~ be an etale presen-
tation, with P a regular and separated scheme such that (P, P x 9- %) is a strict toroidal embedding. Let
|P| = [1,cx Yo be the stratification of |P| determined by the toroidal structure. We define the following
equivalence relation on the strata:

Y, ~ Y3 if and only if there exists a sequence of strata Y, = Yp,Y7...,Y; = Y3, and points y; € ¥; and
x; € Yipq for i =0,...,k — 1, such that 7(y;) = w(x;), where 7 : |P| — |Z7|.

Lemma 3.2.1. Let 7 : |P| — |Z7| be as above. For each a € A define:

Lo := 1T U Ys
VYo

Then the collection {Z,},er, where I' := A, _, defines a stratification of [27].

Proof. 1t is immediate that {Z,},cr forms a partition of |27|. Moreover, each Z, is connected, since it
is the union of connected subsets that have at least one point in common. To verify that this defines a
stratification, we apply the local characterization discussed at the beginning of this section. Specifically,
we need to show that if x € Z, N 77/, then there exists an open neighborhood U C Z, of x such that
UCY,.

Let © € Z, N Z., and choose y € |P| such that m(y) = x. Let Y, be the stratum of |P| that contains
the point y. By Lemma, we have 771(Z) = ;¢ Yp,, for some index set I C A. Since 7 is an open
map, it follows that
7, - J¥
i v Bi-
1€l
Therefore, there exists ¢ € I such that y € Yg,. By the local criterion for stratifications, it follows that
there exists an open subset V' C Y, that contains the point y, and such that V' C Yg,. Applying 7, we
see that (V') is an open subset of Z, that contains x, and is contained in Z./, as required. O

Lemma 3.2.2. Let Z, =7 (UyﬁNYa Yg) be one of the strata of |.27| defined as in Lemma [3.2.1] Then

N Z)= |J Ya.

Y. ~Ya

Proof. If there exists a stratum Y such that YgNn—1(Z,) # 0, then there exists a point y € YzN7—1(Z,).
By the definition of Z,, there exists a point y' € Y, for some Y,, ~ Y, and such that n(y") = 7(y).
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This implies Y3 ~ Y,, and consequently Y3 C [y ,~y, Yor- This shows that every stratum intersecting

7~ Y(Z,) is contained in the union Jy- ,~v, Yo, which proves the inclusion YZ,) C Uy v, Yo
The reverse inclusion is immediate from the definition of Z,, so the two sets are the same. O

Proposition 3.2.3. The stratification defined via the equivalence relation on the strata of |P| (from
Lemma [3.2.1]) coincides with the stratification defined by the rank function rk.

Proof. Take a stratum Zg in the stratification defined in Lemma By construction, all points of Zg
come from strata Y, in |P| that are equivalent under the relation defined via the map m. Each Y, has
a constant rank, and equivalent strata have the same rank because they are connected through points
mapping to the same point in |27|. Therefore, the rank function is constant in Zg. This means that Z3
is contained in some stratum S, of the rank-stratification.

Conversely, consider a stratum S, of the stratification defined by the rank. Its preimage under 7 decom-
poses as a disjoint union of strata in |P|, that is:

(S, = H Y.,

aEh,

This equality holds because, if Y, N7 ~1(S,) # 0, then rkyy, = rkg. , and therefore 7(Yy,) C S,. Moreover,
the strata Y, with o € A, are precisely the connected components of 771(S,). Indeed, all points in
each connected component have the same rank, since their images lie in S,, which implies that each such
component must lie entirely within a single stratum of the stratification of |P|.

Considering the restriction 7;-1(g.) : 77*1(57) — Sy, which is an open map, we see that all strata Y,
contained in 7~1(S,) are equivalent to each other, since their images are open and connected subsets of
the connected stratum S,. Therefore, S, C Zg for some stratum Zg in the stratification defined via the
equivalence relation.

In conclusion, every stratum of the stratification given by the equivalence is contained in a stratum of the
stratification given by the rank, and vice versa. Therefore, the two stratifications coincide. O

We conclude with the following observations regarding the stratification constructed above:

Remark 3.2.4. 1. From the construction, each stratum in |2| correspond to a substack of 2". That
is, we denote by {#;}icr the collection of substacks such that the underlying topological spaces
{|#;|}icr form the stratification of |2°|. Each % is called a stratum in 2.

2. This stratification in |27| induces in a natural way a stratification on the coarse moduli space X of
Z, by simply taking the coarse moduli space W; of each #;. Consequently, passing to analytification,
we obtain a stratification on X", by taking W™ C X" for each i € I.

3. Let V' C P be an adapted chart with a finite group G acting on V' in such way that V/G «— X"
is an open immersion, then from diagram

V— V/G

]

Pan 3 XGTL
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we conclude that the each strata of V is contained in a strata of X%".

Having described the stratification on the coarse moduli space X, and in particular on its analytification
X induced by the toroidal structure of a Deligne-Mumford stack (£, %), we now turn to the strati-
fication defined by stabilizers on X". Our goal is to construct a new stratification that refines both the
one induced by the toroidal structure and the one defined by stabilizers.

Let {(Va, Gay¥a)}taca be a chart covering of the orbifold X" as in Remark [3.1.12] Considering the
underlying smooth real manifold of every V,, and since GG, acts linearly on V,, we can identify every
group G, with a finite subgroup of GL(2n,R), where n is the complex dimension of X",

For every H subgroup of GL(2n,R), denote by (H) the subset
{K <GL(2n,R): gKg~' = H, for g€ GL(2n,R)}.

Then by [Yan63] we have a natural stratification by stabilizer class up to conjugation of X*. Whose
strata are precisely conected components of sets of the form

Spg={xe€ X" :(Gx) = (H)}
Since we are assuming that X%" is compact, it follows that the stratification by stabilizers is finite.

Remark 3.2.5. Since we are considering the underlying smooth real manifold structure of each V,,, and
the action of GG, is linear, we may equip V, with a Riemannian metric such that G, acts by isometries.
In particular, we can choose the metric so that G, acts by orthogonal transformations. Consequently, we
may identify each G, with a subgroup of the orthogonal group O(2n,R)

Having fixed the stratification by stabilizers, let {M,},cr be the partition of X" that is the result of
taking the connected components of nonempty intersection of the form Ty NW;, where T} is a connected
component of Sy, for some H < GL(2n,R), and W; is a stratum associated with the stratification induced
by the toroidal structure. This new collection is clearly a finite partition, since both stratifications are
finite. Moreover, we have the following statement:

Proposition 3.2.6. The partition {M, },cr defined above defines a stratification of X"

Proof. We have to show that M, N M, # (), implies that M, C M,.. Indeed, assume that M, and M, are
the connected components of intersections T NW; and Ty N Wj, respectively. It is then straightforward

to observe that
W; CWj, and H' is identified with a subgroup of H

Since the elements of this partition are connected, we apply the local criterion for stratification discussed
at the beginning of this section. Namely, it suffices to show that for each point x € M,. N M, there exists
an open neighborhood U C X" of x such that U N M, C M,..

Let x € M, N M,, and consider a chart (V, H, ¢) as in Proposition that contains the point x. That
is, there is a point € V such that p(x) = x, and, as we will specify more precisely below, the chart
satisfies certain properties related to the stratification and the action of the group.

After shrinking V', if necessary, we may assume that its image ¢(V') is such that ¢(V) N M, is equal
to (V)N (Tyg N'W;), and W; is the unique minimal stratum, with respect to the toroidal stratification,
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between those strata that have nonempty intersection with (V). This is always possible because X" is
metrizable; see Proposition [3.1.1

To proceed with the proof, we now recall the properties of the chart (V, H,¢) provided by Proposition
taking into account the additional assumptions introduced above:

1. Vis an open ball equipped with a system of local coordinates (z1, ..., z,), where the point x can be
chosen as the center of V', and the action of H on V is linear.

2. Let S denote the set of points in V' fixed by the action of H. Then we have ¢(S) = Ty N (V).
Recall that S is a linear subvariety of V' since the action is linear.

3. V has associated a simple normal crossing divisor
V N (V X{@‘an %an)

, wich is defined by the zero locus of [[,.; 2, for I a subset of {1,...,n}. Therefore, the unique
minimal stratum W of the stratitification induced by this divisor is a linear subvariety.

4. Since the action of H permutes the irreducible components of the divisor V ~ (V' X gran 2",
it follows that W is invariant under the action of H. Consequently, by Remark we have
p(W) =W;np(V).

The above facts imply that S N is a connected linear space with M, N (V) = (SN W).

Now let y € M, N (V), which exists since x € M,,. Let y be a point in V that is mapped to y, and let
W' be the stratum of V' that contains the point y. Since the stratification of V is given by coordinate
hyperplanes, W’ is a cone, in the sense that if w € W', and A € Ry, then Aw € W’. Furthermore, from

Remark we know:
(W) S W;.

Since the divisor of V' is determined by the zero locus of [];.; z;, then it is clear that W is given as
{veV: z(v)=0forie I}. As each irreducible component E; := {z; = 0}, for i € i, of the divisor in
V' have real dimension 2n — 2 then for each J C I we have that ﬂje g Ej~ Uj% ; Ej is connected. This
observation implies that there exists I’ C I such that

W ={veV: z{)=0foriel', and z(v) #0 forie I~ I'}.

Let z € ¢(V)NM,, and choose z € W mapping to z. Consider the segment {z; := (1—t)z+ty: 0 <t < 1}.
This lies entirely in W', because the i-th component of z; is zero if ¢ € I’, and nonzero if i € I ~. I'. We
claim that elements of this segment have stabilizer equal to G,. Indeed:

e For any g € Gy, we have g(z) = (1 —t)g(z) +tg(y) = (1 —t)z + ty, so G, C G,.

e Conversely, if g € G,, then g(z;) = 2z, which implies (1 —t)z + tg(y) = (1 — t)z + ty, and hence
gy =y. So G, C G.

Therefore, we conclude G, = Gy.
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The fact above implies that ¢(z) € W;NTg for every t > 0. Since the image of this segment is connected,
the entire image lies in a connected component of W; N Txyr. As ¢(y) € M,, we conclude that the image
of this segment is contained in M,..

As o(z) =z and ¢(z) € M,s for t > 0, and lim;_,¢ 2; = z, we conclude that z € M .. This holds for every
z € M, Np(V), showing that a neighborhood of x in M, lies in M,,. Hence we conclude that M, C M,
as desired. ]

Now, we will introduce a definition from [Yan63], which will be particularly useful for our goal of con-
structing a triangulation adapted to the stratification described in Proposition [3.2.6

Definition 3.2.7. Let X be a topological manifold of dimension n, and ¥ a partition. We say that (X, X)
is a differentiable n-space if it satisfies the following conditions:

(a) Every element of 3 is a differentiable manifold.
(b) X is locally finite.

(c) For every My € ¥, with dimension equal to k and = € My, there exists an open neighborhood U of
x and a differentiable l-space (X', %’), with [ < n — k such that

(1) There exists a homeomorphism from U to the joint S* * X', where S* is a k-simplex. This
homeomorphism induces diffeomorphism between U N My and the interior of S*, and a diffeo-
morphism between U N M; and S* x (X' N M;) ~ (S¥ U (X' N M;)), for each stratum M; such
that =z € Mz ~ M;.

(73) Once we identify X’ as a subspace of X by the previous condition, we have M’ € ¥/ if only if
M' = X' N M;, for some M; € ¥, with @ € M; ~ M;.

From the above definition, it is straightforward to verify that the partition X is, in fact, a stratification.

Lemma 3.2.8. Every differentiable space is triangulable, and such a triangulation can be chosen to be
adapted to the stratification associated with the differentiable space (see Definition [1.2.12]in Chapter .

Proof. See [Yan63, Lemma 2] O

Proposition 3.2.9. Let {V;};cr be a finite collection of vector subspaces of R". For every J C I define
Cy:= m Vi~ U V;
JjeJ Jj¢J

and consider the connected components of each such set C ;. Then the collection of all these connected
components, as J ranges all subsets of I, forms a stratification of R".
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Before starting the proof, we refer to the illustrative picture above, which shows a stratification of R3
defined by four subspaces. On the right side of the image, we see a connected element represented as a
polyhedral open cone with a semiline removed. This set corresponds to a connected component of the
expression

Note that removing the half-line does not affect the connectedness of that set. The picture also illustrates
that this partition satisfies the conditions of a stratification.

Proof. Denote this collection by { M, },cr, and note that it forms a partition. Let M, and M, be elements
of this collection, with M, N M, # (). We have to show that M, C M.

Suppose that M, and M, are the connected components of C; and Cj, respectively. If x € M, N M,,
then there exists a sequence {zy, }nen of elements in M, that converge to x. Since z,, € V; for each n € N
and 7 € J', we have that x € V; for each j € J'. Therefore, J' C J. This fact implies that

M, C 8CfJ’

Now, let us denote by W the space (), Vi. Since M, C Wy, we can consider Wy as the ambient
space. Therefore, we can reduce to the case where J' =0, and I = (J')°.

In this setting, C{gy is the complement of the subspaces {Vi}ics in R". Let K = {i € [ : dimV; =n —1}.
Then there exist hyperplane equations { Hy }rex, with Vi = {x € R" : Hi(x) = 0}, such that

My ={z €R": Hy(x) >0, forall k € K}~ | Vi
k¢K

Since the subspaces Vj, for k ¢ K do not affect the connectivity of {x € R™ : Hy(x) > 0, for all k € K},
it follows that
M, ={x € R": Hp(x) >0 for all k € K}.
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To show that M, C M,, it suffices to verify that for each z € M,, we have Hy(z) > 0 for every k € K.
Indeed, since M, is a connected component of [ ies Vi U ¢y Vj, consider a fixed k € K and observe the
following cases: If k € J, then Hi(z) = 0 for each z € M, because z € V. If k ¢ J, then Vi N M, = 0, so
Hy(y) # 0 for all y € M,. Now, since M, N M, # () by assumption, there exists a point x € M, N M.
Thus, for this point we have Hy(x) > 0. As Hj is continuous and M, is connected, it follows (by the
intermediate value theorem, or Bolzano’s theorem) that Hy(y) > 0 for all y € M,..

In either case, we conclude that Hy(y) > 0 for all k € K and y € M,. Hence M, C M,,. This concludes
the proof. n

Remark 3.2.10. If B(0,e) C R™ is the open ball of radius ¢ centered at the origin, then the stratification
of R™ described in Proposition restricts to a stratification of B(0, ). This follows from the fact that
the map

Ex
:R®™ - B(0,¢e), =+~ ———
v 0.¢) 1+ |z
is a homeomorphism, with inverse
¢:B0,e) >R, gy L.
€=yl

Via this homeomorphism, the stratification of R™ induces a stratification on the ball B(0,¢). Moreover,
the image of a stratum M, of R™ under ¢ is precisely M, N B(0,e). This follows from the fact that if
x € M,, and X\ > 0, we see \x € M,.

Therefore, since p(M,) = M, N B(0, <), the stratification of R™ restricts to a stratification on B(0,¢).

Definition 3.2.11. Let X be a topological space, and ¥ a stratification. We will say that (X,X)
is a stratified linear space, or that ¥ is a linear stratification, if X is homeomorphic to an open ball
B(0,e) C R™, and the stratification ¥ is induced by a stratification as in |3.2.10)

X is called locally stratified linear space, or that X is a local linear stratification, if every point of X has
an open neigborhood which is a stratified linear space.

Remark 3.2.12. Since the stratification of Proposition has a unique minimal stratum, it follows
that every stratified linear space has a minimal stratum.

Example 3.2.13. Let V be an open ball of R™ centered at the origin, and G a finite group acting by
linear transformations on V. Then there is a stratification 3 on V' such that (V) is a stratified linear
space, which induces a stratification on the quotient V/G that agrees with the stratification of V/G given
by the stabilizers.

For every subgroup H of G, define
Vg :={xeV: HCG,}

Note that this set is a linear subspace of R™ intersected with the open set V', and for every g € G
9V =Vygg— (3.10)

Then consider the stratification induced by the collection of subspaces {Vi} ey, where H is the set of
subgroups of G. Let us show that this stratification induces a stratification on V/G, which is precisely
that one defined by stabilizers. Indeed, if Z C H then

() Vir = Vi,
Hel
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Where Hz is the subgruop that is generated by the union of the elements of Z. In this order, for every
HeH
Ve~ | Vi ={zcU:G,=H} (3.11)
KeJg K'eJge
here, J denotes the set of all subgroups of H. The above argument shows that, for any given stratum,
all its points have the same stabilizer.

Now, let ¢ : V.— V/G denote the quotient map, and let M be a connected component of (3.11)), for a
fixed H. It is clear that ¢(M) is connected in V/G, and is contained in a stratum of the stratification

given by stabilizers. Such a stratum must be of the form M, which consists of those points x € V/G for
which the set (Gy) is equal to (H).

Now, consider x a point of My. Then there exists € V' that is mapped to x. Since the stabilizer of x in
V has the form gHg ™!, for some g € G, we see that ¢~ 'z is an element with stabilizer equal to H. If M’
is the connected component that contains the point g~ 'z. then ¢(M’) C Mp. Therefore, we have the
following two cases:

If (M) N e(M') # (. Then there exist points 1 € M and zo € M’ such that p(z1) = p(z2). This
implies that there exists ¢’ € G such that ¢’x1 = z2. By equation (3.10) we conclude that ¢'M = M’,
and hence o(M) = p(M’).

If o(M) and p(M') are disjoint, this leads in a contradiction. Indeed, since that My is a connected set
of V/G, and can be written as the union of finitely many subsets of the form ¢(M;), where the M; are
some connected components of subsets as in , corresponding to subgroups H' conjugate to H. The
disjointness of two such images, (M) and ¢(M’) implies that My can be obtained as a disjoint union
of connected spaces, contradicting its connectedness.

With this, we have shown that ¢(M) = My. As a consequence, the induced stratification coincides with
the stratification by stabilizers.

The example above motivates us to give the following definition.

Definition 3.2.14. Let V' C R"” be an open set, G a finite group acting on V by linear transformations,
and ¥ a stratification of V. We say that ¥ is compatible with the action of G if satisfy the following
properties:

1. If M € X, then all the elements of M have the same stabilizer.
2. For every M € ¥, and g € GG, gM is an element of 3.

Proposition 3.2.15. Let V be an open set of R", G a finite group acting on V' by linear transformations,
and let ¥ be a linear stratification compatible with the action of G. Then ¥ induces a stratification 3 on
V/G. Moreover, every stratum of ¥ is a differentiable manifold.

Proof. Consider the set ¥ := {M/G : M € ¥}, and by simplicity, denote the quotient M/G by M. Let
us first see that this collection is a partition. Take elements M; and My of the collection with M; N My # ().
Let x be an element of the intersection, and let x1,x2 be elements of M; and Ms, respectively, that are
mapped to x. Therefore, there exists g € G such that gxry = z2. Since gM; is a stratum, it follows that
gM; = M>, and consequently M; = Ms.
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Now, assume that the intersection of M; with the closure of My is nonempty. We have to show that M; is
contained in the closure of My. Indeed, since the quotient map 7 : V' — V/G is an open map, it follows

nt (M) =) = (] g- Mo
geG

Consider x € M; NMy. Then we have two points x1,x2 in M; and My respectiely, which are mapped to x.
This implies that there exists g € G with gx1 = x5. Consequently, we have

gMy N My # 0.

Since X is a stratification, we have gM; C My, and therefore M; is contained in the closure of My. Thus,
the partition induced on the quotient is, in fact, a stratification.

As every element in the stratification > locally is a linear manifold, which is in fact a differentiable
manifold, we see that every stratum of ¥ is a differentiable manifold. From this fact, we have to show
that every M is a differentiable manifold.

Let M be a stratum and x € M. Consider a point x € V mapping to x, and denote by M the stratum that
contains the point x. Taking a slice U at the point z, we find that M NU is a differentiable manifold and
G acts trivially. This implies that M N U =MN (U/G,). In conclusion, M is differentiable. O

The proposition above allows us to extend this local fact to the setting of effective orbifolds, as we will
see in the following proposition.

Lemma 3.2.16. Let (X, {(Va, Ga, ¢a) }aca) be an effective orbifold, and ¥ a stratification of X with the
following properties:

1. Each V,, is an open ball and the action of G, is orthogonal.

2. For every M € ¥, and x € M. There exists a chart (Vy, Gqa, ¢q), and a stratification X, of V, such
that: (V,,X,) is a stratified linear space, the stratification ¥, is compatible with the action of G,
and the image of the unique minimal stratum of X, contains the point x.

3. The restriction of ¥ to V, /G, coincides with the stratification induced by ¥, on V,,/G,.

Then (X, ) is a differentiable n-space.

Proof. Conditions (2) and (3) ensure that condition (b) of Definition [3.2.7]is satisfied. Since condition (a)
is a local condition, it follows directly from the Proposition Therefore, it remains only to show
the condition (¢). The proof of this condition will be by induction on the dimension of the orbifold. The
case n = 0 is clear, since in this case we have a discrete set of points.

Now consider X an orbifold of dimension n, and assume that the assertion holds for any dimension less
than n. Let M € ¥ be a stratum, x € M, and (V,, Gq, o) a chart equipped with a linear stratification 3,
which is associated with the point x as in condition (2). Denote by x the center of V,, which is mapped
to x; that is ¢, (z) = x. Consider an open ball U, that contains x, and such that the closure of U, in R"
is contained in V. Note that G, acts on U, since the action is orthogonal.
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Denote F := U, N, (M), and let E be the linear closed subspace orthogonal to F. Let Y denote the
boundary of E. Since GG, acts orthogonally on U,, we have that G, acts orthogonally on Y, and it is
clear that dim Y/G, < n.

By Lemmas[3.2.17] and [3.2.19 that we will prove below, the stratification ¥, induces a stratification in Y,
which makes Y a locally linear stratified space. Since G, acts ortogonally, it follows that for every point
y € Y, there exists a Gy-invariant neighborhood U C Y of y, such that the stratification induced on U is
linear and compatible with G, as X, is compatible with G,. The Proposition says that this linear
stratification induces a stratification on U/G,, which is the same as the partition induced by ¥ to U/G,
due to the condition (2). In conclusion, we see that Y/G, satisfies the conditions of the proposition.
Hence, is a differentiable n-space.

Let C be the convex hull of F U E, and consider C/G,. Since ¢, !(M) is a linear subvariety and is
diffeomorphic to MN ¢, (Vy), we may take F' as the simplex appearing in Definition It follows that
the join [pq(F)] * (Y/G4) coincides with the closure of C/G,, since the join F % Y consists of all line
segments joining points in F to points in Y. Clearly ¥ C F x Y, and hence the convex hull of F U FE is
contained F'*Y'; equality holds by convexity. Moreover, as the group G, acts linearly, we have

[pa(F)] % (Y/Ga) = C/Ga
Consequently, X is a differentiable n—space. O

Lemma 3.2.17. Let V be a vector space, G be a finite group acting by linear transformations on V', and
let X be a linear stratification adapted to G. If W is a subspace of V invariant under the action of G,
then ¥ induces a linear stratification on W compatible with the action of G.

Proof. 1f {V;}icr is a finite collection of subspaces of V' defining the stratification as in Proposition
Then {W N V;};cr is a finite collection of subspaces that define a linear stratification in W, and this
stratification coincides with the partition induced by the stratification of V' to W. As the stratification in
V' is compatible with G, and W is invariant under the action of G, we see that the induced stratification
is adapted to G. 0

Remark 3.2.18. Note that if V is an open ball, invariant under the action of G, and W is a closed linear
subvariety of V', also invariant under the action of GG, then the statement of Lemma still holds.

Lemma 3.2.19. Let W be a vector space, and ¥ a linear stratification of W induced by a collection of
subspaces {W;}icr. For every open ball B(0,¢) of W, the stratification of W induces a stratification on
0B(0,¢). Moreover, this is a locally linear stratification.

Proof. Recall that for every stratum M of W, every point x € M, and A > 0, we have Ax € M. This fact
implies o

MnNoB(0,e) = MNIB(0,e) (3.12)
Consider the partition of dB(0,¢€) obtained by taking the connected components of the intersections

M N OB(0,¢), where M ranges over the strata of W. The goal is to prove that this partition defines a
stratification.

Before starting the proof, note that if the dimension of W is equal to 1, then 9B(0,¢) consists of two
points. In this case, the claim is evident.
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Assume then dim W > 1, and consider the map ¢ : W . {0} — 0B(0, ¢) where the element z is send to
%. Note that (M ~{0}) = M NOB(0,e). In this order, we have two descriptions of the elements of the

partition of 9B(0, €) induced by X

1. If M is not a one-dimensional vector subspace of W, then M ~ {0}, and thus its image under ¢,
namely M N 0B(0,¢€), is also connected.

2. If M is a one-dimensional vector subspace of W, then M N 0B(0,¢) consists of exactly two points.
In this case, the connected components of M N 9B(0,¢) are points.

Let N and N’ be two connected components of the partition of B(0, ¢) induced by ¥, such that NN N’ #
(). By the description above, we may assume without loss of generality that N = M N 9dB(0,¢) and
N’ = M'Nn0B(0,¢), for some strata M, M’ € ¥. This implies that M N M’ # (). As ¥ is a stratification,
we find M C M. By , we obtain

N =MnoB(0,e) C M'NdB(0,e) = N'.
Therefore, the partition induced by the stratification ¥ is indeed a stratification.

Let us now see that dB(0,¢) together with the stratification induced by ¥ is a locally stratified linear
space. For y € 0B(0, ), consider the tangent space T,0B(0, ¢), and let z be the antipodal point of y on the
sphere 0B(0,¢). With these data, consider the stereographic projection ¢ : 9B(0,¢) \ {z} — T,0B(0,¢).
As we said above, ¥ is determined by the subspaces {W;};c;. Then define

Iy:={iel:zy C W}

Note that for each ¢ € I, the image of (0B(0,¢) \ {z}) N W; under ¢ is a vector subspace of T,0B(0, ¢),

for simplicity, denote this vector subspace by VV;. Then the collection {Wf}ie 1, induces a stratification
on T,,0B(0,¢).

Let U be an open neighborhood of y in dB(0, ), such that {(U) is an open ball of the origin in T;,0B(0, ),
and with the property W;NU # 0 if only if ¢ € I,,. In consequence, the stratification of T,0B(0, €) induces
a stratification in {(U), consequently, this stratification induces a stratification in U, which agrees with
the restriction of the stratification of 9B(0,¢) to U. Therefore, we have proved that the stratification in
0B(0,¢) is locally linear. O

Theorem 3.2.20. Let (X, U") be the analytification of the moduli space associated with a toroidal
embedding of Deligne—Mumford stacks (2, %), and let ¥ be the stratification of X" as in Proposition
[3.2.6. Then there exists a triangulation of X adapted to the stratification .

Proof. Recall that we are considering the effective orbifold associated to X**. In Remark we
constructed an atlas for this effective orbifold. For the sake of clarity in this proof, we will briefly
reconstruct it here. Let us consider an orbifold atlas of X", where each orbifold chart satisfies the
conditions of Proposition [3.1.11] Each orbifold chart has an associated effective chart, obtained by
quotienting the acting group by its subgroup that acts trivially. We then consider the orbifold defined by
these effective charts.

If (Vo, Ga, pa) is an effective chart, recall that V,, C C™. Forgetting the complex structure, we view V,
as a subset of R?". Since the action of Gy, is linear, the underlying smooth manifold V,, can be endowed
with a Riemannian metric for which the action of G, in V, is orthogonal.
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Since, by Proposition [3.1.11] each effective orbifold chart satisfies the assumptions of Proposition [3.2.16
it follows that X%" is a n-differentiable space. Then, by Proposition we conclude that X" admits
a triangulation adapted to the stratification. O

Since the stratification > in Proposition [3.2.6] is a refinement of the stratification by stabilizers of an
orbifold, we will adapt some of the results from Section 1.2 of [IM99] to our case. This approach will lead
us to the conclusion of Theorem which states that one can construct a suitable atlas of orbifold
charts on the analytic coarse moduli space X", in which the ”intersection” of two orbifold charts is again
an orbifold chart in the atlas.

Remark 3.2.21. Let 7 be a triangulation adapted to the stratified space (X% X), where ¥ is the
stratification that refines the stratification given by stabilizers, and the stratification induced by the
toroidal emebeding (27, % ). By replacing 7 with its barycentric subdivision, we can assume that the cover
of closed simplices refines the atlas {(V, Ga, ©a) faca that determines the effective orbifold associated to
X Furthermore, after a barycentric subdivision of 7, we can assume that for each simplex o, there
exists a face o’ such that the points of o \ ¢’ lie in a single stratum of the stratification X, which refines
both the stratification by stabilizers and the one induced by the toroidal embedding. The points of ¢’ lie
in a union of strata of X, each of which is contained in the closure of the stratum that contains the points
of o\ o’.

From now on, we will consider triangulations that satisfy the properties described in Remark
Following [IM99, Lemma 1.2.2], we have the following statement.

Proposition 3.2.22. For every o € T, which is contained in a chart (V,, Ga, ¢a), we have

1/
0o () =T[5
i€l
where |I]| < co and every S; is a homeomorphic to 6. Moreover, each of these homeomorphisms extends
to a homeomorphism between S; and o.

Proof. Recall that ¢, : Vo — V,, /G, rectrict a covering projection on each stratum of V,,/G,. Since the
interior of o is contained in a unique stratum of V,/G,, and the stratification in V,, /G, is induced by
a linear stratification in V,, compatible with G, it follows that the stabilizer remains constant on the
interior of o. This implies
1/
Pa (J) = H S’L

i€l
where each S; is homeomorphic to &, for every i € I. By continuity of ¢,, the closure of each S; maps
into 0. Moreover, it is surjective because G, acts continuously on V.

We now show that the restriction Pag, S; — o is injective. Since ¢, is injective on S;, assume for

contradiction that there exits z,y € S; \ S; such that ¢,(z) = ¢a(y) = 2. Then there exists a proper
face 7 of o such that z € 7. By the same argument applied to 7, we have

va (1) =11 R

jed

where each R; is homeomorphic to 7 and the restriction ¢q) R, is injective. Since x,y € o, 1(7) and ¢, is
injective in each R;, it must be that x € R;,,y € Rj, for some j1 # jo € J.



3.2. Stratifications on X" 91

Now, since ¢, is an open map, we can find disjoint, open, connected neighborhoods V,. and V,, of x and
y, respectively. Then ¢, (V) and ¢ (V}) are open neighborhoods of z. Choose an open neighborhood
W C 0a(Ve) Na(Vy) of z such that of W N ¢ is connected.

On one hand, the preimage (¢4 |§Z_)_1(W Na) C S; is connected since pq g, is a homeomorphism. On the
other hand, (@algi)_l(W) contains both z and y, so (goa|§i)_1(W N &) contains points from both V, and
Vy. Since V,, and V,, are disjoint, this implies that the preimage (apa‘gi)_l(W N &) is not connected, which
is a contradiction. Hence, the map must be injective.

Finally, Since ¢, is an open map, it follows Payg; : S; — o is a homemomorphism. O

After applying a finite sequence of barycentric subdivisions to the triangulation 7 we may assume that
for every simplex o € T, the closure of its open star

St(o) := U T

T<0O

is contained in a chart of the atlas. That is, there exist (Vg, Ga, pa) such that

St(o) € pa(Va) (3.13)

If X is a topological space with a triangulation 7, then for each x € X, we denote by o, the smallest
simplex in 7 that contains the point z.

Now, let x € X" and let (V,,, Gq, o) be a chart such that

St(ox) C Vo /Ga

The idea in the following lemma is to induce a stratification in ¢! (St(oy)), following the same approach
as in [IM99].

Lemma 3.2.23. The space ¢_!(St(0y)) has a triangulation R with the following properties

1. Each connected component of o, !(St(0y)) contains exactly a lifting x of x.

2. The connected components of ¢, (St(0x)) are open star neighborhoods St(o,) in the triangulation

R. In other words
0o (St(ox) = [ Stlow)

vepz (x)

Proof. By Proposition for every simplex 7 € St(oy), and each connected component of o, *(7)
there exists a unique lifting 7 of 7 containing that component. Let R be the collection of all such liftings,
taken over all simplices in St(ox). We claim that R defines a triangulation. It suffices to show that
the intersection of any two simplices in R is again an element in R. In fact, each simplex 7 € R is
homeomorphic to its image 7 € T, through the restriction of .

Let p1,p2 € R be two simplices with p; N pa # 0. Then

a(p1 N p2) € walp1) Nal(p2) =7
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Where 7 is a simplex in 7. Define
7= o (r)Npi, for i=1,2

These are two liftings of 7. They satisfy p1 N pa = 71 N T2, and there exists g € G, such that g7, = 7.
We claim that g € G, for every x € p1 N py. Suppose, by contradiction, that gx # z for some x € p1 N po.
Let 7 be the smallest simplex that contains ¢, (z), and define

Yi = o (MNP, i=1,2
two lifting of v. Then gy1 = 72, since ¥ C 7. As x € 41 N 72, and gz # x, we have
Y10 (g-71) =10

This implies that ¢o(x) € 0. Therefore, there exists a simplex strictly contained in v that contains
va(x), contradicting the minimality of v. Hence, we conclude that g € G,.

Now observe that g ¢ G, for any x € 71 \ (71 N T2), since g71 = 72 and gz = z.

Thus, we have that g € G, for each x € 71 N7y and g ¢ G, for y € 71 \ (71 N 72). It follows that for each
such pair z,y, the stabilizer G, is a subgroup of G.

Since we have assumed that the triangulation 7T satisfies the properties described in Remark it
follows that there exists a face v < 7 such that the points of 7\ v lie entirely within a single stratum, say
Y, of the stratification that refines both the stabilizer stratification and the one induced by the toroidal
embedding, while the points of v are contained in strata whose are contained in the closure of Y.

As 71 is homeomorphic to 7, and taking into account the relation between the stabilizers of points in
71 \ (71 N 7T2) and those in 73 N Ty, we conclude that:

TNy C TN p(nNT),

If this inclusion is strict, i.e., o(71 NT2) € 7, we can repeat the same argument, now replacing 7 by ~, and
applying Remark [3.2.21| again to the simplex «. Since this process reduces the dimension of the simplex
at each step, it must terminate after finitely many steps. Eventually, we will arrive at a face + of 7 such
that:

P(TiNT) =7
Thus, ¢q(71 NT2) is a face of 7. Furthermore, since 71 is homeomorphic to 7, it follows that
(Pajm) e NT2) =@, (p(ANTR))NTL
is a face of 71. Hence, we conclude:
mNpr=1NT=e, (p(FiNT))NT
which shows that p1 N p2 is a simplex in R.

Now consider two liftings of the point x, to say = and gz. Suppose that their open stars St(o,) and
St(og4s2) have nonempty intersection. Let z be a point of intersection. Then z € 7 for some simplex 7. By
definition of the star, we have x,gr € 7. As ¢, is a homeomorphism on 7, we conclude gr = z. This
completes the proof of the Lemma. O



3.2. Stratifications on X" 93

The construction above allows us to establish the following theorem:.

Theorem 3.2.24. Let (Z',%) be a toroidal Delgine-Mumford stack over C, where 2" is smooth and
proper on C. Let X be the coarse moduli space of 2, and X its complex analytifaction. Let 3 be the
stratification of X" that refines both the stratification by stabilizers and the one induced by the toroidal
embedding. Consider the effective orbifold (X", {(Va, Gas ¥a) }acn), where each orbifold chart satisfies the
conditions of Remark ' that is, the divisor Vo~ (Vo X gran U ™) is a simple normal crossing divisor;
this divisor induces a stratification of Vi, with a unique minimal stratum, the image ©o(Vy) intersects a
unique minimal stratum of ¥ among those that have nonempty intersection with v (Vy), and the action
of Go on Vy, is linear and permutes the irreducible components of the divisor.

Then there exists an orbifold atlas {(Wp, Hg, ¢3)}geq satisfying the following properties:

1. The covering {(Wg, Hg, ¢3)}geq refines {(Va, Ga, Ya)tach, and is locally finite.

2. Each chart (Vo Ga, pa) is such that both Wg and its quotient Wg/Hpg are contractible. The divisor
Ws ~ (Wg X gran %) is a simple normal crossing divisor, and the stratification induced by this
divisor has a unique minimal stratum. The image ¢pg(W3g) intersects a unique minimal stratum of
¥ among those that have nonempty intersection with @g(Wp).

3. The intersection of finitely many charts in the atlas is empty, or is a chart of the atlas.

4. For any two orbifold charts whose quotient spaces intersect nontrivially, the associated strata are
comparable (i.e., one is contained in the closure of the other), and the stratum associated with the
chart arising from the intersection coincides with one of the two.

Proof. Let T be a triangulation of (X, {(Vy, Ga,¥a)}aca) such that the open star of each simplex is
contained in a chart of the orbifold atlas.

For each point x € X", let ox be the smallest simplex containing x. Then the open star Vy := St(oy) is
contained in some ¢4 (V,). Choose a lifting © € V,, of x, and consider the open star St(o,) in V,, as in
Lemma [3.2.23] Then the map

(¢a)iSt(on) * St(0z) — St(ox)

is part of a chart, according to the Lemma [3.2.23] with G, acting on St(o).

From the above construction, it follows that the covering is indeed a refinement of the initial atlas. This
refinement is locally finite because the triangulation partitions the space, and each point is contained in
only finitely many open stars of simplices. Therefore, the cover induced by the open sets of the form
St(oy) is locally finite. With this, the first condition is verified.

Each open set St(ox) has a unique minimal stratum among those strata that intersect it nontrivially. This
stratum is precisely the one containing the points of 4. Moreover, since St(o,) C V,, for a suitable o € A,
the divisor St(oy) X g7an Z “™ is a simple normal crossing divisor. The stratification induced by this divisor
has a unique minimal stratum because St(ox) does, and the map @qs, : 6z — % is a homeomorphism.
Furthermore, this minimal stratum contains the point x.

Finally Each open star St(o,) is contractible, and its quotient St(o,)/G, is also contractil, since the map
¢z @ St(o(x)) — St(o(x))/G, is open set and G, acts continuously. These observations establish the
second condition.



94 Chapter 3. Hybrid spaces for toroidal DM stacks

The third condition follows from the construction: the intersection of two open stars is again an open
star.

If the covering derived from the triangulation 7 does not initially satisfy the last property, we may apply
a barycentric subdivision. In that case, the result follows from Proposition [1.2.13] This completes the
proof of the theorem. 0

Corollary 3.2.25. Let {(W3, Hg, ¢}peq and {(Uy, K, ¥~} er be two chart coverings that satisfy the
conditions of Theorem Then there exists a chart covering that refines both coverings and satisfies
the conditions of Theorem [3.2.24]

Proof. This follows by applying triangulations to the charts {(Wp3, Hg, ¢g}geq and {(Uy, K, 1y }yer sep-
arately, and then taking a common refinement of these two triangulations. To this refined triangulation,
we apply the construction described in Theorem [3.2.24] which produces a converging chart satisfying the
required properties. O

The type of cover constructed in Theorem [3.2.24] motivates the following definition, which will be useful
for the purposes of Section [3.5

Definition 3.2.26. We say that an effective orbifold atlas {(V,.Ga,¥a)}aca of X% is a good chart
covering if it satisfies the following properties

1. Each chart (V,, G, @a) is such that both V, and its quotient V,, /G, are contractible. The divisor
Vo~ (Vo X gan % *™) is a simple normal crossing divisor, and the stratification induced by this divisor
has a unique minimal stratum. The image ¢, (V,) intersects a unique minimal stratum of ¥ among
those that have nonempty intersection with ¢, (V4).

2. The intersection of finitely many charts in the atlas is empty, or is a chart of the atlas.

3. For any two orbifold charts whose quotient spaces intersect nontrivially, the associated strata are
comparable (i.e., one is contained in the closure of the other), and the stratum associated with the
chart arising from the intersection coincides with one of the two.

3.3 Local Green functions and change of charts

Recall that (27, %) is a toroidal Deligne-Mumford stack over C, with coarse moduli space X and complex
analytification X", We assume that 2" is proper over C; consequently, X" is compact.

In this section, we begin by describing the local construction of Green functions on X" using effective
orbifold charts. These local functions will take values in quotients of the form o/T' C (2", % ), where I'
denotes a monodromy group associated with the corresponding chart. As we will see, this construction
will be analogous to the local Green function defined in in Section for the case of complex
manifolds.

Recall that, in the manifold case, the global Green function was obtained via a partition of unity subordi-
nate to a suitable covering by adapted charts, allowing the local functions to be coherently glued within
an appropriate cone. With this observation in mind, and since our goal here is to construct a global
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Green function in the orbifold setting, the next step will be to explain how a local Green function defined
on a chart (Vi, Ga, pa) can be interpreted as a function on an open subset of another chart (Vz, G, ¢3),
whenever ¢, (Vo) C p5(V3). Establishing this compatibility between local functions is essential, as it will
allow us to proceed in the same way as in the complex manifold case to obtain a global function.

Since this local construction involves orbifold charts and monodromy groups arising from the toroidal
structure of (2", % ), we will proceed to recall some constructions from the preliminary topics in order to
explain how to attach a monodromy group to a given orbifold chart.

Let # be a stratum of % determined by the toroidal structure of the pair (27, %), as especified in

Remark Since # L 2 is a locally closed immersion, it is represented by a locally closed immersion
of schemes. Every immersion of schemes is a monomorphism, and since being a monomorphism is étale
local on the target (see Definition , it follows that i is a monomorphism. Acording with [Stal8, Tag
06R5] we have that

Iy/—)[ggf

]

W — X
Is a fiber product square. Where Iy and Iy denote the inertia stacks of # and %, respectively; see

Since the morphism # - 2~ is unramified, it follows from [Stal8, Tag 0DU9] that i induces an
1somorphlsm between the stabilizer group scheme G,, of each geometric point w € |#/| and the stabilizer

group scheme Qi(w) in 2. As a consequence, we do not need to distinguish between the stabilizer groups
in 2 and those in #.

Recall from Section each étale map V — 27, defines a group My, which is the group of Cartier
divisor of V supported in Dy := V \V Xg¢ %, and a submonoid Sy C My consisting of effective
divisors. The sheaves M and S are then defined as the sheafifications of these presheaves.

Also recall that for each geometric point w € 27, the stalk M,, (resp. Sy) is defined as
M,y = Colim(y,,y My (resp. Sy)

Where (V,v) runs over all étale neighborhoods of w in 2. that is, commutative diagrams

Spec k

AL

V— %

Since # is connected we consider the fundamental étale group 7¢*(#,w) at a geometric point w of #/;
see Section [1.5] Therefore, we can consider the homomorphism

w: G, (C) = (W, w) (3.15)

that was defined in (1.1)) in Section where G,,(C) is the C-points of the stabilizer group scheme G,,.
For simplicity, from now on we will denote this group by G,.


https://stacks.math.columbia.edu/tag/06R5
https://stacks.math.columbia.edu/tag/06R5
https://stacks.math.columbia.edu/tag/0DU9
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In Section the monodromy group I',, was defined as the image of the homomorphism

T w) D Aut(My,). (3.16)

Therefore, from (3.15)) and (3.16)), we have the following morphism of groups

Aw : G — T (3.17)

Let V. — Z be a small toric chart, see Definition [1.6.9] such that the image of its minimal stratum
contains the complex point w of Z". Then following [ACP12], we have a map

o= (X, U)

Where o := Hom(Sy,R>q), and X(2", %) is the skeleton associated with the pair (2", %), constructed
in [ACP12] and described in Section Moreover, this construction induces an injective map

/T — (2, )

where ¢ denotes the relative interior of . The action of I'y, on o coincides with the natural action of ',
on oy, := Hompjon (Sw, R>0), via the identification between the cones o, and o.

Since we have a natural inclusion ¢/T"y, < ¢ /I';,, we conclude that there exists an injective map
o/Tyw = X(Z,%) (3.18)

Now, consider the complex analytification X" of the coarse moduli X, and let V" denote the complex
analytification of the small toric chart V. The natural morphism V' — X induces a map V" — X As
w is a complex geometric point, it can be regarded as an element of X%*; consequently, the image of V%"
contains this point.

By Proposition we can consider (V,,,Gq, o) an orbifold chart, such that V, is an open complex
ball contained in the analytification V" of the small toric chart, with its center mapping to the complex
geometric point w € X%, and such that G, acts by linear transformations and permuting the irreducible
components of Dy := V, ~\ (Vi X g7an % *™). Moreover, the divisor D,, is a simple normal crossing divisor
and the stratification of V,, has a unique minimal stratum since it contains the point w. By construction
of this orbifold chart, we have G, = G,,.

Denote Dq 1, ..., Dq,pn the irreducible components of the divisor D, and choose g1, ..., g, to be positive
Green functions, where each g; is a positive Green function for the irreducible component D, ;, for
j=1...,n.

Since V,, has a unique minimal stratum, it follows that the intersection of the irreducible components of
D,, is nonempty. Therefore, the cone complex 3(Vy, D, ), constructed as in Chapter |2} consists of a single
cone, which we denote by o,. Moreover, this cone can be identified with the cone ¢ associated with the
small toric chart V', since the image of this orbifold chart contains the point w.

Using the data fixed above, we now define the following function:
F' Vo~ Do =04, 27 (8(2))7—

Since o, is identified with o, the group I';, naturally acts on o,. Moreover, as the group G, acts on V,,
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we can use the homomorphism A\, : Gy, — I'y, defined in (3.17)) to construct the following function:

F :Vy~ Dy — 04, 12) (3.19)

gEG
This function has the following properties, that we will establish in the next proposition.

Proposition 3.3.1. The function F'is A, -equivariant. Moreover, for each 1 < j < n, the j-th coordinate
of F' is given by the average of |G| Green functions associated with the divisor D, ;. In particular, each
coordinate function of F' is a Green function.

Proof. Let us first prove that this map is Ay-equivariant. To this end, let z € V, \ D, and gy € Gg.
Then we have the following sequence of equalities:

F(goz) = "(97" 902)
geG
F'(g7 12)  (variable change gl_lzg_lgo)
g1€G
‘ ZA 90)Aw(91)F' (g7 '2)

9160
Oé gleGa

= Aw(90)F(2)

For the second part, observe that each element of the group G, permutes the irreducible components of
the divisor D,. Consequently, the image of these elements under A, permutes the rays of the cone o.
Therefore, we will describe the action of these groups in terms of permutations.

For each g € G, there exists 74 € S, such that for each 1 < j <n g-Dq,j = Dg,(;)- Moreover, it is
clear that v,-1 = (v4)~!. This implies that g; o g is a Green function for the component Doy 1) In
’lg

consequence, the j-th coordinate is described as

geGa
As this is average of positive Green functions, we have that this is a positive Green function. Therefore,
the claim is proved. O
Since F' is Ay -equivariant, we naturally have a function
o' (VaNDy)/Gy = oy /Ty CE(X,%). (3.20)

Note that (Vo ~\ D,)/Gq can be identified with V, N U, where V,, denotes the image of V,, under ¢,
and U is the complex analytification of the coarse moduli space of the open substack  C 2 .

The construction above serves as the starting point, since the local functions defined here will be used to
build the global Green function on U** C X", This open subset plays the role of the analogue of X \ D,
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where the global Green function was defined in Chapter 2] in the case where X is a complex manifold
and D a simple normal crossing divisor.

Our next task is to explain how to relate these local functions on the intersections of charts, taking into
account that they are induced by orbifold charts. Therefore, in what follows, we describe how to relate
functions of the form (3.19) when one orbifold chart is contained in another.

Let (Va,Ga, ¢a) and (Vg,Gg, ¢g) be two orbifold charts of X" satisfying the conditions of Proposition
that is, V,, and Vj are open balls of C" centered at the origin, and the groups G, and Gz act
linearly, preserving their corresponding divisors. Assume that there is an inclusion Vg C V,; in other
words, [V3/Gg] = [Vo/Gqa] an open immersion of analytic stacks.

Consider the following data:

1. Denote by Dg C V3 and D, C V,, the respective invariant simple normal crossing divisors.

2. Let y denote the center of Vg, then it is clear that this oiint lies in the minimal stratum of Vg, and
is invariant under the action of Gg.

3. Let 0, and og be the associated cones corresponding to the pairs (Va,, Do) and (V3, Dg), respectively.
4. Let I'y, and I'g denote the monodromy groups associated with the charts Vi, and Vj respectively.

5. Denote A\, : G — I'y and A\g : Gg — I'g the respective homomorphisms as in (3.17]).

As a consequence of the inclusion Vg C V,, and following Section we have the commutative diagram:

Vi Xy, 1oL (V) —=— 751 (Vp)

lpﬂ lﬁ‘*walww (3.21)

Vg il > Vﬁ

where Vg denotes the analytic stack [V3/Ggl, and pg is a principal Go-bundle.

Let y € V3 be the center point, and consider the fiber pgl(y). Since Vg is chosen to be contractible, by

Definition we have that for each z € pgl(y) there exists a unique section ¢, : Vg — Vg xy, 7,1 (V)
such that pg o ¢, = idy, and ¢, (y) = z. Composing ¢, with p,, we obtain the map

fo 1 Ve = 1t (Vg). (3.22)

In Proposition we showed that the element z also induces a monomorphism of groups p., : Gg — Gq.
In this setting, we proved tha f, is a p,-equivariant map, biholomorphic onto its image, and that it induces
a biholomorphism

T2 (Vg) = G xC Vg

In addition, since the inverse image of the divisor on V,, under f, coincides with the divisor on Vg, we
can identify the cone oy as a face of 0,. As this face morphism depends on the map f., we denote this
identification by ¢, : 03 — 0. Hence, this embedding is not canonical.
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From the above disscusion, choose zg € pgl(y) and consider the following diagram of group morphisms.

Aa

Iy,

o

ng}\ (3.23)
A

Gﬂ —B> FVB

Here, H is the subgroup of G, which is isomorphic to Gg.

Let Fjg : Vs \ Dg — oy, be the Ag-equivariant function defined as in (3.19) from a collection of positive
Green functions associated to the irreducible components of D,. In Section [3.1] it was shown that the
spaces gb;l(Vg) and G, x5 V3, are biholomorphic, with the biholomorphism determined by the map f,.

Under this identification, each element v € ¢_1(Vg) is represented by an equivalence class (g, ), with
g € Gy and x € V3. This description allows us to define the following map:

F§ ¢, (Vg) N Do = 0o, v = F§(v) == Aa(g) [(tz © Fp)(2)] (3.24)

This definition is independent of the choice of representative, and the map is A,-equivariant, as we will
show in the following result.

Proposition 3.3.2. The map F 3 is well defined and \,-equivariant.

Proof. Let (g1,21) and (g2, x2) be two elements representing the same equivalence class. Therefore, there
exists an element 7/ € G such that z2 = 7/z; and g2 = g1ps, (7). Hence, we have

Xa(92) [(2 © Fp)(@2)] = Aalg1p(v) 1) [(e20 © Fp) (7')]
Due to Ag-equivariance of Fj, the expression above becomes
Aalg1p(Y) ™) [(e20 © Fp)(7'2))] = Aal91)Aa(p(¥) ) [20(Ni(Y) - F(2))]

Note that 4/ permutes the irreducible components of the divisor Dg that pass through y. Consequently,
Pz (%) permutes the irreducible components of the divisor D, that pass through the point f,,(y). This
observation, together with the following commutative diagram

f
£ — 2o (Vﬂ )
‘/’Y’ J/pzo (’Yl)
fzo
Ve — fa (Vﬂ )
allows us to conclude the commutativity of the following diagram:

Lz
Oq ——— Oq

ks(w’) lxa (po(1)) (3.25)

Lz
Oq > Oq
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In consequence, we have the following sequence of equalities

Aalg1)Aa(p(r)™H) [ez0(As(7) - F3(2))] = Aa(91)Aa (P20 (7)) Aalp20 (7)) (225 © Fp) ()]
(91) [(t2 © F) ()]

We have shown that the value of the map is the same for any choice of representatives, and therefore Fg
is well defined.

Aa
Aa

We now prove that the map Fg is Aq-equivariant. Let g € Gq, and let v = (90, ) be a representative of
the class. Then we have the following sequence of equalities:

Fg(gv) = Aa(g90) [(t2 0 Fg) ()]
= Aa(9)Aalg0) [(2, © F3) ()]
= Xa(9)Fg (v)
This shows that Fg‘ is Aq-equivariant, as we claimed. ]

Remark 3.3.3. As F g‘ is Aq-equivariant, it induces a map
F3:VgNU™ = 04/Tq
similarly, the map Fj : V3 — 03 induces a function
Fg:VgNU™ — 03/
Note that Vg N U*" is precisely (V3 \ Dg)/G3; an analogous description holds for the index a.

The values of Fg and Fj coincide in (2 ,%). Indeed, suppose that v1,ve € ¢! (V3) are sent to the same
element in X" under ¢,. Then there exists g € G,, such that vo = g-vs. If v; and v are represented by

the classes (g1,21) and (g2, x2) in G, x&8 V3, the action of g affects only the first component. By taking

_ . v . . .
g =0 1 we obtain an element v3 € ¢’ corresponding to the class (ea,, 1), whose image under ¢, is
the same as v1. Evaluating v3, we obtain:

F§ (v3) = Aa(ea, )iz © Fa(a1)] = 1z 0 Fy(a).

Since Fp(z) and ¢z, o Fg(z1) have the same image in ¥(2", %), it follows that Fg and Fj coincide as
functions into X( 2", % ).

Remark 3.3.4. Note that the map Fg defined above depends on the choice of the point zg € pgl(y). In
this context, a natural question arises: What happens to F 3 if we choose a different point in p~!(y)?

Iff,:Vg— ¢;1(v5), for z in the fiber p~!(y) is another function, we have shown that there exists an
element g € G, such that z = gzyp. Then we had f, = gf,, and in consequence the biholomorphism

€, Go X8 Vg — 21 (Vg)

induced by f, sends a point (¢’, x) to the value ¢’ fy.,(z) = ¢'gf,(x), see Proposition Therefore, if
the value (¢/, ) is sent to a point v in ¢ (Vg) via the map &, then the point that maps to v via &, is

precisely (¢'g~ !, x).
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As the map ¢, : g = 0, is determined by the choice of 2y and f, = gf,,, it follows that

ly = )\a(g) © fzo

From these observations, and denoting by F’ g and F g' the functions induced by Fj via the choices f;,
and f,, respectively, we obtain the following sequence of equalities.

Fg'(v) = Aa(g'g™") [(tg2 © F)(2)]
Aa(9)Aa(g7") Pal9) (b2 © Fp)()]
Aa(9') [(t29 © Fp) ()]
—Fg (v)

Therefore, we conclude that the construction of the map F' E‘ is independent of the choice of the point z.

Remark 3.3.5. The above remark allows us to conclude that the function Fgis the unique A,-equivariant
function from ¢, '(Vz N U) to o, that makes the diagram

an B an
¢5 (Vg NU™) —=— ¢ (Vg NU™)

Lz
o3 Oq

commute, for each z € pgl(y).

We recall some previously established properties. These are restated here, as they will be important for
the proof of Proposition below.

Remark 3.3.6. 1. Let (Vi, Ga, o) be an orbifold chart, and let D, be a divisor invariant under the
action of Go. If {Dgyi}icr, are the irreducible components of D, recall that G, permutes these
components. In this context, if g, ; is a Green function for the component D, ;, and v € G, then
the function g, ; o 7_1 is a Green function for the component vD, ;.

2. If (Vo,Ga,ba), (Va,Gg,¢p) are two orbifold charts with Vg C V,, where Vo 1= ¢o(Va), Vg :=
¢s(Vs), and if g is a Green function for a divisor Dg;, then go f;ol is a Green function for the
divisor f,,(Dg;). Moreover, for any v € Gy, the function go (yo f,,)~! is a Green function for
v o fx(Dg;). Where Dg; is an irreducible component of the divisor Dg of Vj.

The following proposition can be viewed as a generalization of Propositions [2.2.1] and [2.2.2] since every
complex manifold may be regarded as a particular case of a complex orbifold.

Proposition 3.3.7. Let (V,,Ga, ¢q) and (V,Gg, ¢g) such that Vg C V,, and let D, and Dg be the
respective invariant divisors. Let F,, and Fj functions as in , and let Fg be the function induced by
Fg. Then for each point z € Vg there exists a chart (V;, G-, ¢;), with V. C Vg and an open neighborhood
of z such that at ¢, (V) \ Dq

F,=F /;3‘ 4 bounded function.

Proof. First, let us fix the following data:
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1. The set {Dq,i}icr, and {Dg ;}jer, denote the irreducible components of D, and Dg, respectively.

2. Let {ga,i}icr, and {gg;}jer, be the collection of positive Green functions defining F, and Fp,
respectively.

Since f, : Vg — ¢;1(Vg) is a biholomorphism with its image, we see that for every j € I there exists a
unique i(j) € I, such that

F20(Dp.j) = Dai(y) N 20 (V)-
Hence, by Remark |3.3.6{ we have gg ; o (fZOIfZO(VB))il is a Green function for D, ;(j) N fx,(V3). Therefore,

by Proposition we see that the i(j)-th coordinates of the functions Fg' and Fy, are Green function
of the divisor Dy ;) N fz(Vs)-

For simplicity, denote the i-coordinate of the functions Fg and Fy by h; and b respectively.

Let z € Vg, and choose a point z € f, (V) C V, such that ¢,(z) = z. Define
I§:={jels:z€ f,(Dg;)}

Then there exists a G-invariant open neighborhood W; of z contained in f,,(V3) such that for each
j € 19, on Wi ~. D, we have:

bi) = i) + Yi)
where 1;(;) is a continuous bounded function defined on Wj.

Finally, define

19 :={i €Iz :i=i(j), for some j € I}}.
Then there exists a G,-invariant open neighborhood W5 of z such that for each i € I, ~ I%, the Green
function b; is defined and bounded in W3, and the corresponding coordinate of F' i3 s zero or bounded.

Now, let
W' =W NWs

and set W := G, - W'. By construction, these properties hold on every G,-translate of z. Therefore, we
have
F,=F g‘ 4 bounded function.

In conclusion, the chart (W', G, qﬁamﬂ) satisfies the conditions stated in the proposition. ]

3.4 Local equivariant functions on X"

Let (Va,Ga, ¢q) and (V,Gg, ¢g) be two orbifold charts of X", with Vg C V. In the previous section,

see Remark [3.3.4] we showed that the function Fo’? , induced by a Ag-equivariant function Fjg, does not
depend on the choice of biholomorphism, and that this induced function is itself A,-equivariant.

Note that these facts and the specific properties of such induced functions are not exclusive to equivariant
functions arising from Green functions. Therefore, in this section, we extend these results to arbitrary
local equivariant functions since this generalization will be of particular interest in the next section, where
we construct the global Green functions.
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Since we will be working with equivariant functions, it is convenient to recall the stratification introduced

in Section B.11

For the analytic complex space X", which is the analytification of the coarse moduli space 2 of the
toroidal embedding (£, % ), we have a stratification ¥ = {M, },cr that refines both the stratification by
stabilizers and the toroidal stratification. By definition, the relation M, < M, implies that there exist
strata W and W’ of the toroidal stratification containing M, and M,., respectively, such that W C W’
and moreover, for each x € M, and ' € M,., the stabilizer of 2/, is isomorphic, as an abstract group, to
a subgroup of the stabilizer of x.

Since X“" is metrizable in this section we will consider orbifold chart (V,,Gq, @) satisfying the
properties of Proposition [3.1.2] such that each chart has an associated stratum M, , which is the unique
minimal stratum of ¥ between those that have nonempty intersection with V,. We also fix a distinguished
point z,, € V,, which is invariant under the action of G,,.

Proposition 3.4.1. Let (V,,Gqa, ¢o) and (Vp,Gg, ¢g) be two orbifold charts with Vg C V,, and assume
that M,, = M,,. If F : ¢ (W) = 04 is a Ay-equivariant function defined on an open W of Vg, then there
exists a unique Ag-equivariant function Fp : ngI(W) — o that makes the following diagram commute for

each z € pgl(y):
e5" (W) —F— ;W)

Here, f. denotes the map associated to z € pgl(xg), and we are considering its restriction to the open
subset wEI(W) C V.

Proof. Recall that pg : Vg Xy, m;'(Vg) — Vs is the Go-bundle defined in (3.21)) in the previous section.

rg, the homomorphism p, : Gg — G, is an isomorphism.

Therefore, f, : Vs — my'(Vs) is in fact a biholomorphism.

Fix a point z € plgl(xg). Since M,, = M,

The equality M,, = M, also implies that ¢, : 05 — 04 is an isomorphism of cones. This follows from
the fact that the stratification X refines the toroidal stratification, and the cones associated with points
belonging to the same stratum are isomorphic to each other, see the beginning of Section where this
construction is explained.

Using the biholomorphism f,, which is p,-equivariant, together with the isomorphism of cones ¢,, we
obtain in a natural way a Ag-equivariant function Fj : QSEI(W) — 0 that makes the diagram commute.

Finally, if f,/ is another map determined by some 2’ € pEl(xg), then there exists g € G, such that 2’ = gz.
It follows that f.» = gf.. By the equivariance of F' and the isomorphism p, : Gg — G, the construction
of Fj is therefore independent of the choice of z, and hence unique. O

Proposition 3.4.2. Let (Vi,,Gq, ¢o) and (Vg,Gg, ¢g) be two orbifold charts with Vg C V,, and M,, <
M,,. If F: ¢§1(w) — og is a Ag-equivariant function defined on an open W of Vg, then there exists a
unique A\ -equivariant function (F)® : ¢ !(W) — o, that makes the following diagram commute for each
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element z € pgl(y):

Lz
O'ﬁ ——> Oq

Proof. Fix a point z € p/gl(xg). The p,-equivariant holomorphism f, : Vg — (V3) induces a biholomor-
phism 7 1(V5) ~ G, x5 V3, and we also have the corresponding homomorphism of cones ¢, : 053 — 04.

Therefore, as in the previous section, and noting that ¢gl(w) C Vj, each element v € ¢, 1 (W) is represented

—_~—

by an equivalence class (g, ), where g € G, and = € gb[;l(w). We then define the function
F: o (W) = a0, v Aalg)[e(F(2))),
in the same way as the local Green function F? in (3.24) in the previous section.

It is straightforward to verify, by the same arguments used there, that this function is well defined, A,-
equivariant, and independent of the choice of the element in pgl(:cg), since those proofs relied only on
the equivariance properties. Hence, F'® is the unique function making the diagram commute. O

Remark 3.4.3. In Propositions and the commutativity of the square needs to be verified only
for a single element z € pgl(y), since the induced function in both cases is Ag-equivariant. Indeed, for

any zi, 22 € pgl(y), there exists g € G, such that ze = gz1, and by the construction described in Section

we have f,, = gf..

Proposition 3.4.4. Let (V,, G, ¢a), (Vs,Gp, ¢g) and (V,, G, @) be three orbifold charts with distin-
guished points x, € V,, and xg € V3, invariant under the actions of G, and Gp, respectively, and such
that V., C Vg C Vo. If F: ¢71 (W) — 04 is a Aj-equivariant function, then (F))> = (F)e.

Proof. Chosee a f1 : V, — ngEl(Vw) which is defined by the choice of an element in p> (), where p, is
the Gg-bundle defined in a same way as in (3.21). Then we have:

f _
Vy —=— o i\

L1
—
Oy 98

Extending this square to include ¢ '(V,), we obtain the following diagram:
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From Proposition [3.1.10, we know that fs o fi is defined by an element 2 € pJ (z,). Hence, by the
uniqueness stated in Proposition and Remark we conclude that (F%)* = (F)°. O

Remark 3.4.5. Following the same argument as in Proposition [3.4.4] consider three orbifold charts
(Va, Gas 8a), (V3, G, ¢p) and (V, G, ¢4) three orbifold charts, with M,, = M,, = M, and distinguished
points z, € V, and xg € Vg whose images under ¢, and ¢g lie in M, and M, ,, respectively. If moreover,
V, CVg CVy and F: ¢ ' (W) — 04 is a Ag-equivariant function, then ((F)g)y = (F),.

3.5 Construction of the hybrid space

Given a toroidal Deligne-Mumford stack (27, %) over C, recall that we are assuming 2~ to be proper
and smooth. These conditions ensure that the analytification X" of the coarse moduli space of 2 is
compact, and that it forms the underlying topological space of a proper étale groupoid in the category of
complex manifolds.

The goal of this section is to construct the hybrid space associated with (27, % ). To achieve this, we
first determine a global function on U%" such that its local locally structure is similar with the functions
F. defined in . As we will see, this construction can be regarded as a generalization of the global
functions introduced in Proposition [2.2.3]

Let (X V) be the effective orbifold associated with X" where V = {(Vy, G4, ¢a) }aca denotes a good
covering chart; see Definition [3.2.26] In order to construct a collection of local functions as in (3.19)), we
fix the following data for each orbifold chart (V,,, Gy, dq) in V:

1. As in the previous section, V, denotes the quotient V,,/G, in X®*; that is, the image of V,, under
the map ¢,.

2. Let D, be the simple normal crossing divisor on V,, that is invariant under the action of G, and
denote D, its image in X*"*. Note that D, = Vo N (X L U™).

3. Denote by M, the associated stratum of V,. Recall that the stratification under consideration is
the one introduced in Proposition [3.2.6, namely, the stratification that refines both the stratification
by stabilizers of X" and the stratification induced by the toroidal structure of the pair (27, %).
This stratum is the unique minimal stratum among those that have nonempty intersection with V.

4. Let z, be the distinguished point of V. This point is invariant under the action of G, and its
image is contained in M, . Therefore, denote by I', the monodromy group associated with the
image of this point in 27", and A\, : G4 — I',, the homomorphisms determined as in (3.17]).

5. Denote by o, the associated cone of the pair (V,,, Dy).

6. Let {ga,i}ticr, be a collection of positive Green functions, one for each irreducible component of D,,.
Finally, consider {xq }aca a partition of unity subordinate to the covering {V, }aea. The existence of such
a partition is guaranteed because the analytic space X% is metrizable; see Proposition [3.1.1

Observe that, by the definition of a good covering chart (see |3.2.26), if Vo N Vg # (), then the associated
strata are comparable. Moreover, there exists a chart (V,, G, ¢-), with v € A, such that V, NVg = V,,
and the associated stratum M, coincides with either M, or M, .
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For each o € A, consider the \,-equivariant function
F,: Vo~ D, — 04 (3.26)

constructed as in (3.19)) from the collecction of positive Green functions specified above.

For each point x € X", consider the following index sets:

Ay ={aeA:xeV,}, By:={fe€A:x¢Supp(xs)},

and define the open subset
Wy i= ( m Va> ~ U Supp(xs) | - (3.27)
OéEAx 6€Bx

Since the covering is a good covering by charts, note that the intersection (¢ 4, Vo is equal to some V,
with o/ € A,.

Let oy € Ax be any index such that the stratum associated with V,_ is minimal among the collection
{M,, : a€ Ay, M,, stratum associated with V,}.

Note that the index oy is not necessarily equal to o’. Then for every 8 € A, there exists () € Ay such
that

Vo, NVg = Vo).
Since M, , = M, it follows from Proposition that for each index § € Ay, the restriction of Fg,
Fap—1,y ¢[§1(wx) — op induces a continuous function
B X

(Fs)ys) : qz’;(15) (Wx) = 05(8)

Moreover, since V() C Vo, and My, < M, ., it follows from Proposition that (Fj),(g) induces a
continuous function

((Fp)(8))™ : Ga, (Wx) = 0a,
To simplify notation, we denote this function by Fg";( 5) = ((F3)~y ()

Now, we fix the set of indices
Ay i ={aeA:V,NV,, #0}. (3.28)

Note that Ay is contained in Ay. Fixing it, we see that the collection {xq}aca, induces a partition of
unity
{Xa o ¢ax}a61\x7

on V,,, which is subordinate to the covering {¢ ' (Va)}aca,. In this way, we define the following continuous
function:
—1 ”
Fy: 95 (Wx) N Do, = 0y, Fx:= Z (xgo ¢QX)F§7(6) (3.29)
BEAx
Note that although the partition of unity is indexed by Ay, the sum is taken over the set of indices Ay,
since it is defined on the open set ¢! (Wx) C Vi, . It is clear that the function Fy is An,-equivariant, and
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thus induces a continuous function on the quotient space.
Fy :Wy \Do, = X(Z, %) (3.30)

The next result explains how the local functions defined in (3.30]) are related on the intersection of open
sets of the form Wy. In particular, it shows what happens when a different index ay is chosen in the above
construction.

Proposition 3.5.1. Let x,y be two points of X", and define Wy and Wy as above. Then the functions Fy
and Fy agree on the intersection Wy NWy. In particular, these functions do not depend on the choice of ay.

Proof. If Wy NWy # (), then the open sets V,, and V4, are comparable. Without loss of generality, assume
that
M, < M.,

Tay —

Recall that Supp(xa) NWy # 0 if only if x € Supp(xa), and in particular x € V,. The same argument
holds when replacing Wy by Wy. Let z € Wy N Wy, and define

C,={a€A:zeSupp(xa)}

We claim that C, C Ay N Ay. Indeed, fix a € C,. Since z € Supp(xa) and z € Wy, it follows that
Supp(Xa) MWy # 0, and thus x € Supp(xa) € Vo by the above recall, so o € Ay. Similarly, since z € Wy,
we also get y € Supp(xa). Hence, o € A, N Ay, as desired.

Take points 21 € Vi, and z2 € V,,, mapping to z under the quotient maps, then we have the following
expressions:

Fn) = Y x(2)  Fes 5 (21), Fy(m) = Y xs(2) - Fyy)(2)
BeC, BeC;

where (), d(5) are such that
Vi) =V MVay, Vs =VgMNVq,.

The goal is to show that Fy(z1) and Fy(z2) agree once we pass to the quotient, i.e., they define the same
element in 3(Z2", %).

By the assumptions fixed at the beginning of the proof, we have
V, = Vo, NVq,

for some (V;, G, ¢.) of the covering, with M, = M,.,,. Then by Propositions and F; induces
the function
((Fy)7)™: ¢(;X1(Wy NWx) N\ Do, = 0q,-

Recall that Fy is given by

Fy= 3 (xs°9s) Fyip)
pea,

Since the partition of unity depends only on the values in X", it follows that induced function ((Fy);)*
is the result of applying the same process to each F g g( 5)’ for p € Ay. That is,

(F)n)* = 3" (x50 G (S5 5)7)™]

BEAy
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the proof will be guaranteed if we can show that, for each 5 € C,

((Fg508))7)™ = F5% )

To verify this equality, consider the following diagram, which illustrates the corresponding intersections
of the charts in X% and the comparison of the strata:

M, M,

T‘-,—B

Mrﬁ = Mr

s(3) e T

v,

Note that by Proposition 3.4.1} we have that the function Fg induces a function (F 5)7[3 : VT& — Oy, which
in turn induces a function ((Fj3).,)*. By Proposition and Remark this function coincides

with (F556)) 1621 (v,,)-

Now, ((Fj)s,)® induces a function on the chart (V;, G-, ¢;), which is precisely ((F)r,)7, since we again

apply Proposition [3.4.4] and Remark

Consequently, this function induces (((Fs)r,)")**, and, by the same proposition and remark, we obtain
that it is equal to ((Fj)r;)**. Therefore in ¢ ! (V-,) we have

Fgnp = ((Fgs)r)™

Hence, we obtain
((Fy)7)™ = Fa,

on the restriction ¢! (WxNWy). Since Fy and ((Fy),)** coincide once we pass to the quotient (see Remark
3.3.3), it follows that Fy(z2) coincides with ((Fy)7)**(21) in the quotient. Therefore Fy(z1) and Fy(z2)
define the same element in (.2, % ). O

We are now in a position to state the main theorem of this section:

Theorem 3.5.2. There exists a map F : U — X( 2, %) with the following property: For each stratum
M, each point x € M, every orbifold chart (V,G, ¢) containing x, with M, as its associated stratum, and
each Ay -equivariant function Fy defined as in , there exists an open neighborhood W C V of x, an
orbifold chart (V',G', ¢') with associated stratum M, C M,, and a Ay -equivariant map F' : V'\D' — oy
such that
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1. The following diagram commutes:

|,

v (2, w)

2. If (Fy) : (¢)~Y(W) — oy denotes the function induced by Fy, then
(FV)/ — F/ +¢/’

where V' is a bounded continuous function defined on (¢")~(W).

Proof. Let F be defined locally as in (3.30]). Since this local construction is independent of the choice of
the open set used in , the function F is well-defined on U?". Note that F depends on the choice of a
good covering chart and a corresponding family of Green functions, one such family for each chart in the
covering. Let us now verify that F satisfies the property stated in the theorem.

For any point x € X?" consider the open set Wy defined as in (3.27). Then, the restriction of F to Wy is

precisely the function
Fx :Wx \ Do, = X(Z, %)

constructed as in (3.30]). Since for each element 3 € Ay, for Ay defined as in the associated stratum
satisfies M, < M,, and since Ay is finite, we can choose a G-invariant contractible open subset W' Ccv
that contains the point x in its image, and such that its quotient W := ¢(W’) C Vg for each 5 € Ay.

We then define by Fyy+ the restriction of Fy, to W’. From Proposition Fyr induces, for each 8 € Ay,
a function (Fyy)? : ¢§1(W’) N Dg — 03.

By Proposition m there exists an open subset W3 C V3 where its image under ¢g is contained in W’
and contains the point x, and such that at Ws \ Dg

Fg = (Fw)” + 45 (3.31)

where 13 a bounded continuous function defined on Wg. Therefore, we define

W= (1) ¢s(Wp)

BeAyx

In this order, consider this open, the orbifold chart (V,,,Ga,, ¢a,), and the function Fy restricted to
¢;j(w). Therefore, these choices guarantee the first condition of the theorem by construction of Fy.

Now, note that in qngl (W) N\ D,,, for each § € Ay, we have:
(x5 © bax) - (Fw)?)** = (x5 © o) - (Fp)(8))™ + &)
where (;5//3 is the function that induces ¢g from (3.31)).

Note that ((Fyy)?)® depends on both Fyy and the group Go,. Therefore, by the uniqueness of Propo-
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sition for any 3, 3’ in Ay, we have:
(Fw)?)™ = ((Fw)?)

In particular, this implies (Fy/)* = Fy + 1, where 9 is a bounded function defined on ¢;x1 (W). With
this, we have the second condition of the theorem. ]

Given a toroidal Deligne-Mundford stack (2", % ), let (X", U%") denote its associated pair in the category
of analytic spaces. We define the set:

2 =T x (0,1] [] (2, %) x {0}

Let F be any fixed function that satisfies the conditions of Proposition Using this function, define
the map
G: M (2, U)

by
t-F(z) if t#0
G(z,t) = (3.32)
z if t=0

In analogy with Definition [2.2.4] we introduce the following:

Definition 3.5.3. The hybrid topology on 2 ™ is the coarsest topology such that:

1. The inclusion U x (0,1] <+ 27" is an open inmmersion.

2. The projection 7 : 2" — [0,1] is continuous.

3. The function G defined in ([3.32)), is continuous.
As in Section note that the construction of the function G depends on the choice of F. A priori,
different choices of F may yield different functions G, and thus different topologies.

Suppose now that F is another function satisfying the conditions of Theorem [3.5.2] This rise to another
function G’ defined analogously to G.

What follows is the proof that the hybrid topology on 2" is independent of the particular choice of the
function F. Before proceeding with this proof, we state a lemma that will be useful in establishing the
independence of the topology induced by the function G.

Lemma 3.5.4. 1. The topological space (2", %) is second-countable.
2. The hybrid space 2 ° with any topology induced by a choice of function G, is second-countable;

in particular, it is a sequential space.

Proof. Let Py — 2~ be an étale presentation such that (Py, Py X2 %) is a strict toroidal embedding,
and consider the groupoid P, = P, associated to this presentation. From Section [I.I} we have that the
diagram of associated skeletons

E(Pl,Pl X q %) = S(PQ,P() X q %) — i(%,%)
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is exact in the category of topological spaces.

According to [Thu07], the skeletons X(Py, P, x o %) and X(Py, Py X9 %) can each be written as a
finite union of compact polyhedra of the form (R>o U 00)", for some n. It follows that these spaces are
locally metrizable. They are also compact and Hausdorff, since Py and P, are separable schemes. These
properties imply that both skeletons are metrizable spaces.

Now, since X(Py, Py X 9~ %) is a compact metric space and the map
E(Po, PO X %) — i(%, %)

is a quotient map, and X(2",%) is Hausdorff, it follows that ¥(2°, %) is metrizabl In particular,
(X, %) is second-countable, since ¥(2°,%) is compact. In consequence, we have that the open set
X(Z, %) is second-countable.

Now, let us show that 2" is second countable. For this, fix a function G defining the topology on 2.
Since G is continuous and surjective, we may choose a countable basis for (%2, %), which provides a
countable basis for the fiber over ¢ = 0.

Since X" is compact, it can be covered by finitely many charts (V, G, ¢), where V' is a complex manifold.
Each V is second-countable, and since ¢ is an open map, the image ¢(V') is an open set, second-countable
subset of X", Therefore, X" is second-countable, in particular U*" so is. This implies that U%" x (0, 1]
is second-countable.

From the above facts, we conclude that 2 is second-countable. In particular, it is a sequential
space. ]

Proposition 3.5.5. Since X" is compact, the topologies on 2 "? defined by any two choices of functions
G and G’ as in Definition B.5.3] coincide.

Proof. Let 7, and 7" be the topologies associated to the functions G; and Gy respectively. Since both
(2P 1) and (2P, 1) are sequential spaces, it suffices to prove the following statement:

A sequence {(z,,tn) nen in 2P converges to a point (y,0) with respect to the topology 7 if only if it
also converges to (y,0) with respect to 7/.

Indeed, suposse that {(zn,tn)}nen converges to a point (y,0) in the topology 7. Consider the sequence
{zn}nen formed by the first component of the above sequence. Since X% is compact, there exists a
subsequence {2y, tren and zp € X" such that the limit of that subsequence is zp.

Let M, be the stratum of X" that contains the point zg, and let Fy,Fo be the functions defining G and
G, respectively.

Let (Vo, Ga, o) be any orbifold chart such that zp € ¢o(V,,), whose associated stratum is M,., and let
F,:Vo~D, — o4

be any A,-equivariant map defined by a collection of Green functions as in (3.19). Then by Proposition
there exist:

If f : X = Y a quotient map between topological spaces, with X a compact metrizable space and Y Hausdorff, then YV
is metrizable; see [Eng89|[Theorem. 4.2.13]
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e An open subset W C ¢,(V,,) that contains the point zg.

e Orbifold charts (V1,G1,¢1) and (Va, Ga, ¢2) containing zp, whose associated strata are contained in
M,.

e )\ and Ao equivariant maps F} : Vi3 N\ Dy — o1 and F5 : Vo . Dy — 09, respectively.
such that:

1. The following diagrams commute:

o) ———— oy o7 (W) ———— 0
$1 i b0 i (3.33)
W— (2, ) W2 (2, U)

2. If (F,)" and (F,)? denote the functions induced by F,, on the charts (V1,,G1,¢1) and (VQ,GQ, ®2)
respectively, then there exist bounded continuous functions ¢ : qﬁl (W) — o1 and v : wz (W) — o9
such that

(Fa)' =Fi+11, (Fo)®=Fa+1 (3.34)

Since the monodromy group acts by permuting the coordinates of the cones, it follows that, for the map
i1: 01— X(Z, %) (similar for iz), and for any ¢ € R>¢ and v € 01, we have that

i(t-v)=1t-i(v). (3.35)

Now, assume without loss of generality, that the elements of the sequence {z,, }ren lie in W. Since the
maps ¢1, ¢z are open, and Vi, V5 first-countable, it follows by by [Siw71][Proposition 2.4] that there exist
points w € ¢ (20),v € ¢ ' (20) and sequences {wy, en, {0k fren With wy, € ¢7 (20, ), vk € by (25, ) With

lim w, =w, lim v = v.
k—o00 k—o0

Then we have:
Yy = kli>no10 tn,, - Fl(an)
= lim [ ~i1(Fi(wg))]  (commutativity of (3.33))
,ggn i1t - Fi ()] ( by @35)
= iy(im t,, - Fi(wy))  (continutiy of i)
= il( lim tn,c [F1(wg) + 1 (wg)])  (¢1 is bounded)
(Fo)'(wr))  (by 339
= lim i1(tn, - (Fa)'(wg)) (continutiy of i)
(Fa)( (

k—o00
by (8:39))

= (hm oy -

= lim ¢, - 1( Foé)1 wy))
k—o0
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Since (F,)! is Aj-equiavriant, then denoting by F., the induced map in the quotient, we have
i1(-(Fa)' (wg)) = Folzn,), k€N

Moreover, letting F, denote the function on the quotient associated to Fy, by Remark the values
of F,, and F} coincide in the quotient. Therefore,

klglc}o ny - F1 (an) = klgrolo [z .Fi(znk) = klggo oy 'Fa(znk)

Applying the same reasoning for Fy and the data associated to (Va,Ge,¢2), we obtain an analogous
description for Fo, hence
Jim tn, - Fa(en) =y

Since this convergence is independent of the subsequence, we have that

lim ¢, -Fi(zn) =y
n—oo
Then we conclude that {(zy, tn) }nen converges to (y,0) with respect to the topology 7/. This conclusion
follows from the criterion that a sequence {(zp,t,)nen converges to a point (y,s) in 27 if only if
lim 7(zp,t,) =7(y,s), and lim G(zp,t,) = G(y,s)
n—oo n—oo

Since the reverse implication follows by the same reasoning, and both (2% 1) and (27, 7') are sequen-
tials, it follows that 7 = 7/.

Therefore, the proposition is proved. O

Proposition 3.5.6. The function G is proper.

Proof. The proof is analogous to that of Proposition [2.2.11] as it relies purely on topological arguments.
The crucial observation is that both X** and ¥(2", % ) are sequential spaces,which is the relevant property
that enables this analogy. O

3.6 Measures on the hybrid space

In this section, we focus on a toroidal Deligne-Mumford stack (2", %) that is smooth and proper over C,
whose minimal strata in the stratification of X" which is the one given by the toroidal embedding, are
points. In particular, these strata are minimal strata in the stratification that refine both the stratification
by stabilizers and that induced by the toroidal embedding.

In Section [2.3] we established a continuity theorem for measures on a hybrid space associated with a
complex manifold and a simple normal crossing divisor.

The goal of this section is to construct continuous families of measures on the hybrid space 2", defined
in the previous section, that generalize the specific case of Section [2.3] corresponding to complex manifolds
whose minimal strata, determining the simple normal crossing divisor, are points.

We will start with a brief introduction on measures, and differential forms on étale proper Lie groupoids.
This introduction is taken from [ST24] and [Beh04].
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If M is a smooth manifold, then A9 denotes the sheaf of smooth differential g-forms on M, and A%(M)
denotes the C*°(M)-module of global sections of .A9.

Definition 3.6.1. Let P be an étale proper groupoid in the category of smooth manifolds. The space of
differential forms on P is defined as

QUP) :=ker(s* —t* : QUPy) — QU Py)).

Definition 3.6.2. 1. A subset C' C P is called clean if the restriction {|,-1(¢) is proper. Equivalently,
if the restriction s;-1(¢y is proper.

2. A subset C C P is called clean if it is closed and both s(C) C Py and ¢(C) C Py are clean.

Example 3.6.3. Let G := Z/2Z act on R? by permuting the coordinates. Consider the subset C' :=
{(z,y) € R?: 2 = y}. This set is clean, since the restriction of both the projection and the action of G
on C'is the identity, which is clearly proper.

Remark 3.6.4. As a consequence of Definition the following properties hold:

1. Let C' C Py be a clean subset. Then the restrictions s|¢ and t|¢ are proper maps.
2. A closed subset of a clean subset C' C P; is clean, for i = 0, 1.

3. A finite union of clean subsets of P; is clean, for ¢ = 0, 1.

The next lemma establishes an equivalent characterization for clean subset of a groupoid.

Lemma 3.6.5. Let m : Py — | P| be the natural map from the object space to the underlying topological
space of the orbifold. A subset C' C Fy is clean if and only if the restriction mc : €' — |P] is a proper
map.

Proof. see [ST24][Lemma 2.26]. O
Remark 3.6.6. As a consequence of the Lemma if the groupoid is compact; that is, if its underlying
topological space is compact, then a subset is clean if and only if it is compact.

Let AL (Py), A% (Pr) denote the locally convex subspaces of AY(F), A%(P;), consisting of differential

g-forms with clean support on Py and P, respectively.

Since the restrictions of the source and target maps s,t : P, — Py to a clean subset of P; are proper, we
may define the pushforward of differential forms with clean support via integration along the fibers.

Based on the observation above, we define the space of differential forms with clean support on P by
AL (P) := coker (s, — t. : AL (P1) — AL (Po)) -
Concerning differential forms with clean support, it is shown in [ST24] that for each class [a] € AY(F)

the expression s,t*« lies in A9(Py), and moreover, it vanishes if « lies in the image of s, — t.. This
observation allows us to define the map

J: AL(P) = AY(P), J([o]) == tis"ax
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Definition 3.6.7. Let s,t: P; = Py be a groupoid. A partition of unity is a smooth function p : Py —
[0, 1] of clean support such that
tys"p=1

Example 3.6.8. If M is a smooth manifold and {U,}4ea is an open cover by charts, then the groupoid
defined by Py := [],cp Ua and Py =[] a8 UaNUp together with the natural source and target projections,
forms an orbifold presenting M. A partition of unity in the sense of Definition induces a classical
partition of unity subordinate to the covering {U, }aen.-

If the groupoid is proper and étale, then a partition of unity always exists; see [ST24, Lemma 4.12]. In
this context, given a partition of unity p, one defines a continuous linear map

K : AY(P) = AY(P), K(a):= [pal. (3.36)

According to [ST24], the maps J and K are inverses of each other, and K does not depend on the choice
of the partition p.

Remark 3.6.9. If we are only interested in integration theory, we may use the treatment of [Dem97,
Chapter 1, Section 2.c] for locally integrable n-forms in place of smooth forms. In this setting, we can
define the functions J and K can be defined in the space of locally integrable forms. Moreover, by an
analogous argument, the isomorphism continues to hold for locally integrable n-forms.

Let F : P — @ be a morphism of groupoids such that F' is a proper submersion; that is, both maps
Fy : P — Q1 and Fy : Py — @ are proper submersions. It is shown in [ST24] that the map Fp :
AL (Py) — A%(Qo) sends elements in the image of s, — ¢, to elements in the image of r, — u,, where,
r,u: Q1 — Qo denote the source and target maps of the groupoid @), respectively. This fact allows us to
define a well-defined map

F,: AY(P) —» AL(Q),  Fu(la]) = [(Fy)-al.

As a consequence, we obtain a map

Fi: A1(P) — AY(Q)
defined by the composition F, := J o F, o K.

Remark 3.6.10. In the case of smooth manifolds, given a map f : M — *, from an oriented manifold
M to a point, one defines a pushforward operation on compactly supported differential forms. For each
a € Q4(M) of compact support, the pushforward f.« is defined as:

fM a if ¢g=dim M
frae = (3.37)
0 if ¢#dmM

Definition 3.6.11. An orientation of an étale proper groupoid P consists of orientations on Py and P;
such that the étale maps s,t: Py — P, are orientation preserving.

Taking into account Remark let P be an orientable proper étale groupoid, and let pt denote the
proper étale groupoid associated with a single point, that is, the groupoid whose space of objects and
arrows are both a single point. Consider the unique smooth functor F' : P — pt. If £ € A%(P) is such
that the image of its support under the projection 7 : Py — |P| is compact, then the integral of £ over P

is defined as:
/ &= F.E
P
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In order to describe Fy, let p : Py — [0,1] be a partition of unity on P. Using the fact that J,; = Id, we
obtain for each ¢ € A"(P), where n = dim P

/ € = Fub = (Fo)u(K€) = (Fo)a(p€) = / .
P Py

In this way, if f: |P| — R is a continuous function we have

/|P|f-§:=/Pofo7r-p5 (3.38)

Having defined the integration theory for orbifolds, Our aim is to develop an integration theory on the
analytic stack 2™, where (Z°,%) is a toroidal Deligne-Mumford stack whose minimal strata, in the
stratification induced by the toroidal structure, consist of isolated points.

To this end, note that the preceding analysis involving real-valued differential forms extends naturally to
complex differential forms Q9(2°%"), for p,q € N. This construction is independent of the choice of étale
presentation: any two such presentations are Morita equivalent, and hence the corresponding complexes
of differential forms are canonically isomorphic [Beh04, Cor. 3.

Therefore, it remains to show that the integration itself does not depend on the choice of an étale presen-
tation of 2 *". Although this fact is well known, we include a proof for completeness.

Proposition 3.6.12. Let (£, %) be a regular proper toroidal Deligne-Mumford stack, and let 2 *"
denote the analytification of 2". Then the integral defined in (3.38) does not depend on the choice of
étale presentation of 274",

Proof. Let Py — 27", and Qo — Z " be two étale presentations, and let £ € Q™"(FPy) be a form
representing an element of Q™™ (. 2°%"), that is, s*¢ = t*¢, for s,t : P, — Py, where Py = Py X g7an Py. Set
similarly Q1 := Qo X 27an Qo, and consider the following diagram:

(z)/
Py X gran Q1 —— Q1

u/ ’J/T’ u ’J/T
Pl X%‘an QO #& P() X%an Q[) L} QO (339)
l/cp/ cp
s ~ g
P Py Zan

t

Let po : Py — R be a partition of unity for the orbifold groupoid P = Py. Then po¢ € ;" (Fy). Hence,
©*po€ € Q" (Py X gran Qo) with respect to the groupoid

Py X gran Qo = Py X gran Q.

To explain this, let C' := Supp po§. Since the map t;-1(¢) : t=1(C) — C is proper, this follows that
0 H(C) = Supp p*po&, and that tit,,l ' 1(C)) = ¢ 1(C) is proper. This implies that
©*po€ € QU™ (Py X gran Qo).

(1)
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As ¢|,-1(¢) is proper, we may therefore define

G0 po € Q" (Qo).

We claim that this form descends to an element of Q™" (2 **). In other words, we must show u*¢p.*po€ =
r* 0" po&. For this we recall the following standard fact. Consider a fiber product

MxyP —L— P
Foob
M—Y N
in the category of smooth manifolds. If f is a proper submersion and o € Q¥(P), then ¢* f.a = gup*a.
Applying this fact to the two squares in diagram , we obtain
whup” poé = ¢ U0 pok, T dup* pof = & 1" 9" pok.
But since Py X g-an Q1 = Py X g7an Qg is a groupoid, we have u'*¢o* po& = 7" ¢* po€. This proves the claim.

Finally, let f : X — R be continuous and let £ € Q™"(Z2%"). Using the two presentations, we obtain
two expressions for the integral:

o= [ merome [ se= | Hor postme

where p; : Qo — R is a partition of unity and 7 : Py — X, 7/ : Qo — X" are the natural projections.
We now verify that these two integrals agree.

On the one hand, by the definition of pushforward we have

/ 7' o f - 1o pol = pom o f-popr-*pok.

PoX granQo

Note that ¢ o p1 : Py X 97an Q9 — R is a partition of unity for the groupoid P; X g-an Qg = Py X gran Q.

Also observe that

/ pom'of-¢opr-@*pof = pomo f-popr-p pé,
PoX granQo

Pox gran Qo

since ¢ o ™ = ¢ o 7 on the fiber product.

On the other hand, since P; X g7an Qo == Py X g7an Qg is an orbifold, we have
/“f‘poéz pomo f-dopi-p*poé
Py Pox granQo

Combining the previous equalities, we obtain equality of the two representations of the integral on X".
This completes the proof that the integral does not depend on the choice of étale presentation.

O]
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Definition 3.6.13. Let (27, %) be a toroidal DM stack regular, and let n be the dimension of 2™*".
Let Py — 2% be an étale presentation such that Py X gran " is a simple normal crossing divisor. A
P-logarithmic (n,n)-form on 2 %" is a P-logarithmic form w on Py satisfying s*w = t*w.

Proposition 3.6.14. Let (£, %) be a proper and regular toroidal Deligne-Mumford stack. Then there
exist P-logarithmic forms on 2 %".

Proof. Assume that n is the dimension of X" and consider Py — 2 *" an étale presentation, such that
Py~ (Py X gran % “™) is a simple normal crossing divisor. Consider a good covering chart {(Vy, Go, 0a) faca
of X% see Definition [3.2.26] where each V,, is contained in Fy. Since X" is compact, we may assume
that this covering is finite.

We then define the associated groupoid by:

Q=[] Vaxoan Vs, Qo= ][] Vo (3.40)

a,p aEA

This groupoid Q1 = @ is étale and proper, and presents the analytic stack 2 .

For each a € A, let U, denote the dense open subset defined by the fiber product V, X g-an Z %", and
by jo : Us — Vg the inclusion map. Consider also an (n,n)-form w, € I'(j,, 2™, V,), whose support
Supp(wa) € V,, is compact. Among all such forms, we focus on those satisfying the following condition
in the charts that contains the minimal strata of the toroidal stratification:

Let @ € A be an index such that the image of V,, under ¢, contains a minimal stratum with respect to
the toroidal stratification. Since the image of the strata of V, under the map ¢, are contained in the
strata of X", see Remark and V,, has a unique minimal stratum, we conclude that this stratum is
a point. In this situation, we are in the case of maximal degeneration: if the dimension of V,, is n, then
the divisor V,, N\ Vi X g7an 2 *™ has n irreducible components, whose intersection is single point.

Therefore, for this a we require that w, is a P-logarithmic form, see Definition [2.3.1). That is, suppose
that z = (zay, - - -, 2a, ) are local coordinates on V,,, and let W, denote the unique minimal stratum of V,
(which, in this case, is a point), and let P, € Sym"(W,,), then w, can be written as

fadzcn A dzal AL A d}an
P (108 7 110 Tz 7o 7o

where f, is a continuous function defined on V.

Wa =

With this construction, we have that {wq}aeca is a P-logarithmic form in Py. For simplicity, we denote
this form by w. Consequently, s,t*w € Q™" (2 *"). Moreover, this is a P-logarithmic form, since s and ¢
are étale maps, that is, local isomorphisms, and therefore preserve the local structure of w. O

We now proceed to define a family of measures on the hybrid space 2 °. Fix an étale presentation
Py — 2% such that the divisor Do := Py~ Py X gan % *" is a simple normal crossing divisor. Let w a P-
logarithmic form on 2", with homogeneous polynomials of degree r, and let ¢ : ¥(Py, Dy) — (2, %)
be the induced map between the associated polyhedral complexes.

Using these data, we define a family of measures {po<t<1 in 2 hyb where each i, is supported on the
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fiber %hyb = w7 1(t), with 7 : 27" — [0, 1] the natural projection. The measures are defined by

gn—r

(4mi)m™

Yves, (fy,. Resy, (w)> d (q* (%)) t=0

where, ¥, denotes the set of indices associated with the maximal cones of X(Py, Dy), A; the Lebesgue
measure in the maxinal cone o;, and P; i s the homogeneous polynomial of degree r associated with the
strata Y;. Recall that these minimal strata are points, since we are in the case of maximal degeneration.

w t#0
(3.41)

Mt

Lemma 3.6.15. Let {{}o<t<1 be the family defined in (3.41)). Then for any function G constructed as
in (3.32)), the following equivalence holds in the sense of vague convergence of measures:

li = lim Gy =
lm gy = po == Hm Gupe = pio

Proof. Recall that X(2,%) is locally compact, as it is contained in the compact space %(2°,%). Fur-
thermore, Proposition establishes that (2", %) is second countable. It follows that (2", %) is
o-compact. Since the map G is proper, the proof can be carried out in the same way as in Lemma ]

Let (Vy,Ga, ¢o) an orbifold chart, with V,, C Py, and let z = (21,...,2,) be local coordinates on V.
Define the set
Yo := (Vo NU) x (0,1]

Where V,, denotes the image of V,, under the map ¢,.

Assume that the unique minimal stratum of V, has codimension k. We may choose the coordinates
Z1,-..,2k so that the toroidal divisor D of V,, determined by the toroidal structure, is defined by the
zero locus of the product H§:1 zj. In this case, the minimal stratum is given by the common zero locus
of z1,..., 2.

Consider the set (Vg X g7an ™) x (0, 1] as introduced in Section Define the map from this set to the
cone o, which sends a point (z,t) to the tuple (—tlog |z;|)%_;, which is the map denoted logy, in section

2.3l

j=b

As in Section consider the group homomorphisms A\, : G, — I'n, where I', is the group action on
the cone o,. Using this, we define a A,-equivariant map

Fo: (Vo NVo Xgran %) x (0,1] = 0, (=,

Z Aa(g) - logy, (9 “1z2,t)

‘Ga’ g€Gq

This map naturally descends to a well-defined function
logy, : Vo = 0a/Ta, (Z,t) = Fu(z,1) (3.42)

Here, Z denotes the class of the element z € V,, in V,, and the right-hand side is the image of F,(z,t) in
the quotient o, /Tq.

The following Lemma is a generalization of Proposition [2.3.6
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Lemma 3.6.16. Let (V,,, G4, do) be a chart as above, and suppose that its minimal stratum Y, C V,
has codimension k. Let x € C.(V,,R), where V,, is the image of V,, under ¢,. Then the family of

measures {(lognya)*(X'%'W)}0<t§1 converges vaguely, as t — 0, to the measure (fYa X © ¢o - Resy, (w)) :

d | g« f;—z) in the interior of o, /T, if the image of Y, under ¢, is contained in a minimal stratum of

X% with respect to the toroidal stratification, which in this case is a point. Otherwise, the limit measure
is zero.

Proof. In analogy to Proposition [2.3.6], we aim to prove, in the case associated with the minimal strata,
that for each ¢ € C.(64/Tw,R), the following holds:

lim (pology, )xw = (/ X © ¢q - Resy, (w)> : / ed <q* </\a)> (3.43)
t—0 vamUan ) Ya U'a/Fa Pa

Indeed, the left-hand side of (3.43]) can be rewritten as

t’nf’l"

lim olo -x cw = lim
t=0 vamUﬂn(gp B) X =0 Jy,npan (470)"

n—r

(pology,) x-w

1 : :
i | Gy (P 0108, 00a) X © G
where by simplicity, we have denoted by U, to the set V, \ Vy X g7an Z ™. Now, using the commutativity

of the diagram

Ua % (0,1] 222 (v, n U x (0, 1]

|}0gV@ J}Ogvh

o 1 > 0a/Ta
we obtain
n-—r n—r
tim |y (901085 060) X0 b0 = lim | oo lomy, 00) o 6

By Proposition [2.3.6] we have

n—r
li
tll’)% U, (4772)

n(SOOqOIOgVa)'XOQba'W:(/ quﬁa-ReSya(w))/ (gooq)% (3.44)

@

Finally, applying the pushforward of the measure, we obtain

(/axoqba-Resya(w)) [ one - (/axoqba-Resya(w)) [, («(52))-

If the stratum of associated to the chart (V,,, Go, ¢ ) is not minimal, then performing the same steps as
above yields the same representation as in (3.44)). However, by Proposition [2.3.11] the right-hand side of
that equation vanishes. Hence, the limit is zero in this case as well. This completes the proof. O

Let (2, %)< ! = Uier,_, 0i/Ti denote the subset of %(2", %) formed by the union of all those
quotients that are not maximal.
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We then define the following open subset:
2y = 2 (2w )

Having introduced this set, we may now state one of the main results of this chapter, describing the
degeneration behavior of the family of measures on 2™ associated to the P-logarithmic forms defined
in (3.41)

Theorem 3.6.17. Let {y}o<i<1 be a family of measures as in (3.41). Then for each continuous function
fe Cc(%hyb,]R) we have
o T T
b

10 J grwo
Proof. By Lemma [3.6.15] it suffices to establish the convergence

li d(G = dpo.
lim o fd(Gapur) /%ohyb fdpo
The proof then follows the same strategy as in Theorem [2.3.12] which corresponds to a particular case of
the present statement.

Specifically, let Py — 27%" be an etale presentation, and choose a good covering chart {(Va, Ga, ®a) }aca,
where each V,, C Fy. Since X" is compact, we can assume that the number of charts is finite. Recall that
¢ is simply the restriction of Py — X" to V,. Take a standard partition of unity {x,}aea subordinate
to the cover {V4}aea. Consider Qo = [],cp Va, then {xq 0 @a - whaea is a P-logarithmic form of compact

support on ()y. Hence,
t"w

d(Gepy) = P,
/ﬁ Fd(Gup) /Q foop
where p = {Xa © Pa}aeca and ¢ : Qo — X" is such that ¢y, = Pa-

The desired convergence then follows by applying Lemma [3.6.16| to each chart and summing over o €
A. O

As a final remark, we note that the constructions and results of this section, and of the previous one,
apply directly to the toroidal Deligne-Mumford stack (.#,.#,,). In this case, the associated skeleton
is precisely the tropical moduli space Mgfﬁp, and the resulting hybrid space takes the form

— hyb

M ) = Mgy x (0,1] T]MieP x {0}
Consequently, our main theorem yields a degeneration result for the family of measures associated to
P-logarithmic forms, describing their convergence on the interiors of maximal cells of ME,P.



Conclusions

The main goal of this thesis has been the development of a hybrid space 2" associated with a toroidal
Deligne-Mumford stack (2°,%). In the particular case of the moduli stack of curves (A, #yn),
this construction provides an initial framework for understanding the relationship between amplitudes in
quantum field theory and amplitudes in string theory.

To achieve this goal, we first formalized the construction of a hybrid space ngb associated to a pair
(X, D), where X is a complex manifold, and D a simple normal crossing divisor. This construction is
analogous to the one considered in [BJ17], with the essential difference that we work with cone complexes
rather than compact polyhedral spaces.

In the compact case, our construction leads to two degeneration theorems for measures, namely Theorems
and These measures are associated to a (n,n)-forms called P-logarithmic form, a new class of
differential forms introduced in this thesis, here n is the dimesion of the complex manifold X. Although
these forms define singular measures on X, they induce continuous measures on the corresponding hybrid
space.
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Conclusiones

El objetivo principal de esta tesis ha sido el desarrollo de un espacio hibrido 2" asociado a un stack de
Deligne-Mumford toroidal (2°,%). En el caso particular del stack moduli de curvas (.4, . #y), esta
construccién proporciona un marco inicial para comprender la relacién entre las amplitudes en la teoria
cuantica de campos y las amplitudes en la teoria de cuerdas.

Para alcanzar este objetivo, lo primero que se hizo fue formalizar la construccién de un espacio hibrido
X gyb asociado a un par (X, D) donde X es una variedad compleja y D un divisor a cruces normales simple.
Esta construccién es anédloga a la considerada en [BJ17], con la diferencia esencial de que trabajamos con
complejos conicos en lugar de espacios poliedrales compactos.

En el caso compacto, nuestra construccién conduce a dos teoremas de degeneracion de medidas, a saber,
los Teoremas y Estas medidas estdn asociadas a una (n,n)-forma denominada forma P-
logaritmica, una nueva clase de formas diferenciales introducida en esta tesis, aqui n denota la dimensién
de la variedad compleja X. Aunque dichas formas definen medidas singulares sobre X, inducen medidas
continuas en el espacio hibrido correspondiente.
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