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NoOTA PREVIA

-

E com enorme prazer que o Boletim da SPM se continua a associar a
iniciativa da série de conferéncias “Matematicos Portugueses pelo Mundo”.
Neste niimero publicamos uma parte significativa dos trabalhos apresentados
na sua terceira edicdo, edigao essa que teve lugar na Universidade de Coimbra.

O trabalho de edicdo deste suplemento, obedecendo ao formato adoptado
pelo Boletim, foi levado a cabo pelos colegas Ricardo Campos, Maria Manuel
Clementino e Joao Gouveia, a quem deixo aqui um agradecimento especial.

Helena Reis

Dezembro 2025
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INTRODUCTION

It is with great enthusiasm and pride that we present the proceedings of
the third edition of the Global Portuguese Mathematicians Conference, held
from July 26 to July 28, 2023, at the Department of Mathematics of the
University of Coimbra. Following the success of previous editions in Lisbon
(2017) and Porto (2019), this conference has continued to bring together
Portuguese mathematicians (in the broadest sense) from all corners of the
globe.

The primary aim of this event was to create a forum for sharing re-
search, fostering collaborations, and building connections in a welcoming
and stimulating environment. This year we were honored to host over 60
participants and 12 invited speakers, whose expertise spans a diverse range
of mathematical disciplines. Their contributions provided valuable insights
into the ongoing work of the Portuguese mathematical diaspora.

In addition to the engaging talks, the conference offered numerous op-
portunities for informal discussions and networking. Such interactions are
the cornerstone of the mission to unite and strengthen the global Portuguese
mathematical community.

We are also pleased to highlight that, in this edition of the Boletim da
Sociedade Portuguesa de Matematica, we feature contributions from seven
of the invited speakers, loosely based on the inspiring talks they presented
during the conference. These articles offer a glimpse into the rich and diverse
mathematical topics that were explored.

We would like to express our heartfelt gratitude to all participants,
speakers, sponsors, and the scientific committee whose efforts made this
conference a resounding success. We hope that the ideas and collaborations
born during these days will flourish and inspire further advancements in
mathematics.

Looking forward, we are excited to announce that the next edition of the
Global Portuguese Mathematicians Conference will take place in 2025 at the
University of Lisbon. We eagerly anticipate another vibrant gathering and
hope to see many of you there.

Ricardo Campos
Maria Manuel Clementino

Jodo Gouveia

Guest Editors & Organizers of the conference
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RANK FUNCTIONS FOR MODULES AND CATEGORIES

Teresa Conde
Bielefeld University
PO Box 100 131
33501 Bielefeld, Germany
e-mail: tconde@math.uni-bielefeld.de

Resumo: Em algebra existem varias fun¢des que medem uma certa nogao
de finitude ou tamanho de uma entidade algebrica. De entre estas fungoes, as
mais uteis tomam geralmente valores nos niimeros reais nao negativos e exi-
bem algum tipo de aditividade. Neste texto, focamo-nos num tipo particular
de fungoes, conhecidas como fungées de dimensao, definidas em categorias
trianguladas. Estas funcdes inspiram-se na noc¢ao classica de dimensao de
um modulo.

Abstract: In algebra one encounters various functions that measure some
sort of finiteness or size of an algebraic entity. The most useful of these
functions typically take values in the non-negative real numbers and exhibit
some form of additivity. In this note, we focus on a particular type of func-
tions, known as rank functions, defined on triangulated categories. These
draw their inspiration from the classic notion of rank of a module.

palavras-chave: Funcdo de dimensao; moédulo; categoria triangulada.

keywords: Rank function; module; triangulated category.

1 Introduction

The notion of dimension or rank provides a measure of the ‘size’ of algebraic
structures. In the context of modules over a ring, the rank of a module is
a fundamental invariant that often signifies the maximal number of linearly
independent elements. This concept extends naturally to the study of the
so-called rank functions for finitely presented modules.

The study of triangulated categories, which generalise several key struc-
tures in algebraic topology, algebraic geometry, and representation theory,
has brought forth the demand for analogous ‘rank-like’ functions. The con-
cept of a rank function on a triangulated category was introduced by Chu-
ang and Lazarev in [CL21], motivated by the work of Cohn, Malcolmson
and Schofield on a special type of rank functions for finitely presented mo-
dules, called Sylvester rank functions. Work of Crawley-Boevey and Herzog
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2 RANK FUNCTIONS FOR MODULES AND CATEGORIES

([Cra94al [Cra94bl [Her93]) on additive functions for abelian categories inspi-
red further recent developments on rank functions on triangulated categories
(ICGMZ24]).

In this note, we provide an overview of some of the main results on rank
functions on triangulated categories. We begin by revisiting rank functions
for modules over rings, setting the stage for our exploration of rank functions
on triangulated categories. Departing from an analogy with rank functions
for modules and following the work of Chuang and Lazarev ([CL21]), we
then introduce the notion of a rank function on a triangulated category and
present one of the main theorems in [CL21]. Through the use of functorial
methods, we demonstrate how rank functions on triangulated categories
can be lifted to additive functions on certain associated abelian categories.
This allows the translation of known results on the abelian context to the
triangulated context and yields new results on rank functions on triangulated
categories (JCGMZ24]).

2 Rank functions for modules

To motivate the concept of a rank function on a triangulated category, let
us begin with the following open-ended question:

e« What is the rank of a module?

Before refining the question above, some notation and details are needed.
The term ‘module’ shall indicate a left module over some unitary associative
(not necessarily commutative) ring A. Let A-Mod be the category of all A-
modules. Recall that an A-module is finitely presented if it is the cokernel
of a morphism between finitely generated free A-modules and denote the full
subcategory of finitely presented A-modules by A-mod.

If A is a field (or even a division ring), then a module is simply a vector
space, and by rank of a module we usually mean its dimension over A. More
generally, the rank of a module is a well-defined concept whenever A is an
integral domain. In this broader setting, the rank of a module X is generally
understood as the maximal number of A-linear independent elements in X
([DE04]). If A satisfies the invariant basis property, the notion of rank
applies to free modules: it is meant as the cardinality of an A-basis for the
module. However, if A does not satisfy the invariant basis property, we
encounter difficulties.

A general approach to defining a ‘rank-like’ function involves considering
a ring morphism A : A — k from our underlying ring A to a division ring k.

Boletim da SPM 83, Dezembro 2025, Matematicos Portugueses pelo Mundo, pp. 1-10



TERESA CONDE 3

In this setting, one may define the rank on an A-module X with respect to
h as rkp(X) == dim(k ® 4 X ), where the right action of A on k is described
via the morphism h. This yields an assignment of a non-negative integer to
every finitely presented A-module. The assignment rky is an instance of an
integral Sylvester rank function, as defined below.

Definition 2.1 ([Sch&85]). A rank function p on A-mod assigns to each
object X in A-mod an element p(X) € R>( such that p satisfies the following
two axioms:

1. Additivity: p(X @Y) = p(X) + p(Y) for X and Y in A-mod;

2. Triangle inequality: p(Z) < p(Y) < p(X)+p(Z) for any right exact
sequence of modules in A -mod

X Y VA 0.

A rank function taking values in Z is said to be integral. A rank function
p is called a Sylvester rank function if p(A) = 1.

Example 2.2. Let A be a left Artinian ring. In this context, the finitely pre-
sented A-modules are exactly those that have finite (Jordan-Hoélder) length.
Note that the length of an A-module yields an integral rank function. Howe-
ver, this is not a Sylvester rank function in general.

Example 2.3. Let A be an integral domain and let & be its field of frac-
tions. Denote by h the embedding of A into k. One can check that the
corresponding integral Sylvester rank function rk;, coincides with the classic
notion of rank of a module over an integral domain mentioned previously.

Example 2.4. Let h : A — S be a ring morphism, where S is a simple
left Artinian ring. By the Wedderburn—Artin theorem, S is isomorphic to a
matrix ring over a division algebra, i.e. S = M, (k), for some n € N and a
division ring k. Define

_ length(S ®4 X)

I‘kh(X) : n .

Note that this assignment generalises the previous definition of rank of X
with respect to h and yields a Sylvester rank function taking values in Q.

Much of what we have seen so far hints at a close relationship between
rank functions on A-mod and ring morphisms from A to ‘uncomplicated’
rings. This relationship was made precise in the work of Cohn, Malcolmson
and Scholfield.
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4 RANK FUNCTIONS FOR MODULES AND CATEGORIES

Theorem 2.5 ([Sch85)). There is a bijection between:
1. integral Sylvester rank functions on A-mod;
2. equivalence classes of ring epimorphisms from A to a division ring.

The inverse correspondence maps a ring epimorphism h: A — k to rky,.

Theorem 2.6 ([Sch85]). Let A be an algebra over a field. There is a bijec-
tion between:

1. Sylvester rank functions on A-mod taking values on % Z withn € Z~o;

2. equivalence classes of ring morphisms from A to a simple Artinian
ring.

The inverse correspondence maps a ring morphism h : A — S to rky,.

3 Rank functions on triangulated categories

Triangulated categories play a prominent role in algebraic topology, alge-
braic geometry and representation theory. They provide a framework that
generalises several key structures found in these areas, such as derived ca-
tegories, homotopy categories of stable cofibration categories and stable ca-
tegories of Frobenius categories. A triangulated category is a category C
equipped with an additional structure subject to certain axioms: an equi-
valence ¥ : C — C, called a translation functor, together with a class of
sequences of three composable morphisms, called distinguished triangles.
The precise definition of a triangulated category is lengthy and detailing it
here would detract from the main focus of this text, which is to provide
a general understanding of rank functions on triangulated categories and
their connection to other types of ‘measure’ functions on different catego-
ries. For more details on triangulated categories, we refer, for instance, to
IKS06, NeeO1].

Suppose henceforth that C is a skeletally small triangulated category
with translation functor ¥ : C — C. The concept of a rank function on a
triangulated category was recently introduced by Chuang and Lazarev in
[CL21]. Their motivation stemmed from the work by Cohn, Malcolmson
and Schofield on Sylvester rank functions ([Coh08, [Sch85]).

Definition 3.1 ([CL21]). A rank function on objects p,, of C assigns
to each object X in C an element py(X) € R>g such that p,, satisfies the
axioms:
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TERESA CONDE 5

1. Additivity: pop(X @Y) = pob(X) + pop(Y) for X and Y in C;

2. Triangle inequality: pop(Y) < pop(X) + pop(Z) for any triangle

X Y z YX;

3. Y-invariance: py(XX) = pop(X) for every X in C.
Alternatively, rank functions can be defined on morphisms of C.

Definition 3.2 ([CL2I]). A rank function p on C assigns to each
morphism f in C an element p(f) € R>o such that p satisfies the following
axioms:

1. Additivity: p(f ® g) = p(f) + p(g) for any two morphisms f and g;
2. Rank-nullity: p(f) + p(g) = p(1y) for any distinguished triangle

f

X y 4. 7 vX;

3. Y-invariance: p(Xf) = p(f) for any morphism f in C.

By [CL21], both definitions above are equivalent by setting pop(X) = p(1x)

and
p(f: X =Y):= po( X) + pob();) — pov(Cone f)

Here, Cone f denotes the unique object (up to isomorphism) fitting into a
distinguished triangle

X v . Conef — X

A standard example of a rank function on a triangulated category is the
dimension of the total cohomology of an object in the bounded derived cate-
gory of a finite-dimensional algebra (JCGMZ24]). Mass functions associated
with Bridgeland stability conditions provide further interesting examples
([CL21, Tke21]). As the next example shows, it is possible pull back a rank
function along a triangulated functor. Note that a triangulated functor
is simply a functor between triangulated categories that preserves the trian-
gulated structure, i.e. it commutes with the respective translation functors
and maps distinguished triangles to distinguished triangles.
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6 RANK FUNCTIONS FOR MODULES AND CATEGORIES

Example 3.3. Let h : C — D be a triangulated functor an let p be a rank
function on D. The assignment pp(f) = p(h(f)) defines a rank function on
C.

Developing the analogy between rank functions on triangulated catego-
ries and rank functions for modules, and recalling Theorems [2.5| and it
is natural to wonder which rank functions on C arise as a pull back of a rank
function on an ‘uncomplicated’ triangulated category D along a triangula-
ted functor h : C — D, as explained in the previous example. To partially
answer this question, some further definitions are needed.

Definition 3.4. A rank function p on C is:
1. integral if p(f) € Z for every morphism f in C;

2. localising if it is integral and moreover, if p(f) = 0 implies that the
morphism f factors through some object Z such that p(Z) = 0;

3. prime if it is integral and C has a thick generator X such that p(X) =
0.

In |CL21], Chuang and Lazarev established a connection between prime
localising rank functions and certain functors to simple triangulated ca-
tegories, that is, triangulated categories with an indecomposable generator
such that any triangle is a direct sum of split triangles. Compare the next
result with Theorems 2.5 and

Theorem 3.5 ([CL21]). Suppose that the triangulated category C has a thick
generator. There is a bijection between:

1. prime localising rank functions on C;

2. thick subcategories K of C such that the Verdier quotient C/K is a
simple triangulated category.

The inverse correspondence maps a thick subcategory IC of C to the rank
function py, (see Example , where h : C — C/K is the Verdier quotient
functor and p is the unique prime rank function on C/K.

If C is the perfect category Per A of a differential graded algebra A, then
1. and 2. above are also in bijection with:

3. equivalence classes of finite homological epimorphisms A — S with A
a stmple Artinian differential graded algebra.
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TERESA CONDE 7

In the subsequent sections we demonstrate how functorial methods can
further the analogy between rank functions for modules and rank functions
on triangulated categories. This will enhance and generalise the theorem by
Chuang and Lazarev discussed above.

4 From rank functions to additive functions

Functorial methods have a history of success in algebra and representation
theory. In the following paragraphs, we will explain how these methods
can be used to relate rank functions on triangulated categories to similar
‘measure’ functions on more familiar categories. For this, we will carry on
with an analogy between two mathematical realms: additive categories with
cokernels and triangulated categories.

An instance of an additive category with cokernels is the category A -mod
of finitely presented modules over a ring A. Definition remains applica-
ble for an additive category C with cokernels and there is a well-developed
theory of integral rank functions in this broader context ([Cra94a]). The
results on rank functions in [Cra94al are characterised by the following dis-
tinctive approach. An abelian category A¢ is constructed from the initial
additive category C and the rank functions on C are lifted to certain ‘mea-
sure’ functions on Ag, called additive. Working with additive functions on
abelian categories is more straightforward, and the results obtained in this
context ([Cra94bl, [Her97]) can be translated back into theorems about rank
functions on additive categories with cokernels (|[Cra94al).

In order to apply this strategy to triangulated categories, the first step
is to associate an abelian category with a triangulated category C, so that
a rank function on C lifts to an additive function on the associated abelian
category. Before explaining how to do this, let us first provide the definition
of additive function.

Definition 4.1. An additive function p on a skeletally small abelian
category A is an assignment p(X) € R>o to each object X of A which
satisfies p(Y') = p(X) 4 p(Z) for any short exact sequence in A

0 X Y A 0.

An additive function is said to be integral if it takes values in Z.

The category Mod-C of all additive contravariant functors from a ske-
letally small triangulated category C to the category of abelian groups is
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8 RANK FUNCTIONS FOR MODULES AND CATEGORIES

an abelian category with remarkable properties. Let mod-C be the full
subcategory of Mod-C whose objects are the functors which occur as coker-
nels of morphisms between representable functors, i.e. between functors
naturally isomorphic to Home(—, X) : C°? — Ab for some X in C. The
category mod-C turns out to be a skeletally small abelian category with an
equivalence ¥* : mod-C — mod-C induced by ¥ via X*(F) = F o XL
Furthermore, any rank function p on the triangulated category C lifts to
an additive function p on mod-C by setting p(F) := p(f), where f is a
morphism in C satisfying F' = Im(Hom¢(—, f)). This assignment yields a
bijection between rank functions on C and the additive functions p on mod-C
satisfying p(X*F) = p(F).

Theorem 4.2 ([CGMZ24]). Let C be a skeletally small triangulated cate-
gory. There is a bijection between:

1. ¥Y-invariant additive functions p on mod-C;

2. rank functions p on C.

5 Integral rank functions on triangulated catego-
ries

By Theorem a rank function p on a triangulated category C can be
reinterpreted as an additive function p on the category mod-C' of finitely
presented additive contravariant functors from C to abelian groups. Through
this reinterpretation, the deeply developed theory of additive functions on
abelian categories ([Cra94al, [Her97]) can be employed to obtain various re-
sults about rank functions on triangulated categories. We present some of
these results in this section.
The first result is a unique decomposition theorem.

Theorem 5.1 ([CGMZ24]). Every integral rank function on a skeletally
small triangulated category C can be uniquely decomposed as a locally finite
sum of irreducible rank functions.

Here, an irreducible rank function is a non-zero integral rank function that
cannot be further decomposed into a sum of two non-zero integral rank
functions. Every prime rank function, for instance, can be shown to be
irreducible.

The functorial approach also allows to extend the bijection between lo-
calising prime rank functions on C and thick subcategories of C with simple
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TERESA CONDE 9

Verdier quotient, established in Theorem [3.5] For this purpose, one needs
to introduce a new class of rank functions, called exact, which contains all
localising rank functions, and to use the notion of a CE-quotient functor,
introduced by Krause in [Kra05]. Instead of functors to simple triangulated
categories, one should now consider functors to locally finite triangula-
ted categories, that is, triangulated categories D such that mod-D is an
abelian category where every object has finite (Jordan—-Holder) length. Ins-
tead of prime rank functions, basic ones need to be used (these are integral
rank functions with no repetitions in the irreducible summands appearing
in their decomposition).

Theorem 5.2 ([CGMZ24]). Let C be a skeletally small triangulated cate-
gory. There is a bijection between:

1. exact basic rank functions on C;

2. equivalence classes of CE-quotient functors from C to locally finite tri-
angulated categories.

Moreover, the underlying rank function is localising if and only if the CE-
quotient is equivalent to a Verdier quotient.

In case C is the perfect derived category of a differential graded algebra
A, the following partial generalisation of Theorem can be obtained.

Theorem 5.3 ([CGMZ24]). Let A be a cofibrant differential graded algebra.
There is a bijection between:

1. idempotent basic rank functions on Per A;

2. equivalence classes of homological epimorphisms A — B with Per B
locally finite.
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FrROM THE TEUKOLSKY EQUATION
TO A SYSTEM OF WAVE EQUATIONS ON SCHWARZSCHILD

Rita Teizeira da Costa
Department of Pure Mathematics and Mathematical Statistics
University of Cambridge

e-mail: rita.t.costa@dpmms.cam.ac.uk

Abstract: We review the proof of energy boundeness and decay for solu-
tions of the Teukolsky equation on the Schwarzschild geometry. This result
was first shown by Dafermos, Holzegel and Rodniasnki (Acta. Math. 22(1):1-
214, 2019). The proof here is based on an analysis of a transformed system
of wave equations obtained by appropriately differentiating the Teukolsky
equation. This approach was developed in collaboration with Shlapentokh-
Rothman in a series of joint works (arXiv: 2007.07211, 2302.08916) con-
cerning the Teukolsky equation on the more general Kerr family of rotating
black holes.
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1 Introduction

The stability of the Schwarzschild black hole,

2M oM\ !
gM:—(1—>dt2+<1—> dr? +r2do, M >0,
T T

as a solution to the Einstein vacuum equations, has been a subject of great
interest to the Mathematics and Physics communities since the pioneering

work of Regge and Wheeler [RW57]. In this survey article, we review the
proof of boundedness and decay estimates for the Teukolsky equation [BP73,

Teu73]
2 M 2 M

r r r

with s = 42, which is one of the fundamental equations governing linearized
perturbations of the Schwarzschild geometry. Here, O [;;]M is the spin-weighted
d’Alembertian associated to the Schwarzschild metric gjs, see already Sec-
tion 2.1.2 for a definition. Though we defer to Theorems 3.1 and 4.1 for the

precise statements, a rough version of our main result is:

Theorem 1.1. Fiz s € {+1,£2} and M > 0. On the Schwarzschild man-
ifold, general solutions to the Teukolsky equation (1.1) arising from suffi-
ciently regular initial data on a Cauchy surface ({7 =0})

(i) satisfy a suitable version of “energy boundedness” without derivative
loss: schematically,

E(TQ)SB(M,S)E(Tl), VTQZleO;

(ii) satisfy a suitable version of “integrated local energy decay” with loss of
one derivative at trapping (r = 3M ): schematically,

198 (7, ) < B(M, s)E(r1),  Vr >m >0;

(iii) satisfy suitable, inverse-polynomial, energy and pointwise decay esti-
mates with derivative loss.

The approach presented in this article is largely based on the approach in
recent joint work with Shlapentokh-Rothman [SRTAC20, SRTAC23], where
Theorem 1.1 is established in the more general class of Kerr black holes
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rotating at any speed below the maximal threshold!'. In the Schwarzschild
class considered in this work, boundedness and decay for (1.1) was first
shown by Dafermos, Holzegel and Rodnianski [DHR19b] for s = +2. Their
analysis was later extended to the s = +1 case, where (1.1) is an impor-
tant component of the Maxwell system on Schwarzschild, by Pasqualotto
[Pas19]. The case s = 0, the scalar wave equation on Schwarzschild, is by
now classical, and the reader may find a proof and references to the original
works in the lecture notes [DR13]. For sharp decay results, we direct the
reader to [AAG23, MZ22] and the references therein.

The proof of boundedness and decay for (1.1) in [DHR19b] was a corner-
stone result in the understanding of the stability properties of Schwarzschild
spacetimes. Not long after its original proof [DHR19b] appeared, it was
used by Klainerman and Szeftel [KS20] to establish nonlinear stability of
Schwarzschild under polarized axisymmetric perturbations. The definitive
result on stability of Schwarzschild, which makes no symmetry assumptions?,
was very recently obtained by Dafermos, Holzegel, Rodnianski and Taylor
[DHRT21] again building on the (proof of) [DHR19b].

Having motivated the study of (1.1) and Theorem 1.1, let us turn to a
discussion of its proof. As in [DHR19b, Pas19], our approach is to consider
specific differential transformations of «*, introduced in [DHR19b] and in-
spired by Chandrasekhar’s transformations [Cha75]. This allows one to, in
particular, replace the Teukolsky equation (1.1) with a spin-weighted wave
equation

ol ol =0 (1.2)

for a new variable ®%; for s = +2, this equation is sometimes called Regge—
Wheeler equation after [RW57]. Equation (1.2) can be treated using scalar
wave methods which, as we mentioned, are by now classical (see e.g. the
aforementioned lecture notes [DR13]). Thus, one can obtain energy bound-
edness, integrated local energy decay, and then decay for its solutions. To
conclude the proof of Theorem 1.1, one must then upgrade these estimates
for ®[! to suitable estimates for alsl.

'We direct the reader to these works for further details and references concerning the
stability problem for rotating Kerr black holes, and for a more exaustive account of the
literature on perturbations of Schwarzschild.

2As Schwarzschild is a member of the larger Kerr family of black holes, stability can
only hold up to a co-dimension 3 “submanifold” of the moduli space of initial data for the
Einstein vacuum equations, corresponding to perturbations which eventually radiate away
all angular momentum. In this work, the authors teleologically identify this set of data
and thus show the nonlinear stability of the Schwarzschild subfamily in full codimension.
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It is in this recovery procedure that the proof of Theorem 1.1 differs from
the boundedness and decay results of [DHR19b] for (1.1). In the former,
estimates for «[*! are obtained by integrating the transport equations which
define ®!; indeed,

ol =il @f) = k(o) (i) with k € {0, [s]},

for some appropriate choices of weights j; = ji(r), i = —1,...,|s|, and with
L a particular null vector field. In the present article, as in [SRTAC20,
SRTdAC23], we instead rely primarily on the system of wave equations for

the new variables (1)[‘;] that can be derived from (1.1). For instance, in the
case s = 12, this system takes the form

2] 4l£2) _2MY )
Ogu Py — (1 )P =0

9 o [+2] 2MY\ L rg) | 2(r —3M) (49 [+2]
[gz]wd’(l) (1—T> boy =F—— 3 b FOMby,
4(r —3M)

r2

[+2] 2M\ | x2)
D534‘1’(0) -2 (1 + r> =

(+2]
d)(l) 9
see already Remark 2.6 for more examples. With this approach, our The-
orem 1.1 obtains slight improvements over [DHR19b, Theorem 2, Proposi-
tions 12.3.1-12.3.2]:

e In Theorem 4.1, we close energy boundedness estimates without
derivative loss, and integrated estimates with 1 derivative loss only
at trapping, for all derivatives of al®l at or below a certain level.
In [DHR19b], derivatives in certain directions are not explicitly con-
trolled.

o In Theorem 4.1, the estimates are at the level of |s| + 1 derivatives
and below, while in [DHR19b] the authors require |s| 4+ 3 derivatives
in their energy boundedness statement to avoid derivative loss.

e There is an € loss in the r-weights of the energy norms used in
[DHR19b] compared to those in Theorem 1.1.

Finally, let us note that both the approach of this article, and that of
the aforementioned [DHR19b, Pas19] to the Teukolsky equation (1.1) can,
in principle, be extended to other s € Z not contained in the statement of
Theorem 1.1, see Remark 3.3 below. However, since only s € {0,+1, +2}
are expected to be physically meaningful, we have chosen to exclude other
values of s from our main result.

We conclude the introduction with an outline of the rest of the paper:
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e Section 2 is a preliminary section introducing the Schwarzschild man-
ifold, the relevant PDE, the spin-weighted function space on which
they live, and the norms we will employ in our analysis.

o Section 3 considers the decoupled equation (1.2), and establishes en-
ergy boundedness, integrated local energy decay, energy decay and
pointwise decay for its solutions.

e Section 4 then establishes similar results for all transformed variables
c[)[(“;j) with k& < |s|, thus concluding the proof of Theorem 1.1.

Acknowledgments. The main ideas in this survey are the result of col-
laboration with Y. Shlapentokh-Rothman, whom the author gratefully ac-
knowledges.

2 Preliminaries

2.1 Geometric preliminaries
2.1.1 The Schwarzschild family

As is usual, we introduce the manifold structure of Schwarzschild indepen-
dently of the black hole parameter M. To this end, consider a manifold-
with-boundary M = R x RJ x S?. Coordinates t* € R, y* € R} and (0, ¢)
the usual polar coordinates on S? induce a global (modulo the usual degen-
eration of polar coordinates) differentiable structure on M. The boundary,
OM = {y* = 0}, is called the event horizon, H™ = OM. The interior,
int(M), is called the domain of outer communications. We can also intro-
duce the smooth vector fields T' = 0y« and Z = 0.

Let » = r(y) be a new coordinate, smoothly depending on y, whose range
is r € [2M,00). For M > 0, the Schwarzschild family is the (1-parameter)
family of Lorenztian manifolds (M, gas) with

gu = — [1— par (P (d8%)? + 2pa7 (r)dt*dr + (1 + par(r)) dr® + gy,
. 2M
pnr (r) = 0

where 5382 = d#? + sin? 0d¢? is the usual metric on the round sphere with
volume form do = sin §dfd¢. The coordinates (t*,r, 0, ¢) are called ingoing
Eddington—Finkelstein coordinates. We can use these to define a hyper-
boloidal folliation of interest for M: following [SRTdC23], we take

x, = {i* =1},
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2
=t +Ci(r) <r - ]\2/[10gr> —Co(r) <r+2M10gr - Mf) ,

with §1 and ¢y smooth cutoff functions satisfying: G=1forry <r< 3M/2
and (1 =0 for r > 3M; (o =0 for r <3M and {3 =1 for r > 4 M.

In the domain of outer communications alone, instead of Eddinton—
Finkelstein coordinates, we can consider other coordinates t and r, as well
as t and r*, which are induced by the transformations

dr* 1

dr 1 —py(r)’
In coordinates (t,r,0, ¢) or (t,7*,0, ¢), called Schwarzschild coordinates, the
induced metric on int(M) is given by

g = = [1— par ()] [ — (dr*)?] + g,

= — 1= ()] +

r*(3M) = 0; t=t"—r"+r—3M+2M log M.

7(12 2° )
L () e

Schwarzschild coordinates are used predominantly in this work. We also
note the often-used function

1—
w - Méw(?”).
.

We often drop the subscript on the function s for readability.
Finally, of interest to us are the M-dependent vector fields

L=0x+T, L=-0~+T, g(L,L) = -2,

defining two principal null directions on int(M). Note that L and (1 —
par) 'L can be extended to M using the coordinate transformations above.

2.1.2 The spin-weighted structure

In this section, we introduce a spin-weighted structure on M.

To start with, let us define spin-weighted functions and operators on the
round sphere S2. Letting (6, ¢) denote standard spherical coordinates in S?,
consider the operators?

7y = —sin ¢dp + cos ¢ (—is cscd — cot 00,)
Zy = —cos ¢p0p — sin ¢ (—iscsc O — cot 09y) ,  Zz = .

3The operators 7z 1, Zg and Z3 arise from the action of the canonical orthonormal frame
on S3, viewed as the Hopf bundle over S%, on complex-valued functions with a particular
s-dependence along the S' fibers, see for instance [?] for more details.

(2.1)

Boletim da SPM 83, Dezembro 2025, Mateméticos Portugueses pelo Mundo, pp. 11-55



RITA TEIXEIRA DA COSTA 17

Definition 2.1 (Smooth spin-weighted functions on S?). Fix some s € 1Z.
Let f be a complex-valued function of (6, ¢) € S2. We say f is a smooth

s-spin-weighted function on S?, and write f € 5”0[3}, if for any ki, k2, ks € Ny,
(20)"(Z2)"2(Z3)" f
is a function of (6, ¢) which is smooth for 6 # 0,7 and such that
(21 (Z2)"2 (Z3)" f and ™ (Z0)M (Z0)" (Z3)" f
extend continuously to, respectively, § = 0 and 6 = 7.

For any s € %Z, the spin-weighted laplacian

§_ 1 0 < 6) 1 cos ) 2,
% sin 0 90 Smeag Sin2 98 213 0(‘) s+ 5% cot’0 — s (2.2)
:_Z%_ZQQ_Zg_S—SQIi—Q COSH@O¢+S Cote

where Z1, 75 and Z3 are defined in (2.1) and /A is the usual laplacian on
]

the round sphere is a example of a smooth differential operator on 5”0[0
Another example is provided by the spinorial gradient

VI = 9y, 0, +iscosh), (2.3)

which arises naturally in connection with the spin-weighted laplacian: for
=, Me 78

/S2 (ZA[S]E) Ildo = /SZ {Y}[S]E . Yﬂs]ﬂ} o do. (2.4)

Let us state two useful results concerning these important operators:

Lemma 2.2 (Spin-weighted spherical harmonics). Fiz s € %Z. On yo[i],
the operator ZAM has a countable set of eigenfunctions referred to as spin-
weighted spherical harmonics, forming a complete orthogonal basis of yo[i].

As is standard, we index the spin-weighted spherical harmonics and their
etgenvalues by parameters m and £ chosen to satisfy m —s € Z and { >
max{|s|,|m|} such that:

o the (m, ) spin-weighted spherical harmonic is denoted by S[ sl 0(0,0);

e the corresponding eigenvalue is >\£n]€ ={l+1)—
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Lemma 2.3 (Spinorial gradient). Let s € Z and Yo7[s} be as defined in (2.3).
Then, for any = € %@, one has the Poincaré inequality

ols =
L1

As the Schwarzschild manifold M is spherically symmetric, it inherits
the spin-weighted structure over S?:

2 =2
do > |s|/ 22 do. (2.5)
SQ

Definition 2.4 (Smooth spin-weighted functions on M). Fix some s €
%Z. We say f is a smooth s-spin-weighted function on M, and write f €
7L (M), if f is smooth in the Eddington—Finkelstein ¢* and r, and its
restriction to constant (¢*,r) yields a smooth s-spin-weighted function on
S2.

For some s € %Z, the spin-weighted d’Alembertian

2is cos 5 o
D.[QSJ]M = Oon + 5 5799 772(8—3 cot? 6)
is an example of a smooth differential operator on yo[j]( M). In

Schwarzschild coordinates it is given by

1
L= pnr

S 1 ; °
ol = ﬁar (7“2(1 - uM)&«) - 07 — 724& 2

2.2 Analytical preliminaries

2.2.1 The Teukolsky equation

We say that a function «l®l such that (1 — p)*«l¥ € 1l (M) satisfies the
Teukolsky equation if

alsl ol _ 28 <1 - 35}4) Tols 4 % (1 - Af) dralsl =0, (2.6)

r

or, in Schwarzschild coordinates,

1 2(s+1) s+1 (5]
T2(1+5)(1 — MM)SGT (T (1 - ,LLM) 87") 0.4

1 2s 3SM o
S (1222 [s] _ plslylsl —
20— )<T+r <1 " ))Toc Ao 0.
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2.2.2 The DHR transformed system

In this section, inspired by the transformations of Dafermos, Holzegel and
Rodnianski in [DHR19b, DHR19a] and of Pasqualotto [Pas19], we introduce
a system of equations derived from the Teukolsky equation (2.6) which was
obtained with Shlapentokh-Rothman [SRTdC20, SRTdC23].

Fix s € Z, and consider the following rescaling of the Teukolsky variable

le%]) _ w 1+Sgns)/2 1—s|(1— sgns)cx[s}‘ (27)
For k=1,...,]|s|, we then define 11)5{]) by the system of transport equations
wgij) - w—lcxpg’;‘jfl), k=1,..]s|, (2.8)

with £ = L if s < 0, L = L if s > 0 and £ being the identity if s = 0.
We will sometimes use the notation Wl = 1])5]9‘). It will also be useful to
introduce a further rescaling
[s] - —1yl8] s] = 4 5] —1yls
G = by, =0 =Tl

Proposition 2.5 (DHR transformed system). Fiz s € Z and let «l*! solve
the Teukolsky equation (2.6). Then, for k = 0,...,|s|, 1])53) given in (2.7)-
(2.8) satisfy the following system of wave equations

ol — U () = —sens(|s| - [‘ZL Zs e (2.9)
where
o - 2M
U([k]) = |s| + k(2ls| —k—1) — — (3| | — 262 4 3k(2]s| — 1)) , (2.10)
35{]) (])[II’ES})] = ClsC}k,j(T)ij])a (2.11)

and c ki J = 0,....k =1, denote functions of r which can be explicitly
computed for through a recursive relation (2.16) initialized by (2.17), and
which have the following properties:

o if0<k<|s|andj=Fk—1, csk - is a nonzero constant;

5J
id

sk vanishes;

o otherwise, c
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Equivalently, 1])%2) satisfy the equations

%[S)II) () = sgns(|s| — [2]+1) +w 23%;] (2.12)

where

s 2Mw o T s
R = (LL +LL)+ = w4+ Ul (2.13)

In particular, for k = |s|, Pls] (equivalently \I/[S]) solves a decoupled wave
equation
oblold = yldryold, iyl =g, (2.14)

with R = %ETLD and Ul = U([IS}I) = s2u(r). For k < |s|, using (2.8), we
can recast (2.12) as the constraint equation

L, —sgns(ls| —k—1)— w&ijﬂ)

— gl — { B +2M} +Z~[s1 WL @)

Proof. This proof was given in [SRTdC20] for general rotating Kerr black
holes; here we repeat the main points for Schwarzschild black holes.

The result follows by recursion in k. To obtain the wave equation (2.12)
at kth level, we start from the (k — 1)th wave equation (2.12). Noting

LL+ LL = 2LL, we use the definition of ll)[(“;j) in (2.8); we thus obtain the
(k — 1)th transport relation (2.15). Then, we divide by w and apply £. We
once again simplify terms using the definitions of 1|)E§.]), 7 =0,...,k, except
for the term £§11)5€]).

With our choice of weights, the PDEs for the transformed quantities take
the form

LLY() — sgn s(|s] - cw[s] +3 chkj

XeXx =0

where X = {40&[5], id} and coefficients cﬁfh ; satisfy the recursive relation

X
X Csk—1,0\
Coro = —sgns(—
X , (2.16)
c N}
k=1, .
cf,w- = —sgns(%) + cfk_Lj_l for j=1,..,k—1
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initialized by the relations, for j = k =0, ..., |s|,
A
Cokk = W,
. 2M (1 — 3|s| + 25%) E@2ls| —k—1) fw"'
id
= — 2.17
e <|s|+ . 2 (w) (2.17)
2Mw
= w/(|s| + k(2]s| — k —1)] + =——[1 — 3|s| + 25 — 3k(2|s| — k —1)].
Since (1/r)" = —w, we can deduce the properties of cf;}k’j, forj=0,...,k—1,
claimed in the statement. O

Remark 2.6 (Full computation of the wave systems in particular cases). We
carry out the computations of (the proof of) Proposition 2.5 for particular

cases s € Z. For |s| =1, (2.9) become
[+1] [+1] _
D[gl]d)(l <1 o > d)(l) -

2M 2(r —3M
D[;]d%)u B (1 3 T) ol — 1 ( . )d)[il]'

For |s| =2, (2.9) become

ol -1 (177 o =0
0Pl - (1 _ 254”) oiA = 2(r ;23M)¢E 2 5 Mgl
ol — (1 n 21\4) B2 = A(r ;23M)¢E11_L)}
For |s| = 3, (2.9) become
A o157 o =0
e 9 (1 - 27“) ofy! =+ ;ng) by F 1M
DL3}¢Eﬂ1:)3} B (7 B 6M> q’£j1E)3] _ 4 (r ;23M)¢5)3] 20Md>[§)3],
ol - 3 (1 + 65}4) pied = L 2= 30 ;f’M) Py

Notice that there is no smallness parameter in the coupling of the kth

equa-

tion to any of the j =0,...,k — 1 equations nor to the (k + 1)th equation.
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Remark 2.7 (Rescaling the transformed variables). In what follows, it
will be useful to consider rescalings of the unknowns in (2.8). If we let

11’53) = Ck(T)li)[(ij), then (2.8) becomes

0 = T + sgnsfw[s] , (2.18)

and the PDEs (2.12) become

!/
s (% i
[%(k) (%) sgnka ]11) (2.19)
/ /
. ‘L WCE41 5 [s] Cj ~[s] + [s]
——sgns( (s = k)~ ) o Ve T 3m.0) VG

2.2.3 Energy norms

In this section, we introduce the definitions of the energy norms we will use
throughout the rest of the paper. Fix s € Z, —oc0o <11 < 7 < 70 < 00 and
recall the definitions (2.7) and (2.8). Then, set

W2l am= {0
=c (r . c(r) = :
( ) k (k) k (1 _H)|S|—k7 s < 0
First order energy norms. For k € {0,...,|s|}, p € (—1,2], and ¢ €

[0, 1], we define energy fluxes

-2
[s] - 7 [s] r
E(k),p,q(T) - /ET (TP|L1|)(1€)|2 + WHAI) |2> drdo
+/ _Q\Wll)[s] 1drdo,

5] - [s] 12 o (s 2
]E(k)ﬂ-ﬁ,q(Tl?T?) = /H+ (|L¢(k)| + ﬂ{q:1}|Y71|)(k)\ )dUdT’,
(t1,72)
EEIJ) Z+.p (7_177—2) = vll)né.lo S( )(U) (’]"p|LlI)E‘2)’2 4 l{p:2}|v¢5€])’2) dUdT/,
71,72
where if p = ¢ = 0 we drop these superscripts, and 1,y is 1if z =y
and 0 otherwise. Here, S(rl 72)(1}) denote null hypersurfaces which approach

as v — 0o, and H =HTN (UTIG[TMQ]ZT).

Jr
I(Tl,TQ) (r1,72) —
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We also define bulk energies as follows. For p € [0,2] and ¢ € [0, 1],

1 R e o 1y 159, 2drdods’
s.p.g(T1> T2) P2 =p+ )V [FdrdodT

T2 S]
+/ / P p 7| Lb Gy [Pdrdodr’

r1- é
2
/ / 1Jrq|Lll) |*drdodr,

]I([;sp(;eg (71, 72) / / PR —p4rh <1— ) |W1|) |2drd0d7"
M = s
+/ / P (p 4 )(1_3> |L1|)[k] ?drdodr’
13
3M s
+/ / Tzt Ha—m) (1 - > LG () [Pdrdods’
[ r-l-ﬂ(L—L)xpﬁij)\?drdadf’,
1 JXr

where if § = 1, p = ¢ = 0 we may drop the subscripts. Note that these two
definitions differ by the fact that in the second one the r-weights on some
of the derivative degenerates (hence the notation “deg”) at r = 3M.

Now take k € {0,...,|s| —1}. For s >0, p € [0,2) and ¢ € [0, 1], define

HE‘;] pq (0,7) / / ) 1 (rp]Lll)[s] |2 ( ) |L1b \2> drdodr’

- / / P2V Pdrdodr.

We can may also denote this same norm by H[(s]) 5pq(0,7') for convenience,

even though it does not depend on the parameter . For s < 0, ¢ € [0, 1],
d € (0,1] and p € [0, 2], define

1)
+ / / Tmax{p,l}—2(2 —p+ T_l)‘vw(ﬁ) ’2d7“d0d7'/-
0 -

S max s 7171 J ~ g
HEk)apq 0,7) / / ) ( {p’1}|L¢ ] 2+ = T (Ll - u))\m%?) drdodr’

Higher order energy norms. If X is a vector field on M or int(M),
adding a superscript X to any of the previous norms denotes the same
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quantity with ﬂ)gj) replaced by X 11)22]) We also set
[s], J - [s], /-1, X
E(’f)m,q(ﬂ - Z IE(’f),nq (),
Xe{id, -1yl

with E[s]’o = E[S] defined above. We take definitions for the fluxes

(k):p,q (k).p.a
EE‘Z}) L7]-L+ q(O,T) and EE‘;]) ‘é+ p(O,T), as well as for the non-degenerate bulk

term ]IE‘Z])"gpq(O,T). Finally, for k < |s| and J = |s|, we define

[s], deg, [s|—k o ols]y |s|—k—1 [s], deg, |s|—k—1, X
H(k)v(;:iq (0’ T) - H(k‘),p,q (0’ 7—) + Z H(k‘),p,? (0, 7-)

xe{rr-1yld}

2.3 Notational conventions

In our estimates throughout this article, we use B to denote possibly large
positive constants and b to denote possibly small positive constants depend-
ing only on M > 0 and s € Z. Whenever the constant depends, additionally,
on another parameter that has not (yet) been fixed, say x, we write B(z)
or b(x). We rarely keep track of changes in such constants, and thus by
convention we have

B+ B=BB=05, b+ b=10bb=0, B+ b= B,
Bb = B, b~! = B, etc.

3 Estimates for the top level wave equation

In this section, we prove Theorem 1.1 for the transformed wave equation
(2.14). To be precise, we will show:

Theorem 3.1 (EB and ILED for k = |s|). Fiz M > 0, and s € Z with
|s| < 4. For anyp € [0,2], ¢ € {0,1}, and 6 € (0,1], and all 7 > 0, we have
the following uniform-in-t estimates:

o energy boundedness without derivative loss:

[s] [s] )
E s pa(™) < BE(1g)) 5,4 (0); (3.1)

e integrated local energy decay with loss of one derivative at trapping:

[s], deg [s]
Iihoma(0:7) < BOE(, , ,(0). (3.2)
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Corollary 3.2 (Decay for k = |s|). Fiz M >0, and s € Z with |s| < 4. We
have the following uniform-in-t estimates:

o energy decay with derivative loss:
[s] 2 pmols]; 2
E(jsp,01(T) < (L+7)°BE() 5, (0); (3.3)
o pointwise decay with derivative loss: for any 6 > 0,

sup |\Il[5}|2 <(1+7)" 2BE[(T}|) 2 1(0). (3.4)
Remark 3.3 (Restrictions on s). While the restriction to s € Z is impor-
tant to obtain the DHR transformed equation (2.14) in Proposition 2.5, we
expect the restriction to |s| < 4 to be merely technical. This restriction is
introduced so that a particular choice of s-independent multiplier estimate
goes through, see the proof of Proposition 3.4 below. It seems plausible that
a more refined, possibly s-dependent, choice of multiplier would allows us to
obtain the same statement for all s € Z. However, in view of the fact that,
among integer s, only the cases s € {0,+1, £2} are of physical significance,
we have chosen not to attempt this optimization.

3.1 Energy boundedness and integrated local energy decay

In this section, we prove Theorem 3.1. We note that the proof given here is
by no means novel: Theorem 3.1 is a classical result that can be obtained
by following the methods of the lecture notes [DR13] or the more recent
[DHR19b, Section 11]. We start with a slightly less sharp version:

Proposition 3.4 (Basic EB and ILED). Fiz s € Z with |s| < 4. The
following estimates hold:

[s] [s] [s] [

E(l |)( T)+ IE| |H+<O,T) E(l |)I+(0 7) < BE

1(0), (3.5)
[s], deg ]
s (0,7) < BE SD(O) (3.6)
Proof. Estimate (3.5) is obtained by using 7" as a multiplier for (2.14): i.e
we multiply (2.14) by T®, take the real part, and integrate by parts over
int(M)N{0 < t* < 7}. Estimate (3.6) requires more work, and we will split
its proof into several steps.

Step 0: decomposition in angular modes. To simplify the proof of (3.6), we
start by expanding ¥ in spin-weighted spherical harmonics using Lemma, 2.2:

\I/[S]tr /\P[S]tTHQS ZS[S do, £>]s,

m</t
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satisfy the PDE
(@) =12 vy =0, (37)

vy =58 (e p+ 2R - ).

In what follows, we drop the superscript [s]| for readability, both from the
transformed variable and its norms. We will add a superscript ¢ to the energy
norms of Section 2.2.3 to indicate norms where W[l has been replaced by
\I/ES], and we will drop the subscript (]s|).

Step 1: Morawetz estimate. Now we apply multiplier estimates to the /-
dependent PDE (3.7). We set

fr) = (1 - 35%) <1+ Af) if £ > max{1,|s|}
1 ifs=¢=0 ,
y(r) = (1 - W>3.

r

For the first multiplier estimate, we multiply (3.7) by /W, + 2fW}, take
the real part, and integrate by parts in {0 < ¢t* < 7} to obtain

T 1— 1_ o
0 JE 2 73 .

r

T 1
S / / |:2f/’\11/[|2 o fvé‘\:[,AQ o 2f/,/‘\:[’€|2:| dr*dT/
0 JX

_ < / - /E ) (Rel(f/ ¥, + 2/ ¥)TT,)) dr*do
+/OT/Z [r1o - pirw] artar’
< BE'(r) + BE'(0) + BES,+ (0,7) + BEL. (0,7),

as long as? |s| < 4. Then, we multiply (3.7) by 2yV/, take the real part,
and integrate by parts in {0 < ¢* < 7} to obtain, in an entirely analogous
manner,

T - M
b/ / ( 2“) <1 - 3> 70, [2dr*dr’
0o Js, T r

4The restriction here arises from our choice of factor (1 4+ M/r) in the definition of f.
It is conceivable that other choices, perhaps depending on |s|, would allow us to drop this
requirement. See Remark 3.3.
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< [ [, [ e yire] e

/ / (Vo) | 2dr*dr’ + </ / > 2y Re \IIKT\IIK]) dr*do

—l—/ / y|\112]2—y\T\Ilg]2} dr*dr’
0 P

i (1—p) -1 24
gB/O /Z 2 (e 1)+ 071 [ Partar
+ BEY(1) + BE‘(0) + BE%,+ (0, 7) + BES. (0, 7).

By combining the two previous estimates, we have

Hdeg’é(O,T) < BEZ(T) + BEK(O) + BE?—H (0, 7') + B]EéJr (0, 7').

Step 2: sum over angular modes. Making use of Lemma 2.2, we can use
the L? orthogonality of the angular modes to conclude to sum the previous
estimate for all £ > |s|: we have

19°¢(0, 7) < BE(7) + BE(0) + BEy+(0,7) + BE7+ (0, 7),
and thus (3.6) follows after applying (3.5). O

Having obtained an energy boundedness statement and an integrated
energy decay statement, we can now improve their r weights in the two
limits r — oo and r — 2M:

Proof of Theorem 3.1. In Proposition 3.4, we have already shown a ver-
sion of the statement with p = ¢ = 0 and § = 1. To conclude the proof, we
just need to show that the large r weights can be improved using parame-
ters p € (0,2] and 0 € (0,1] and that the r weights close to r = 2M can be
improved using a parameter g € (0, 1].

Weights at r — oco. For the improvement in the bulk term only, related
to the new J constant, we employ a large » Morawetz multiplier: in the
language of the proof of Proposition 3.4, we choose y(r) = (1 — r~%)x for x
supported at sufficiently large r, so that the error is contained in a bounded
|r| region where Proposition 3.4 can be used. For the improvement in the
bulk term and energy fluxes related to the p constant, we rely on the rP-
weighted estimates of [DR10]: we multiply (2.14) by rP(1 + 4Mr—1)xLV¥
for x supported at sufficiently large r, take the real part and integrate by
parts. It is clear from, for instance, the identities in [DHR19a, Page 46]
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or [SRTdAC23, Section 4.1.4] that the errors produced can be controlled by
Proposition 3.4.

Weights at v ~ 2M. This improvement can be done through the redshift
multiplier introduced in [DR09]: we multiply (2.14) by (1 — u)~%r*xL¥ for
x supported at sufficiently small r — 2M, take the real part and integrate
by parts. It is clear from, for instance, the identities in [DHR19a, Page 92]
or [SRTAC23, Section 4.1.4] that the cost to obtain the improvement can be
controlled by Proposition 3.4. O

We conclude the section with a trivial corollary of the previous results
that will be useful in the next section:

Lemma 3.5 (Nondegenerate ILED). Fiz s € Z with |s| < 4. For any
p € [0,2] and q € [0,1], the following estimate holds:

8 B8 (.7
s 10,00 7) = BE[ 4 (0) + BE| g 4(0).

3.2 Decay of the energy and the solution

In this section, we prove Corollary 3.2. The proof given here is, again, not
novel: it is based on Dafermos and Rodnianski’s 77 method [DR10].

Proof of Corollary 3.2. In this proof, we will lighten the notation as fol-
lows: we drop the superscript [s] and the subscript (|s|) from our definition
of norms; we take 6 = 1 and drop this subscript.

Take p € [1,2],0 < 74 < 7 < c0. By direct inspection of the definitions
of the norms,

B
/ E,—1,1(7)dr < B, 1(74,TB)
TA
and thus, by Lemma 3.5, we have

B
/ Ep—11(7)dr < BE,1(74) + BE{ o(74).
TA

Step 1: decay along dyadic sequences. Fix some 0 < 19 < oo. Taking p =1
in the above, we have

/ [ET(r) + 3, (r)] dr < BEy () + BEL, (m) + BESS ()

0

Boletim da SPM 83, Dezembro 2025, Mateméticos Portugueses pelo Mundo, pp. 11-55



RITA TEIXEIRA DA COSTA 29

B
Ef (7) < = (Eza(ro) + E31(r0) + EG§ (7)),
n

B
Ei(ma) < — (Ea1(r0) + B3 1 (70) + ES (70))
n

along a dyadic sequence such as 7, = 2" 7.
We now state two estimates for p = 0. Firstly, we note

Tn4+1
/ EL\(r)dr < BET, (r) + BELL ()

B
< — (Baa(m0) + B3 (v0)) + EG (7o)

n

_ B

= E1(7n) < — (E2a(r0) + B3 (70) + E§§ (7))
n

along another dyadic sequence 7, € [%Tn, ng]. The last inequality in the

first line follows by the first estimate in this step, which is used to control

IElT,l (7n), and energy boundedness (Proposition 3.4), which is used to control

E§1 (). Secondly, we have

?nJﬁl
/ Eo,1(7)dr < BE11(Ty) + BE{o(7n) < BE1,1(7y) + BE{(Tn)

Tn

B
< — (E21(r0) + B3 (r0) +EG (70))

n

— B
— E[)’l(?n) < —; (EQJ(TO) +Eg’1(7’0) +Ea€(TQ>) ,
Tn

along another dyadic sequence 7, € [%?n, %?n]. In the first line, we have
used energy boundedness (Theorem 3.1) to control Ei 1(7,) and then the
previous estimates.

Step 2: decay along foliation. By combining the decay of Eq ; along a dyadic
sequence established in Step 1 with the energy boundedness of Proposi-
tion 3.4, we deduce that Eg;(7) decays in 7. Sobolev estimates using com-
mutation with angular symmetries then imply pointwise decay for the field
U away from r = 2M. O

4 Estimates for the lower level wave equations

In this section, we prove Theorem 1.1 for the transformed wave equation
(2.14). To be precise, we will show:
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Theorem 4.1 (EB and ILED for k < |s|). Fiz M >0, s € Z with |s| < 4,
and k € {0,...,|s|—1}. For anyp € [0,2), ¢ € [0,1], and § € (0,1], and all
T > 0, we have the following uniform-in-t estimates:

e energy boundedness without derivative loss:

[s],]s]— B [s], Is|— 50
ZE S <BZE g (0); (4.1)

o integrated local energy decay with loss of one derivative at trapping:

|s|

[s], deg, |s|—k [s], s|—k
Z]I Vspg  (0,7) < B(8) ;;)E(k)’p’q (0). (4.2)
Corollary 4.2 (Decay for k < |s|). Fiz M >0, and s € Z with |s| < 4. We
have the following uniform-in-t estimates:

o energy decay with derivative loss: for any n € (0, 1),

s k s |s|—k+
ZE ]H <(1+47)" 2+UB [(}5|)|72| ,772(0); (4.3)

o pointwise decay with derivative loss: for any § >0 and n € (0,1),

Is|

ksgﬂols;pw D<@ +n) B0 Y BN 0). (44)
S k=0

If s <0, the above holds with n =0 as well.

In these statements, as in those of Section 3, we expect the condition
that |s| <4 to be suboptimal, see Remark 3.3 for details.

4.1 First order energy boundedness and integrated local en-
ergy decay

In this section, we obtain a weak form of Theorem 4.1. Namely, we will
show that all first order energy norms of 1])&2]) are controlled up to zeroth

order energy norms involving lb(k: 1y

Proposition 4.3 (First order EB and ILED). Take s € £Z<4. If s < 0,
for all 6 € (0,1], p € [0,2] and ¢ € [0,1], we have

E[S]

D (0,7) + b(5)I1¥

[s]
0,7) +E (k),0:p,q

( ) E[S} (k) T+.,p

(k) H T .q (0,7)
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!  [5 \
<BZE<J ) pal +B(/E +/E) Wil drdo
* B/o / ?(1 T rﬂ{P:Q})hLE?c]H) |2d7"*dad7-’,

If s >0, for all p € [0,2) and q € [0, 1], we have

[s] [s] [s] [s]
E(k%pq( )+E(k),H+,q(0’7)+E(k),I+, (0, T)-I-H(k)pq(O,T)

k
[s] Pl *
gBZE " (/ /) Pl ldrdo
+B/ / wrP™ 1]1]) k+1)\2dr*dod7/.

The proof of Proposition 4.3 follows by combining the results of the
subsections below: Lemma 4.4 with either Lemmas 4.7 and 4.8 (if s < 0)
or Lemmas 4.6 and 4.9 (if s > 0). The last four lemmas, though nontrivial,
can be viewed as mostly technical. It is Lemma 4.4 which is the heart of
the proof of Proposition 4.3 and, indeed, Theorem 4.1.

4.1.1 Estimates with suboptimal weights

We begin by closing estimates for the transformed variables with weaker
weights as » — oo and r — 2M than those in Proposition 4.3. This will be
loosely based on the insights and, to large extent, approach of [SRTdC20],
though see Remark 4.5 for a comparison. Our result of the section is:

Lemma 4.4 (EB and ILED with suboptimal weights). Fiz s € Z with
1 <|s| <4. Then, for all k € {0,...,|s| — 1}, we have the estimate

// [10:-0) 2 4 Tld 2 4 e Ll 2y ) 2] i dard
[ PR + (= ) TR + 0l $ ] drdo

<B/ [ 1|¢k+1|dr*dadT+B/ whply,  Pdr*do

+ B/ wipl] (| dr*do + BZEj(o)
j=0

Let us start with the easier case k = 0. Note that, for |s| = 1, this is the
only case we need to study.
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Proof of Lemma 4.4 if k = 0. Consider the wave equation (2.12) with
k = 0; in particular notice that, in this case, 3[‘2 5 = 0. The proof fol-
lows in two steps. First, in Step 1, we repeat the Isroof of Proposition 3.4,
now applied to (2.12) with £ = 0, to obtain a (conditional) energy bound-
edness statement and a degenerate integrated local energy decay statement.
Then, in Step 2, we will remove the degeneracy, thus recovering integrated
(conditional) control over all derivatives of the k = 0 transformed variable.

In this proof, and all other proofs of Section 4 from this point onwards,
we will drop the superscripts [s] and the parenthesis in the subscripts for
readibility.

Step 1: energy estimate and degenerate bulk estimate. One can check easily
that the same choices of multiplier currents from the proof of Proposition 3.4
lead, for (2.12) with k& = 0, to the estimate

v 3M 1 1 .
/ / w [\%F + (1 - ) <|T¢0|2 + IWOIZ) + |woﬂ dr*dr’
0 Js, r r r
< BEy(0) + B/o /E w (T_l\ll)lll)m + rw|pipo| + Tw|1b1|2) dr*dodr
< BEy(0) + B / / w21 drdodr,
o Js,
at least for |s| < 6, and

2o+ (1= o + wl S ] drdo

T

< BEy(0) + B / / wr ™2y |*dr*dodr.
0 Jx,

We have used here that (2.8) < Ty = wip; + sgn s, to simplify the error
terms arising from application of the 7" multiplier.

Step 2: removing the degeneration. Now take the constraint equation (2.15)
with & = 0, multiply by 1y and integrate by parts to obtain

/S2 % (‘%ﬂ)op + (\s\ + g(l —3s| + 232)> ’11’0‘2) do

= | % [w|1])1]2 + 2sgn s Re[1 Py ] + sgn s <|S|TU — i) Re[ll)llbo]] do

~ /S2 L (I: Re[lbolbl]) do.
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Thus, we have the estimate
/0 /E wr ™ [|Y71|)0|2 + |l])o|2] dr*dodr
< B/ / y¢g\2dr*dadr+3/ / w2 s Pdr*dodr
0 JX 0 JX
+ B/ wr [Py |2dr*do + B/ wr ™ [Py [*dr*do + BEy(0).
it o

Using Step 1, and the fact that (2.8) < Ty = wy + sgn sip; (which
allows us to directly estimate the bulk term in Thpg), we obtain

[ L w [+ 1Twol? + v ol + 7 ol i’
0o Jo,
[ [l + (L= I Lbol? + w2 dr*dor
gB// wr—2\¢1|2dr*dadr+3/ Y 2dr*do
0 ET/ Y- T
+B/ Y1 [2dr*do + BEo(0).
o T

This concludes the proof of Lemma 4.4 in the case k = 0. O

Studying the k = 0 case has us provided a strategy to try to address the
k < |s| wave equations (2.12). However, in the more involved k > 1 case, as
we will see shortly, this must be supplemented with new insights:

Proof of Lemma 4.4 if k£ > 1. Consider the wave equation (2.12), now
with & # 0. We start by trying to follow the strategy of the proof of
Lemma 4.4 with k£ = 0. Applying the same steps as in that case, is not hard
to see that such multiplier currents and use of the constraint equation (2.15)
will yield the estimate

L[R2 4 [ 2]
gB// wr_2|ll)k+1|2dr*dad7"+B/ Yl |2dr*do
0 X >, T

+B / 41 fdrdo + BE4(0) (4.5)
Yo
k=1 .,

+BZ/ / whp;|*dr*dodr’,
=0 0 X
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for |s] <4 and all 1 <k < |s|, and for |s| = 5,6 only if 1 < k < |3], as well
as the estimate

/ (P21 Labk 2 + (1 = ) [ L[ + w|Vy[?] dr*do
T k—1
< B/ / w(r i ? + 3 ;) drdods’ + BEL(0),
0 Y :
T =0

Notice that, since Ji; # 0 for k # 0, we now have coupling errors
involving {; with j < k. In order to conclude the proof we must control
these errors. By separately examining the s < 0 and s > 0 cases below, we
will see that on Schwarzschild this can be achieved by supplementing the
wave estimate (4.5) with appropriate transport estimates for (2.8).

The case s < 0. Let us consider the transport equation (2.8) with s < 0.
By multiplying it by c(r){g, and taking the real part, we can derive the
identity

— (1)Wx[? = =L (e(r) e [?) + 2¢(r)w Refwby11b4).
Now choose ¢(r) = r~! to obtain
/ / whp2dr*dodr’ < B/ r 3 2drdo
0 Jx, o
+B / / wr 2Py 2dridedr’ (4.6)
0 P

< BE(0) +B/ / wr 2 [ Yg 1 [2dr*dodr’.
0 JX

Notice that we have used the additional decay of 1), compared to P to
estimate the integrals over ¥ by our data norms.

Using the transport estimate (4.6), we deduce that the coupling errors
in the last line of (4.5) satisfy

k—1

Z/ / whp;[2dr*dodr’ < B/ / Y g 2dr*dods’ +BZIE

Therefore, if the derivative terms dominate the left hand side of (4.5), i.e. if

// (ITwil? + Vi) dr*dodr’ > - // wr g 2drtdodr,
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for sufficiently small €, the coupling errors in (4.5) can be absorbed by the
left hand side; we can fix € so that this is the case. Then, (4.5) holds without
the last line as long as we add B Z?;& E;(0) to the right hand side.

If, on the contrary, we have

// (170wl + 1 [Fbef?) dr*dods’ < - // wr i 2drtdodr,

then, since we have already fixed e,
J) e [0 T Y e
< B/ / whpy |2dr*dr’ SB/ / wr Py [Pdrrdr,
0 Jx,, 0 Jx,

by noting that ) = w\pry; — TPy and then using the transport estimate
(4.6) directly.

The case s > 0. If we repeat the procedure from the previous case now for
transport equation (2.8) with s > 0, we can derive the identity

¢ )il = L (e(r) i) + 2e(r)w Reltpy 1],

A natural choice (analogous to that in the previous case) is ¢(r) = 1 — p,
which leads to

/ / whpy 2 dr*dodr’ < B/ (1 — p)? [y |*dr*do
0 JX
—l—B/ / )W y1)?dr*dodr’

< BE,(0) + B / / 1) st [2dr*dodr,

where we have again used the additional decay of {; compared to Vi to
estimate the integrals over >y by our data norms. In this estimate, the bulk
term in g1 on the right hand side has too weak decay as r — oo for us
to carry on emulating the argument of the previous case case. However, it
is enough to show that the coupling errors in the last line of (4.5) satisfy

k—1 T T k—2
> / / wl;|*dr*dodr’ < B/ / whpi_1|*dr*dodr’ + B> E;(0)
=0 0 JX 0 JX j=0
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If we seek to change the r-weights in our transport estimate, a first
obvious attempt is to modify the choice of ¢(r). For instance, consider

C(T) = _(r*)_ll{T*ZR*} — (7"* — R* + 1)/R*]1{R*—1§7’*§R*}

for some arbitrary, but fixed, R* > 1. Then, we have

// w\xpkder*dadr’gBEk(o)JrB// wr | Pppq [2drdodr’
0 X 0 X

i
+B// [y 2dr*dedr’,
0 JEX ,N{R*—1<r*<R*}

where the r-weight in the {41 bulk term has enough decay as r — oo; this
comes at the cost of having to control a bounded r term bulk term in V.
The coupling terms in (4.5) therefore are controlled by

, k2
B/ / w1 Pdrtdedr’ + B S E;(0)
0o JX :
T ]:0

< B/ / E|1|)k|2dr*dad7"+B/ / | 2dr*dods’
o Je, 7 0 Jx_n{o<|r—R*|<1}
k—1
+ B E;0).
=0

As in the case s < 0, if the terms involving 7 and Y derivatives dominate
the left hand side of (4.5), we can now conclude using their comparative
largeness. .

In contrast, if the terms involving 7" and Y derivatives on the left hand
side of (4.5) are not dominant, the above approach will not help us. Let us
instead consider the modified transport equation (2.18). Multiplying (2.18)

by c(r)@ yields for s > 0
(¢ (r) + 2rw(]s| = k)e(r)) [~y [
= —L (e(P)lbil?) + 297201~ Refipy .

Now notice that choosing ¢(r) = =2, we find that
T
(Is| =k — 1)/ / wr el 2dr*dod s’
0 JX

< BE.(0) + B / / wr Py |2dr*dodr’.
0 P
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Unless (s, k) = (+1,0), this transport estimate represents the desired gain
in r-weights as r — oo, and it is enough to conclude, arguing similarly to

the s < 0 case, when neither 7' nor Y derivatives are dominant. ]

As required, we have obtained energy boundedness and integrated local
energy decay estimates for 1])%;]) conditional on lower order statements hold-

ing for 11)5;] L1y However, as we have mentioned, these estimates have subop-
timal r-weights, and this is easy to see: for instance, we expect IJ)E‘Z]) — 0 as

r* — (sgn s)oo, that is, we expect that 11’5@]) are not radiation fields. In the
next two sections, accordingly, we will improve the r-weights of Lemma 4.4
as r* — (sgn s)oo and beyond.

Before doing so, and because Lemma 4.4 is the heart of the proof of
Theorem 4.1, let us wrap up the section with a reflection on its proof and
outlook to the rotating Kerr case in [SRTAC20]:

Remark 4.5 (From k = 0 to k > 1 to rotating Kerr). In the above proofs
of Lemma 4.4, we saw that in turning from the case of kK = 0 to k > 1 the
significant difficulty we encounter is the fact that, in the latter case, the
wave equation (2.12) is coupled not only to the (k + 1)th equation but also
to the jth wave equations, with 0 < j < k. Since the coupling constant is
not small, for us to close any wave-type estimates, we must find smallness
elsewhere.

For the Schwarzschild case considered here, we easily find smallness of
this backward coupling (coupling to j < k equations) in the time/angular
derivative-dominated regime by making use of the constraint equation
(2.15), obtained by combining the wave equation (2.12) and the transport
equation (2.8). In the complementary regime, we avoid wave-type estimates
altogether, using transport estimates for (2.8) instead. Crucially, we use the
fact that we never need to gain any smallness in the forward coupling, i.e.
the coupling to the (k + 1)th equation; because we control the top, k = |s|,
transformed variable unconditionally by the results of Section 3, our task
for k < |s| is simply to convert the k < |s| errors into (zeroth order) bulk
terms involving k = |s|.

Turning to the rotating Kerr case analyzed in [SRTAC20] presents a
further layer of difficulties. First of all, the coupling to the j < k wave equa-
tions occurs through angular derivatives as well, making the gain of small-
ness in the time/angular derivative-dominated regime significantly harder
to achieve. Secondly, in the complementary regime, we cannot hope to rely
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on transport estimates alone, as the top, k = |s|, wave equation is coupled
(with an O(M) coupling constant) to all the k < |s| equations.

4.1.2 Improving weights near 7+

To improve the r-weights in the estimates of Lemma 4.4, we start with the
asymptotically flat region, » — oco. We emphasize that the statements and
proofs contained in this section are not new: they have appeared, in a more
condensed form, in [SRTdC23]. For simplicity, we will state them (and prove
them) with a simplified notation, where we drop the superscript [s] and the
parenthesis in the subscript in the transformed variables and their norms.

Lemma 4.6 (Improving weights for s > 0). Fiz s > 0. Let p € [0,2) and
R* > 0 be sufficiently large. Then, for all k € {0,...,|s| — 1}, we have the
estimate

Etp,0(7) + Ep 2+ 5(0,7) + Tk p,0(0,7)

k
<BY Bjpol0)+ B [ wlbnfdrdo
J7=0 0

—|—B/ w\ﬂ)kH]er*do—i-B/ / wrP gy |dr*dodr’

27— 0 Z_,./
T ~ o k -

+B(R*)/ / (1Z0el? + (YDl + 3 [y ?) dr*dods”
0 Jen{jr|<R*} =

T 1 _ _ o .
w8 [0 0= ) (L L o+ (V) drtdods!
0 JE, n{r*<—R*} 1—p

1 ~ - o .
+B (1= ) (= [LDx[? + | L * + YDk [?) dr*do.
S, {r*<—R*} I—p

Lemma 4.7 (Improving weights for s < 0). Fiz s < 0. Let p € [0,2] and
R* > 0 be sufficiently large. Then, for all k € {0,...,|s| — 1}, we have the
estimate

/ P2 (rpH]lek]z + !Lll)k|2 + W°71|)k|2 + lll)k|2) dr*do
S-n{r*>R*}
+Ez+ ,(0,7) + / / (rp_1|L1,bk\2 + 5T_1_§\Lll)k|2) dr*dodr’
0 ET/Q{T*ER*}

o /foﬂ{r*zfe*} P (2= p ) (V0] + ) dr*dods’
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T . k
R* / / L% + i 2, 2\ drtdods’
) 0 ZT’Q{R*_IST*SR*} (’—lpk| ’ lpk‘ JZ:E)N)” )
+B/ / P71+ Y gy [Pdr*dods
Y n{r*>R*—1}

—|—BZEJP7 —I—B/ wPpr [2dr*do.
7=0

Proof of Lemma 4.6. We consider the rescaled equation (2.19) for s >
0, focusing especially on the case r > 1 where the rescaling weight cy(r)
becomes prominent.

In the proof, we will consider the cases & = 0 (Step 1) and & > 0
(Step 2) separately in the basic setting p = 0, 6 = 1. In both instances,
and for all the lemmas in Sections 4.1.2 and 4.1.3, the proof follows by
considering multipliers z(r)L and z(r)L for some function z: that is, by

considering the identities generated by multiplying (2.19) by z(r)L;, and

Z(T)Ll])k, respectively, taking the real part, and integrating by parts. The
precise choices in integration by parts depend on the situation; thus, it will
be useful to keep in mind the notation

(L= L) oy sty = ) arao

/ vs(r)FX dodr’ + / va(r) X dodr’ (4.7)
H+

(0,7) (0 T)

/ / IXdr*deT =0,

for the identity induced by a given multiplier X, not just in this proof but
in the following three proofs; here b < v;(r) < B only depending on M. In
Step 3, we sketch the proof for general p € [0,2), § € (0, 1]. For readability,
we have kept the discussion in these steps at the level of the r > 1 region
only; in Step 4 we explain how to make these estimates become the stated
almost global estimates.

Step 1: k= 0. Since (2.19) with k£ = 0 couples only to Py, our estimates in
this case are slightly easier. First, we apply the multiplier z(r)L to obtain
an identity of the form of (4.7) with

Fil = 2| L2,

Fi* *ZwthboF 21— |s] + 25) [bol?,
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- I M ! -
P = (slrws + ) 1ol = S50 o — (M2 (1= 3] + 26 ol
aM —
+ 2|s|w (1 - T) Re [ Lo | -

AU
Here, we have treated the terms (Up + %)w - (i—g) in (2.19) together.

Choosing z to be a cutoff function which equals 1 for »* > R* 41 and equals
0 for r* < R*, we have

/ (ILli)o!Q + r_4W071~b0|2 + 7"_4]11)0\2) dr*do
Sr{r*>R*+1}

- / / (r 1 Lbol? + =¥V bol? + r~*[bo? ) dr*dodr’
0 JS_n{r<>R*+1}

<B / / Y b1 [2dr*dodr’ + BEo(0)
0 JX n{r*>R*} r

+BR) [ (1Zbof? + [¥bo? + ol?) dr*dods,
0 JS_n{R*<r*<R*+1}

as long as R* is chosen to be sufficiently large.
To improve the weights on X, in this estimate, we then consider an
identity generated by using the z(r)L multiplier, specifically taking the form

L - 1 ~
Fz* = Z|L1])0|2 — 552w2r22\1l)0|2,

M zw ~
—— (1= |s| + 25" )o?,

1 o
FiE= iszlbo\Q +
L = — /| Lo |? + |s|r?w? Re[y L]
1 o 1 2M "
+ 3Gy 90+ 1 [ (24 2151+ 2] ol

+ |s|z(r — AM)r?w3 [Py | — s2(r — AM)r?w3z Re[P1g),

in the notation of (4.7). To obtain these expressions, we have treated the
r N/
terms (Up + 2 )w — (C—O) in (2.19) together again. We also used the fact

co

that Ly = wr (fbl — ]s]fpg) to treat the other new terms in (2.19) which are

absent from (2.12), and integrated by parts any terms involving Re [ELIT)O].
With z(r) the cutoff function from before, we deduce
/I+ |Lipo|dodr’ + 72| Lpo® +7“_2|Y711’0|2+7"_2|1~P0|2)

0,7) S.n{r*>R*+1}
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<s[ [ v (Lol + Vol + [Bol? + [B1[?) dr*dods’
0 ET/ﬂ{T*ZR*}
+ BE(0),
for sufficiently large R*. Adding a small multiple of this second estimate
with the previous one, and then using the identity Ly = rw (ﬂ)l — |s|1])0)

to directly estimate the Lo bulk terms, we obtain suitable flux and bulk
estimates for large r:

/ (\L1L0|2 + 2 Vo ? + 7"_2|fb0|2) dr*do
S {r*>R*+1}
T 1 ~ ~ 1 o -
+/ / - <|Ll|)0|2 + | Lo |* + 2|Y71b0|2> dr*dodr’
0 Ju n{r>Re 41} T r
< B/ / g\\T)1|2d7“*d0d7" + BE((0)
0 Jo n{r<>R*} T

v [ f (1Zbol? + [Fbol? + [bo[?) drdods”.
0 JS_n{R*<r*<R*4+1}

Step 2: k > 0 and |s| > 1. Our strategy will be similar to that in the previous
step; however, because (2.19) with 0 < k < |s| is coupled to the (k + 1)th
equation and all the jth equations with j < k, the implementation will be
much more involved. The main difference is that we will need to work harder
to obtain multiplier identities generated by the z(r)L and z(r)L multipliers
which are suitable for our intended estimates. We will use the notation

etr) = % — (o] -y = ELEREZID ) gy - B 15 - ).

It will be useful to note that for 0 < k < |s| and |s| > 2,

oM '\
w (Uk + ) - ()
r Cl

2M
= k(2ls| — K)w + = —w (1= [s] + 257 + k(1 + 3k — 6]s])| > 2w,

oM AN / / /
w (Uk + > - <Ck> +2 (Ck> - C—k(|s| - k)rw]
r Ck 2c Ck

2M
= w[2s(|s| — k) +|s| — k + k%] + Tw[l —2k(2|s| — k —3) — 3s] > 3w.

Let us first state and explain the the relevant multiplier identities.
Firstly, the zL multiplier applied to (2.12) yields an identity of the form
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(4.7) with

z T, ‘) Tyoah, L (4
FLL — Z\Lﬂ)k|2 — iz Re[Lbrpy] + B (k) |1|) |2

z 1 o~ 1 2M C/ ~
- 2] (8]

# (G4 = Fara - )|

M
fﬁ<%wwﬁﬁﬂuwﬂmmm]

Ck
+mﬁ"m (ﬂ%¥@C§NMF
A28 4)ar
+2 z e (% Re [Br] - Re [EDid] ).

In deriving this identity, in addition to the obvious integration by parts

/

/
argument for the wave operator Ry — (Z—’;) , we have used the fact that

WCkL41
Ck

AL — ok 1% T
= 2| L[ — ek Re WLy 2Re Ly Ly

——¢czRe {Ij)kﬂm — Z:ZRG LII’kaPk}

where the second term (or a subset thereof) can be integrated in L and the
third term can be integrated in L; one then uses (2.12) to simplify LIy,
and integrates by parts the resulting expression. Let us remark that, as

r — 00,
e " % ! % 2 1/c, 2\’
S\ _k Sk Sk _[2(%
(2Ck> (Is )(T’ka) +c(0k> 2 <Ck)
c
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k(2 (s = )~ 1) + O(Y)

Ck

which is either positive, since 0 < k < |s| and |s| > 1 by assumption, or
O(r=*). Secondly, the zL multiplier applied to (2.12) yields an identity of
the form (4.7) where we have

. 1 1y LICIR}
FiP = 2Lyl = S (Js| = k) (zr ™) [l + 52 i,
1 o ~ 1 2M c
FiP = gVl + 52 ( (- 55) - (2) ) e

we 2M c -
+ ez Refbuya] - 5 (Is] - ) o

Ck

L= ( - :) Ll — 3 () (9

+2M(|s] — k) K;)/Re[Llqu)k] +

r,ck
—;K (e 25) - ()—)] Dl

o~ 2M g\ ¢ ~
+ czw|YPg|? + cz ( (Uk + r) (k> — C:c> D)?

Dbl

Ck
+ (|s| — k) [(izrw>/ - ;(zrl)”l [P |?
58 (e ) e i)
j=

Here, in addition to the obvious integration by parts argument for the wave
RN
operator R — (c—k> , we have used the fact that

%’:‘1@2 Re {ﬂ)kﬂrﬂ)k] = zcRe [(Llj)k - Z;ﬁd%) lek]

can be integrated by parts in L (first term) and L (second term), that we
can use (2.12) to simplify LIy, and that the resulting expression can also
be integrated by parts. Let us remark that

(o0 2)- (3]

Boletim da SPM 83, Dezembro 2025, Matematicos Portugueses pelo Mundo, pp. 11-55

cw|Y7ﬂ)k\2 +




FrROM THE TEUKOLSKY EQUATION TO A SYSTEM OF WAVE EQUATIONS
44 ON SCHWARZSCHILD

Ch 2 < "1 NI TRV R AT
+ ==z 4+ (Is] — k) (| Fzrw ) — =(|s| = k)(zr )" + =(c“2)"| [ W]
Ck Ck 2 2

= cw|VPr[* + cw(s® — 2(|s| — k) = Dbpf* + O ™) [/
as r — oo; thus, in view of the properties of the spin-weighted laplacian,
this expression is either positive for 0 < k& < |s| — 1 and s > 1, or it is
O~ i 2

We now apply the above identities in an identical fashion to Step 1. We
choose z(r*) = x(r*) to be a cutoff function equal to 1 for r* > R* and

equal to zero for r* < R* — 1 in both the multiplier estimates above. We
add a small multiple of the zL identity to the zL identity. We deduce that:

|L )y |2dodr’

(0,7)

+ (1Al + v Labi? + v Vil + v i) dr*do
S.0{r*>R*}

1 e o )
JF/E - <|L1|)k|2 + [Lg|* + 72V + 2|1|)k|2> dr*dedr’

AN{r*>R*} T

< BE(0) + B/ whppy1|?dr*de + B w1 [2dr*de
o z.N{r*>R*—1}

B k-1 T 5 9
4+ —= / / w [, [*dr*dedr’
(R*)? ;:%) 0 Jengre>R—1} ;]
k41

+BR) [ (1B 19 3 ) o,
0 JYLn{o<R*—r*<1} 20

as long as R* is chosen to be sufficiently large.

Notice that there is a small parameter multiplying the large r error
involving ﬂ)j for 5 < k. Thus, making R* even larger and then fixing it,
we can iterate the estimates for j = 0,...k (thus making use of Step 1) to
obtain:

/ N | L)y |2dodr’
7

0,7)

+ (1R + = Lk + 2| Wb + 172 f?) dr*do
S n{r*>R*}

1 EPRAp. o~ N
+/ - (\kaﬁﬂmww 2V |? + 2\1pk|2) dr*dodr’
S 0{r*>R*}T

k
< BY E;(0)+ B/ whpgyr[*dr*de + B w1 |2dr*do
0 2o S N{r*>R*—1}
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k+1

+B/T/ L~ 2+ %’V 2+ N'QdT*dO_dT/'
0 ’TQ{OSR*—r*g}(’ Vil + [Vl ;)]xp]] )

Step 3: p-weighted norms. To improve the weights further using the param-
eter p € (0,2), we repeat the two previous steps but now choosing z = Py,
with x the cutoff function from the previous step, for the z(r)L multiplier
only. Notice that, for kK = 0, the term

4M o =
z|s|w (1 - r) Re[Lpo1], z=rPy,

prevents us from closing estimates with p = 2.

Step 4: almost-global flures on ¥.. By combining the previous steps, we
have closed estimates for 1, in the large r region in terms of q)k+1 errors
(and data). It is not hard to see that the energy flux estimates can be made
almost global in r: indeed, if we choose z(r) in the z(r)L multiplier and
z(r)L multipliers to be supported not just at large r but for all  away from
r = 2M, then we can control the derivatives of \, on ¥, N {r* > —R*}
as long as we control ﬂ)kﬂ and 1])]-, j =0,...k — 1, spacetime errors away
from r =~ 2M. This final version of our estimates is the one given in the
statement. O

Proof of Lemma 4.7. Consider the wave equation (2.12) for s < 0. As
announced above, this proof will also rely on using z(r)L and z(r)L multi-
pliers for appropriate choices of functions z(r).

We start by stating the forms of the multiplier identities we will consider,
modeled on the notation in (4.7). For the z(r)L multiplier, we have

Fil = 2| Ly %,

FiL

1 5 o, 1 2M 9 g o
52wVl + Szw (U + == ) Wel® = 2w D0 el s Re [Di]
=0
1 o 1 2M !

IPL = 2| L2 — §(zw)/|W1|)k|2 —3 [w <Uk + r) Z} b’
+ (|s| = k)w' zwpry]?

k-1
+ 2 by (FwRe [Dr;] + z0” Re [Py )

=0

which is obtained by the usual integration by parts procedure for terms
generated by Ry, together with integration by parts of the terms Re[Lp;;].
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For the z(r)L multiplier, we have
1 - 1 OM
Fit =Ly, Ft= 20|Vl + 2w (Uk + T) Wi,
1 . 1 2MN
L= — | Ly + 5(210)/\?711%!2 t3 [w (Uk + T) Z] [

k—1
+ (Is| = k)w'z Re[ 1 Lby] — = 3 weldy ; Re [Lbgby |
j=0
Let x be a smooth cutoff function such that y = 1 for »* > R* and x =0
forr* < R* — 1. Apply the z(r)L identity with z = (1 + 4M/r)x, and add
a small multiple of the z(r)L identity with z = . Since cx = 1+ O(r~!) as
r — 00, we have

/I+ {‘leklz + Lp—oy (‘WQ’MZ + Tp72\1])k\2)] dodr’

(0,7)

+ P2 L+ | Lbe [ + Ve + [yf?) dr*do

r2 (
S-n{r*>R*}

+/ / (rp_1|L1|)k|2 —|—7’_2|L1|)k|2> dr*dedr’

0 ET/O{T‘*ZR*}

+ / / b3 (2 —-p+ 7"71) (\Wﬂ)k\Q + \1ka2> dr*dodr’

0 JEX_n{r*>R*}

<) [ [ (1L 190+ ) dr*dod”

0 JE_ /N{R*—1<r*<R*}
+ B/ / P41+ r Y gy [Pdr*dodr’

0 JY /n{r*>R*—1}

+B PPy |*dr*do + BE(0)
Son{r*>R*—1}

k=1 .,
+ B / / P83 ((2 = p) 41 2dr*deds’
sz(:J 0 JEn{r>R-1} <( p) )|¢a|
1

k—
+B> ( / + / ) r2P=3) 2 dr* do.
=0 S.{r*>R*—1} Son{r*>R*—1}

Clearly, for any choice of p € [0,2], we can use the improvement in the -
weights associated to k + 1 and iterate the above estimate for j = 0,..., k:
thus, for R* sufficiently large, the above estimate holds without the last two
lines and with E(0) replaced by Z?:o E;(0).

Finally, we can improve our weights on L bulk terms by using the
2(r)L identity with z = (1 + %)y instead of z = x. O
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4.1.3 Improving weights near H™

Finally, in this we turn to the task of improving Lemma 4.4 in the near hori-
zon region. We again emphasize that the statements and proofs contained
in this section are not new, as they have appeared already in [SRTdC23].
As in the previous section, we will state our results (and prove them) with
a simplified notation, where we drop the superscript [s] and the parenthesis
in the subscript in the transformed variables and their norms.

Lemma 4.8 (Improving weights for s < 0). Fiz s < 0. Let g € [0,1] and
R* > 0 be sufficiently large. Then, for all k € {0,...,|s| — 1}, we have the
estimate

Er,0,4(T) + Eg 3+ 4(0,7) + 11 1,0,4(0,7)

T N ~ . k i
<5}, (1L + | Ebwf + [Fef? + D 3] dr*dordr
0 Jen{jr|<R}

Jj=0

SO SR} T

k - )
+BY B0 +8 [ [ Y e [2dr*dodr’
=0 0

+ B/ / [P Lhk 2 + | Ll + 2|V ] dr dodr
0 Je n{r>R*}

+B {r_2|L1~bk\2 + Iy |2 +r_2|¢ﬂ)k|2} dr*dodr’.
Y.{r*>R*}

Lemma 4.9 (Improving weights for s > 0). Fiz s > 0. Let ¢ € [0,1] and
R* < 0 be sufficiently negative. Then, for all k € {0,...,|s| — 1}, we have
the estimate

Eg g0+ ,4(0,7) + / (1 — )~ Y Ly |*dr*do
S A{r <R}

/ N{r ( ) |:‘ Ibk| ’ Ibk'| ’¢k| :|d7“*d0'
S n{r*<R*}
/0 / {2( 'U’) ’—I‘LLIC’ (1 ,U)’LLPH }dT*deT/
ZTIQ{T*<R*}

L A= =)+ (1 ) [Pl + ] dirdodr
0 JE n{r*<R*}

k+1

<B@) [ [ (1L + [Fnf? + 3 s 2] dr*dord”
0 JS_n{r—R*€0,1]}

J=0

+ B/ / (1 — p)[ppr [2dr*dodr’
0 Jo_n{r<r}
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k
+B 1 — W) |[Ppa1Pdrido + BS E;,(0).
ETO{T*SR*}< M)N’lﬁrl’ Jz:;) ],O,q( )

In view of the positive surface gravity of Schwarzschild black holes, and
associated redshift effect [DR09], one can expect this region to be signifi-
cantly easier to handle than the asymptotically flat r — oo region. Indeed,
this section is much less technically involved than the previous. Neverthe-
less, the main conceptual ideas are the same.

Proof of Lemma 4.8. Fix some s < 0, and consider the rescaled equation
(2.19) with k£ <|s| — 1. This proof will follow a similar strategy to that of
Lemma 4.6. To obtain the estimates, we derive suitable identities generated
by multipliers z(r)L and z(r)L. Using the notation of (4.7), these can be
stated as

Fir = z\m\?
1 2M
FE* zw[Wl])klz + zw (Uk + ) |ll)k\2

P = (%) el + g oy el + 5 [ (0 20) 2]

— zRe {Lll)~k KZ: —(|s] = k)f}) wcclzﬂfl’kﬂ + (ZZ) ﬁ)k] }

-z Z 765 k,J Re Lll’kll)g]

for the z(r) Ly, multiplier, and for the z(r) Ly,
Fib = 2| L - 3 (k) 2
Fit = 1»’«”wly}fl)le + %Zw (Uk + 2M> [
1= Ll = o)l — 5 [ (0 20) =]
1 (%) - (“”jj) o) B

_ wckJrl Re {ﬂ’k—&—l [(Zi) Py — %}:Lﬁ’k - C(T)z:q)k] }

Ck

Boletim da SPM 83, Dezembro 2025, Mateméticos Portugueses pelo Mundo, pp. 11-55



RITA TEIXEIRA DA COSTA 49

Here, we have used the notation

)

)z;;}' _ 2(]s| — k)w

r

. ¢
c(r) = i—(|3| —k

and obtained the latter identity by, after the usual integration by parts
procedure for the YRy operator, noticing
WCL4-1 2 s 2
+— ) il
Ck

— Re {Lﬂ)k [ch +

_ Wkt g {lkarl K%) Oy — %Lﬂ)k — C(T)sz’lwrl] }

Ck Ck

L[(d ) 1 (k>2 -
- — (2] L :
+2[( ”le 5 () i
Similarly to Lemma 4.6, let x(r*) be a smooth cutoff function localized
tor ~ 2M: x =1for r* < R*and x =0 for v > R*+1, R* < —
Then, summing the z(r)L identity together with a small multiple of the
z(r)L identity, choosing z = x for both, yields an estimate of the form:

/T/ e <R?) ['L‘Wz +(1—p) (\Lfbk\Q + Vi) + H)ky?)] dr*dodr’
_.I_

(1Ll + (1= ) (1Ll + [Vl + )] drdo

a\ ~ o~
(k> Vi — £ Ly,
Cl Cl

Sr{r*<R*}
+ Ej 2+ (0,7)

< BE,(0) + B / / (1 = ) [y |*dr*dods’
0 N{r*<R*}

+B// [lmk12+mk|2+\wk|2+yq)k|2]dr*dad7f
. n{r*—R*€[0,1]}

+B // = 02| 2dr dodr,
Z /ﬂ{r*<R* 1) ;| *drdodr

for sufficiently negative R*. By making |R*| even larger, we can use the
additional factor of (1 — u) in the coupling to ILj as a smallness parameter;
then, iterating the estimate above for j = 0,..., k, we deduce that it holds
without the last line as long as E(0) is replaced by E?:o E;(0).
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Similarly to Lemma 4.6, we can now refine the estimate even further.
Adding the z(r)L identity now with z(r) = (1 —u)~%*x, we obtain improve
the left hand side of the estimate above to

i (1= 7L+ (1= ) (1 + [T+ )] drdo
Srn{r*<R*}

T 1 ) i
0 ET/F]{T*SR*}( ) (1- M)1+q| Ul | Ly | roacar

+f /2{ (L' =)+ (1 ) (VP + [ i’

*< R*
+ Ek,?—[+,q(07 7').

(The above estimate corresponds to ¢ = 0). Thus, this new estimate can
again be iterated as before for j = 0, ... k if R* is chosen sufficiently negative.

Finally, to obtain the estimates in the form of the statement, we simply
note that we can extend the support of x to large, but finite, r*. ]

Proof of Lemma 4.9. Fix some s > 0, and consider the wave equation
(2.12) with k <|s| — 1. Our strategy will be similar to that of Lemma 4.6
and Lemma 4.8 above: we will make use of multiplier identities for the
multipliers z(r)L and z(r)L acting on (2.12). With the notation from (4.7),

the identities we will use are:
I 1 2 1 2M
Fi= = 2| Ly, Fr== 52w|W¢kl2+52w (Uk+r> |2,

1 . 1 2MN 1

k—1
— (|| = kyw'zwlppsr? = 2 weldy ; Re L]

=0
for z(r)L, and for z(r)L
FiF = 2| Ly,
FfL = %zw[?ehbk]z + %zw (Uk + 2;70\4) [Wr|?,

1 ° 1 2M !
I = L + () [l + {w (Uk + T) Z] g 2

k—1
— (I8 = k)w'z Refwby 1 Tby] — 2 > weldy, ; Re | Ty -
j=0
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Let x be a smooth cutoff function with x = 1 for 7* < R* and x = 0
for r* > R* + 1, for R* < —1. Then, we apply the zL identity with z =
(1 — )~ %y and add a small multiple of the the zL identity with z = y. We
will obtain, for ¢ € [0, 1],

Eg 204,000, 7) +Ep g4+ 4(0,7) + (1 — )~ Ly |*dr*do
Yn{r*<R*}

- (1= 1) [[L0x[? + [V ? + [ ] dr*do

SeN{r*<R*}

] (1= ) Lu + (1 — )| Eabef?] dr*dods’
0 T/Q{T*SR*}

i /0 /sz{r*g(zlz*_} W (1= g) + (1= ) [[Vx[? + [0e ] dr*dodr

k+1

R*/T/ Lgl? + 2 4 dr*dodr’
)/, M{T*_R*G[Ovu}[\ Wil + (Vi + 3 [ 2] dr*dodr

7=0

+ B/ / (1 = ) [y [dr*dodr’
0 N{r*<R*}

+B (1 — p)[Wpy1/2dr*do + BEg(0)
S.n{r*<R*}

1—q ~'2d *d d/
’R*|qz///ﬂ{T*<R* — W) b drdodr,

for sufficiently negative R*. In particular, choosing some g € (0, 1) to start
with, we can iterate the estimate in j = 0, ..., k. Making |R*| even larger so
that the terms in the last line are small, we deduce that the estimate holds
without the last line, for all ¢ € [0, 1], if Ex(0) is replaced by Z?:o E;(0). O

4.2 Higher order energy boundedness and integrated local
energy decay

In the previous section, we have shown that all first derivatives of the kth
transformed variable can be controlled in terms of zeroth order quantities
in the (k4 1)th transformed variable, see Proposition 4.3. In view of Theo-
rem 3.1, which is closed at the level of first order derivatives of |s|th trans-
formed variable (possibly with degeneration at r = 3M), we should be able
to upgrade Proposition 4.3 to higher order control for the k < |s| variables.
This is precisely the goal of the present section.

When trying to control higher order derivatives, it is common to com-
mute with Killing fields, such as T', as we have done already in Section 3.2
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to obtain Corollary 3.2. However, for the goal of obtaining Theorem 4.1,
that would not be adequate: due to trapping, we cannot expect to control

T@tb[s] or Y°7611)E‘2]) bulk terms without a degeneration. Instead, we will com-

mute Wlth the vector field which does not “see” trapping (cf. Theorem 3.1),
that is, 9,

Lemma 4.10 (Commutation with 0,+). Fiz s € Z and k € {0,...,|s|}. We
have the identity

S S / S /
o [(00) ] =0l + o st =) o)

w/ / w/ 2 s
+sgns ((ysy o (5 + ) )wﬁ,jﬂ)
[s] [s] - Y
o (04 22) ol + o ()

is the differential operator defined in (2.13).

[s]
where 9%( k)

Proof. An easy computation shows that

o 2M !
(e, 0] = —u' B | (Vi 25 ) w] o
To conclude, we make use of the constraint equation (2.15). O

With this lemma, we are now ready to conclude the proof of our main
result for the lower level wave equations:

Proof of Theorem 4.1. Take s € Z and k € {0,...,|s| — 1} We have
already shown that the estimates of Theorem 4.1 holds for first order energies
in the k£ transformed variables; thus, the we only have to show that we can
bootstrap from first to second order energies.

Let us start by using Lemma 4.10. The fact that 0, is not a symmetry
of the equation is manifest from the commutator terms of Lemma 4.10. If
one repeats the arguments of the previous section, these additional terms
will generate additional bulk errors. For all but the first such error, we can
treat them using Cauchy—Schwarz: e.g. for the choices p=0=¢ and § =1
(and dropping those subscripts from the norms), the errors produced by all
but the first term in Lemma 4.10 are controlled by

EBZ( (0,7) + B2 (7))
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k
+e !By (Hj,l(O, 7) +Ej(7) + Ej3+(0,7) + E; 7+ (0, T)>
j=0
— d
LB (ij_gl(o, )+ Bp1 (1) + Epgr g4 (0,7) + By 740, 7))
k+1

k
+ > E;(0)+ Y ES(0), (4.8)
j=0 j=0

for small € > 0. Here, the 0} superscript represents 9;-commuted norms.
For the first term in Lemma 4.10, we need extra work: repeating the steps
of the previous section for the wave equation (2.12) will cause it to produce
an error of the form

' Re[Tr 11 X
= (w' Re[TWrpr Xti]) — T Re[(w/ 1) X0i] + Rel(w' i ) KT
= (w' Re[T i Xhx] ) — TRe[(w' b 1) Xy
+ wRe[(w'p1) Xrra) +sgn s Rel(w dis1) X,

where X denotes either zL or zL for some choice of z(r) function (specified in
the the relevant lemmas). After the integration by parts procedure carried
out in this identity, each term can be treated using Cauchy—-Schwarz and
controlled by (4.8). Notice that the same reasoning holds for (2.19). Thus,
making e sufficiently small yields control over all appropriately r-weighted
second order derivatives of |, where one of the derivatives is dy«.

To conclude, we need only show that we can estimate second order terms
involving appropriately r-weighted angular and time derivatives:

T*Vr, TYVr, Ay
For the first two, we use the fact that Ty = w1 + sgn s), to reduce it
to terms that we already understand. For the last one, a similar reduction
can be attained from the constraint equation (2.15).
In the above sketch, we have overlooked details regarding the precise
computation of r-weights involved. In view of the level of detail of the

preceding sections, the reader should be able to fill in the missing details to
obtain Theorem 4.1 at last. O

4.3 Decay of the energy and the solution

In this section, we prove Corollary 4.2. The proof strategy is very similar to
the that of Corollary 3.2: it is based on the 7” method introduced in [DR10].
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However, because we Theorem 4.1 does not yield estimates for p = 2, we
require an additional interpolation lemma as in [SRTdC23, Theorem 9.3].

Proof of Corollary 4.2. To lighten the notation, let us denote simply
E, 4(7) the sum ZLS':O ]E‘(‘z)_;q for any ¢ € [0,1]. Repeating Step 1 from
the proof of Corollary 3.2 with p replaced by p — n for n € (0, 1), we have

B
Epi(ma) = — (B2,1(70) + B34 (70) + 35 (7)) ,
n
on a dyadic sequence {7,}5%, satisfying 7, 1 oo.
We have not shown uniform boundedness of the E_, ; energy. However,
with the interpolation inequality

Eo1(7n) < (B_py1 ()" (By_yy1 (7))

B
5 (Baon () + ES, (o) + B ()
n

)1—7]/2

< (Eg_pn1(10))"? ,

we can now easily conclude in the same fashion as Step 2 of Corollary 3.2. [
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Resumo: Nesta pequena nota estabelecemos a diferenciabilidade no sentido
do célculo de Malliavin das soluces das Equagoes Diferenciais Estocasticas
de McKean-Vlasov (MV-SDEs), onde se assume que o coeficiente de
tendéncia (‘drift’) é localmente Lipschitz e satisfaz uma condigao Lipschitz
‘lateral’ enquanto o coeficiente de difusao satisfaz a condi¢ao Lipschitz usual.

Como contribuigdo secundaria, é investigado como ¢é que a
diferenciabilidade no sentido do calculo de Malliavin se transfere através
do limite de sistemas de particulas que converge para a solugcdo da MV-
SDE original. Estabelecer este resultado requer que os coeficientes da
equacgao sejam diferencidveis na componente espago e na componente da
medida de probabilidade, e logo o resultado apresentado ndo é tao geral
quanto o resultado da primeira parte do artigo (onde nao é necesséaria a
diferenciabilidade em medida, apenas a propriedade Lipschitz na métrica
de Wasserstein). No entanto, a metodologia é de interesse independente
por ser esta a primeira vez a aparecer na literatura (ao melhor do nosso
conhecimento). A apresentagao da secgdo é de caracter didatico e a seccao
conclui com uma discussao alargada sobre técnicas de molificacdo para a
derivada de Lions (i.e., derivadas na variavel da medida de probabilidade).

Abstract: In this short note, we establish Malliavin differentiability of
McKean-Vlasov Stochastic Differential Equations (MV-SDEs) with drifts
satisfying both a locally Lipschitz and a one-sided Lipschitz assumption,
and where the diffusion coefficient is assumed to be uniformly Lipschitz in
its variables.

As a secondary contribution, we investigate how Malliavin
differentiability transfers across the interacting particle system associated
with the McKean-Vlasov equation to its limiting equation. This final result
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requires both spatial and measure differentiability of the coefficients and
doubles as a standalone result of independent interest since the study of
Malliavin derivatives of weakly interacting particle systems seems novel to
the literature. The presentation is didactic and finishes with a discussion
on mollification techniques for the Lions derivative.

Keywords: McKean-Vlasov SDEs, Malliavin differentiability, superlinear
growth, interacting particle systems
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1 Introduction

The main object of our study are McKean-Vlasov Stochastic Differential
Equations (MV-SDE), also known as mean-field equations or distribution-
dependent SDEs. They differ from standard SDEs by means of the presence
of the law of the solution process in the coefficients. Namely

dZt - b(t7 Zt7 ,ut)dt + U(t7 Zt7 Mt)th7 XO - 67

Boletim da SPM 83, Dezembro 2025 ,Matematicos Portugueses pelo Mundo, pp. 57-86



GONGALO DOS REIS AND ZAC WILDE 59

for some measurable coefficients, where u; = Law(Z;) denotes the law
of process Z at time ¢ (with W a Brownian motion; £ a random initial
condition). Similar to standard SDEs, MV-SDEs are shown to be well-
posed under a variety of frameworks, for instance, under locally Lipschitz
and super-linear growth conditions alongside random coefficients, see e.g.
[AdRR ™22 or [dRST19]. In this setting there are also many studies on their
numerical approximation e.g. [dRES22,|CdR22,|CdR24|, ergodicity [CdS25]
and large deviations [dRST19,/AdRR™22].

Many mean-field models exhibit drift dynamics that include superlinear
growth and non-global Lipschitz growth, for example, mean-field models
for neuronal activity (e.g. stochastic mean-field FitzHugh-Nagumo
models or the network of Hodgkin-Huxley neurons) |[BFFT12], [BCC11],
[BFT15] appearing in biology or the physics of modelling batteries
[DGGT11],[DFGT16]. Quoting |[GPV20|, systems of weakly-interacting
particles and their limiting processes, so-called McKean-Vlasov or mean-
field equations appear in a wide variety of applications, ranging from plasma
physics and galactic dynamics to mathematical biology, the social sciences,
active media, dynamical density functional theory (DDFT) and machine
learning. They can also be used in models for co-operative behavior,
opinion formation, risk management, as well as in algorithms for global
optimization.

Our 1st contribution: Malliavin differentiability of MV-SDEs under
locally Lipschitz conditions. We extend Malliavin variational results to
McKean-Vlasov SDEs with locally Lipschitz drifts satisfying a so-called
one-sided Lipschitz condition. The result is new to the best of our
knowledge. Malliavin differentiability of MV-SDEs has been addressed in
[CM18, Proposition 3.1] and [RW19], and in both cases, their assumptions
revolve around the differentiable Lipschitz case. Our proof methodology is
inspired by that of [CM18| — both there and here, the result is established
by appealing to the celebrated [Nua06, Lemma 1.2.3].

Our 2nd contribution: transfer of Malliavin differentiability across the
particle system limit. Another large aspect of McKean-Vlasov SDE theory, is
the study of the large weakly-interacting particle systems and their particle
limit that recovers the MV-SDE in the limit. This latter limit result
is called Propagation of Chaos [Szn91|] (also [BCC11],|GPV20], [CCD22],
[AdRRT22]). 1In the second part of this note, we study the Malliavin
differentiability of the interacting particle system and how the Malliavin
regularity transfers across the particle limit to the limiting equation. To
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the best of our knowledge, this particular proof methodology is new to the
literature.

From a methodological viewpoint, our point of attack is the projections
over empirical measures approach |[CCD22,/CD18a,dRP23]. This approach
allows us to use the best available Malliavin differentiability results for
standard (multidimensional) SDEs [Nua06}, IdRS19|, and then carry them
to the MV-SDE setting via the particle limit using Propagation of Chaos
and [Nua06, Lemma 1.2.3]. Our variational results are limited only by the
SDE results we cite. If better results are found, one only needs to replace the
reference in the appropriate place. Lastly, in relation to our 1st contribution,
this 2nd contribution is established under a full global Lipschitz and
differentiability (space and measure) assumption on the coefficients.

Organization of the paper. In section 2, we set notation and review
a few concepts necessary for the main constructions. In section 3, we
prove Malliavin differentiability of MV-SDEs under superlinear drift growth
assumptions and in section 4 we prove Malliavin differentiability of MV-
SDEs under the weaker global Lipschitz assumptions via the convergence of
interacting particle systems, providing a lengthy remark about mollification
in Wasserstein spaces.

2 Notation and preliminary results

2.1 Notation and Spaces

For collections of vectors, let the upper indices denote the distinct
vectors, whereas the lower index is a vector component, i.e. xé denote
the j-th component of I-th vector. Let x = (z!,--- ,xN) denote a vector
in R¥™ where 2/ := (4, ,2%) for i = 1,--- , N. For matrices M and N
of agreeing dimensions, define the inner product M : N = Trace(MTN)
and the norm induced by this inner product (the Hilbert-Schmidt norm) as

|M| = \/Trace(MTM).
For g : R™ — R", writing g(z) = (¢*(z), -+ ,¢"(z)) and define V,g as

the Jacobian matrix (g;;)1<i<m Where g;; = 0,ig.
1<5<n
Take T' € [0,00) and let (Q,F,F,P) be a filtered probability space

carrying a m-dimensional Brownian Motion on the interval [0,7] and
F = (F)i>0. The filtration is the one generated by the Brownian motion
and augmented by the P-null sets, and with an additionally sufficiently rich
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sub o-algebra Fy independent of W. We denote by E[:] = E[-] the usual
expectation operator with respect to P.

The space of probability measures on R¢ with finite second moment,
Po(RY) is Polish under the 2-Wasserstein distance

1
W,:‘f/ —yPr(dz, dy))?, v € Py(RY),
sy = ot ([ o= yPa(dedy)’, v € PaY)
where II(u, v) is the set of couplings for p and v such that = € II(u, v) is a
probability measure on R? x R? such that (- x RY) = y and 7(R% x -) = v.
Let Supp(p) denote the support of u € P(R?).

Let p € [2,00). We introduce the following spaces.

o Let X be a metric space. We denote by C(X) as the space of
continuous functions f : X — R endowed with the uniform norm
and Cp(X) its subspace of bounded functions endowed with the sup
norm ||fllec = supyex |f(x)] < oo; For k € N denote C¥(R?) the
space of k-times continuously differentiable functions from R? to R¢,
equipped with a collection of seminorms {||g|cr (k) := sup,ex (|g(z)|+

Z§:1 |0ig(z)]), g € Ck(R?)}, indexed by the compact subsets K C R%.

o LP(Q) := LP(Q,F;,P;RY) | ¢ € [0,T] is the space of Ré-valued F;-
measurable random variables X : Q@ — R¢ with norm [|X]| Q) =
E[| X [P]'/P < oo.

. SP([0,T)) = SP([0,T],P;R?) is the space of R%valued
measurable F-adapted processes (Yy)ico,r) satisfying [|Y'[|sp(jo, 7)) =
Elsupyeqo,ry [Y(2) P11 < oo,

2.2 Malliavin Calculus

Let H be a Hilbert space and W : H — L?*(Q) a Gaussian
random variable. The space W(#) endowed with an inner product
(W(h1),W(ha)) = E[W(h1)W(h2)] is a Gaussian Hilbert space. Let
CP(R™;R) be the space of infinitely differentiable functions f : R" — R
which have partial derivatives of all orders, each with polynomial growth.
Let S be the collection of random variables F': £ — R such that for n € N,
f € C°(R™;R) and h; € H can be written as F' = f(W(h1),...,W(hy)).
Then we define the derivative of F' to be the H-valued random variable

DF = zn:dcif(W(hl), W ().
=1
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The Malliavin derivative from LP(Q) into LP(2,H) is closable and the
domain of the operator is defined to be D'P, defined to be the closure of the
of the set S with respect to the norm

1
[ Fllp = [E[|F|p] +IE[HDF||§L]}Z’,

We also define the directional Malliavin derivative D" F = (DF, h)3 for any
choice of h € H. For more details, see [Nua06].

3 Malliavin differentiability under local Lipschitz
assumptions

3.1 McKean-Vlasov Equations with locally Lipschitz
coefficients

In this manuscript, we work with so-called McKean-Vlasov SDEs
described by the following dynamics for 0 <t <7T < o0,

dZt = b(ta Zta,“’t)dt—i_zo-l(tﬂ Zta/’tt)thl7 ZO - 57 (1)
=1

where p; denotes the law of the process Z at time ¢, i.e. uy =Po Z{l and
W' | = 1,...,m are 1-dimensional independent Brownian motions. We
write W = (W' ..., WW™) as the corresponding m—dimensional Brownian
motion. In this chapter, we work under the locally Lipschitz case as the
below assumption describes.

3.1.1 Assumptions

Assumption 3.1. Let b: [0,T] x R? x Py(RY) = R? and forl =1,...,m,
ol [0, T] x R% x Py(RY) — R, Then there 3L > 0 such that:

1. For some p > 2, £ is Fo-measurable and € € LP(Q, Fo,P;RY) .

2. o is continuous in time and Lipschitz in space-measure V¥t € [0,T],
Va,z' € RY and Yu, i’ € P2(RY) we have

o't 2, 1) — o' (1,2, 1)] < L(J2 = '] + Walp, ).
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3. b is continuous in time and satisfies the one-sided Lipschitz condition
in space and is Lipschitz in measure: Yt € [0,T], Vo,2' € R? and
Y, 1! € Po(RY) we have that

(x—a',b(t,z, p) — b(t,w,a’, ) g < Llx — 22,
b(t, z, p1) — b(t, 2, )| < LWa(p, 1)

4. b is Locally Lipschitz: ¥t € [0,T], Vi € Po(R?), Va, 2’ € RY such that
|z, |2’| < N we have that 3Ly > 0 such that

’b(twrvpf) - b(ta x/au)’ < LN‘m - 'CEI|‘

Throughout, denote by o, the d x m matrix with columns (o, -- ,0™).

Observe that time continuity is a sufficient condition for integrability
of b and o' since we are working on a compact time interval. The above
assumption ensures existence, uniqueness and related stability while the
following will be used to ensure the differentiability results.

Assumption 3.2. Let Assumption hold. For anyt >0, u € P(R?) the
maps x + b(t,x, 1) and v > o'(t,x, u) are C*(RY). The derivative maps
are jointly continuous in their variables.

Remark 3.3. One recognises that the above assumptions can be weakened
in a few ways. For instance, the Lipschitz constant can be a mon-negative
function of time L;, under an L'-integrability condition: f(;f Lsds < o0.
Further, the time continuity t +— b(t,0,09) can be exchanged for an
integrability condition: fOT]b(s,O, do)|ds < oo, while the time-continuity
of t — o(t,0,d0) can be exchanged for a square-integrability condition:
fOT lo(s,0,680)2ds < 0o. We leave these points open for the interested reader.

3.1.2 Well-posedness and moment estimates

The first result establishes well-posedness, moment estimates and
continuity in time for the solution of .

Theorem 3.4. Let Assumption[3.1] hold with some p > 2. Then, MV-SDE
is well-posed and has a unique solution Z € SP([0,T]). Moreover, it
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satisfies
T D
E| sup |Z)P| < CeCT(EH&m +E (/ b(s,0,50)|ds) ]
t€[0,T] 0

cu]( [ intso.s0as) ).

for some positive constant C'. Lastly, Z has P-almost surely continuous paths
and its law [0,T] > t — p is continuous under the Wa-distance.

This result also yields estimates for standard SDEs (which have no
measure dependency).

Proof. Well-posedness and the moment estimate follow from |[AdRR™22|

Theorem 3.2] as their assumption (with D = R? zy and deterministic
continuous maps b,o) subsumes our Assumption The continuity of
the sample paths of Z and its law in Ws is trivial. O

3.2 Malliavin differentiability with locally Lipschitz
coefficients

We state the first main result of this work, the Malliavin differentiability
of the solution of .

Theorem 3.5. Let p > 2. Let Assumption hold. Denote by Z the
unique solution in SP([0,T]). Then Z is Malliavin differentiable, i.e.
Z € DY2(8?) N DYP(SP), and the Malliavin derivative against W satisfies
for0<s<t<T,

t
DsZy = o(s, Zs, uis) +/ (Vb)) (r, Zy, ur)Ds Zydr
mo
+> / (Voo )(r, Zp, pir) Ds ZpdW. (2)

If s >t then DsZ;, = 0 P-a.s.
Moreover, we have

sup_ IDsZ[

s oo < 3 E[ sup |DZ| < CO+ 112150

<T LOo<t<T
<C(1+ ‘|§|’LP(Q ) < o0,
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and, reflecting that DZ; is a Hilbert space valued random variable we have

T ¥4
2 2 p
[ sup ( | 1D.2ids) "] < €+ [el) < . 3)

This proof is inspired by that appearing in |[CM18] but with critical
differences to allow for the superlinear growth of the drift and the general
Malliavin differentiability of [IdRS19].

We comment that using the proof methodology we present below, the
result above can be extended in several ways — we leave these as open
questions. The first is to allow for random drift and diffusion coefficients:
[AARR ™22, Theorem 3.2] provides well-posedness and moment estimates
and concluding Malliavin differentiability via [IdRS19, Theorem 3.2 or
Theorem 3.7].

Another open setting, with continuous deterministic coefficients, is to
establish our Theorem with a drift map b having super-linear growth in
the measure component: for instance, by allowing convolution type measure
dependencies. Lastly, the differentiability requirements for b and o can be
weakened via mollification; see [[dRS19, Remark 3.4].

Example 3.6 (Linear interaction kernels). Take MV-SDE with solution
(Z4, pt)e>0 under the assumptions of Theorem and let the drift function
b take a specific convolutional form. Concretely, let b(t,z, 1) = (b p)(z) =
Joab(x — y)u(dy) for some b € CY(RY) and let ¢ = aoly for o9 # 0 a
constant.

Then, we have for any 0 < s <t < T

DsZ; = ogexp (/:(Vzl; * ,ur)(Zr)dr). (4)

We can in fact reduce the C' in space differentiability assumption to a
Lipschitz one, exploiting |Nua06, Proposition 1.2.4]. That is, we can take
a sequence of mollifiers by, := b * p, for a smoothing kernel (pn)n such that
C>®(RY) 3 py(x) — = uniformly, and the expression (@) still holds.

We can generalise the above form of the drift to linear interaction kernels
of the form b(t,z, 1) = [ga b(z,y)u(dy), where b : RY x R — R? and = —
b(x,-) is Lipschitz uniformly to obtain for any 0 < s <t <T

DyZ; = cyexp (/t { | (V02 p)u(ay }ar).
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Proof of Theorem [3.5 The Malliavin differentiability of is shown by
appealing to [Nua06, Lemma 1.2.3]. One builds a convenient sequence of
Picard iterations which converge to the McKean-Vlasov Equation and use
[INua06, Lemma 1.2.3] to ensure that the limit is also Malliavin differentiable
in DY2(S8?). Lastly, by showing that the Malliavin derivative of Z is SP-
integrable, then [Nua06, Proposition 1.5.5] yields that Z € D!?(SP).

Step 1.0. The Picard sequence. We start by defining a Picard sequence
approximation for (1)), namely set Z% = ¢ and 1 = Po ¢~ = Law(¢) for
any t > 0; we have t — p? is a Wo-continuous map. For any n > 1 define

m
dzpth =b(t, 2 pf)dt + Y o' (27T i )dwy, Zgt =€ (5)
=1
() is a standard SDE with added time dependence induced by t — pp* with
drift b satisfying a one-sided Lipschitz condition (in space) and o uniformly
Lipschitz (in space).

Step 1.1. Ezistence and uniqueness of Z™. Take u™ ! such that ¢ —
b(t,z, y? 1) and t — ol(t, z, u? 1) are continuous, then (a slight variation of)
Theorem [3.4] given Assumption [3.1] yields the existence of a unique solution
Zntl € 82([0,T]). Moreover, an easy variation of [dRST19, Proposition 3.4]
yields that for n > 0, t — p?™! is continuous (in 2-Wasserstein distance) if
t +— up is. We can conclude that {Z"},,>0 exists and is well defined.

Using that Wo(dg, u")? < E[|Z"|?] and Theorem [3.4, we have
12" % o

T
< O(1+ elifaey + | ENZ7Pldr)
T
<O(1+ 80 + [ 12" 1o i)

T T
< c(1+ug||§2(m+/0 {ca+ H&H%mﬁ/o 1213 g0 ds }dr)

" (CT)’

< O+ Re) (3 )12 oy
=0

<C(1+ ”fH%%Q))@CT|’ZO\|§2([0,T]),

where we iterated the initial estimate on [0, 7] over small subintervals [0, r]
leading to a known simplex estimate. We conclude that

sup {[|1Z" |s2(jo,77) + sup_ Wa(do, p1i') } < o0. (6)
n>0 0<t<T
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Step 1.2. Convergence of Z™. Recall that is a standard SDE, thus
standard SDE stability estimation arguments apply. We sketch such
argument only and invite the reader to inspect the proof of [dRST19,
Proposition 3.3] for the full details. Take the SDE for the difference of
Zrtt —Zn e,

T
Zptt — 7z = /0 [b(s,257, 1) = b(s, 21", ™)) ds

m T
#3002 ) oo 2 AW,
=1

Applying Itd’s formula to |Z"T — Z|2, using the growth assumptions on
b, o and taking the supremum over time and expectations, we use the BDG
inequality and then the Gronwall inequality to obtain

1278 = ZM1 &2 o7

T T
< O / Wa(ur, u=1Y2dr) < Cr / E[|Z" — 21 [2))dr

T - (CrT)"
< CT/O |z"—Zz" 1”392([0@)617" << THZl - ZOH?S?([O,T]):
where we used the same simplex trick as in Step 1.1 above. We conclude
that Z™ converges to the solution of in S2([0,T]) as ||Z* — ZO||?52([0 )
is bounded and independent of n.

Step 2. Malliavin differentiability for Z™. Now, under our Assumption
[[dRS19, Corollary 3.5] holds applied to yield the Malliavin
differentiability of Z™ for each fixed n; critically, due to the equation’s
coefficients being deterministic, that corollary does not require p > 2 and it
holds for any p > 2 (in particular, our case here for the time being p = 2).
We have that the Malliavin Derivative DZ"*! satisfies DsZ;™! = 0 for
0<t<s<T, while for 0 <s <t <Titis given by the SDE dynamics

t
D, ZM = o(s, 20T ) + / (Veb)(r, Z0 y™ D, Z0 L dr
S

moot
+y / (Vo) (r, 200, 1y D, 20 W,
I=17%

Step 8. Uniform bound on DZ™. We remark that the SDE for DZ™ is
linear and satisfies [IdRS19, Assumption 2.4] with their b(s,w),o(s,w) set
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to zero, hence [[dRS19, Theorem 2.5] applies to yield
102" gy = B[ sup D27 ) < CE[o(- 27, i)
+ 12" 0,9y + W2, 60))

<c(1
C( + HZn”SQ([O,T]) + HZmleP([o,T]))
< C(1+ ||l 7)) < oo (7)

where we used the linear growth of ¢ and its time continuity property. The
constant C' depends heavily on the constants appearing in Assumption
and the upper bound on t — o (t, 0, dp) stemming from its continuity over the
compact [0, T]. Using that () provides an estimate of || Z"(| 2 (o7 uniform
over n and uniform over the Malliavin derivative parameter, we conclude
taking supremum that

sup sup E[ sup |[D,ZF]]<C(+ HﬁH%z(Q)) < 0. (8)
neNse[0,7]  t€[0,T)

We also establish the inequality for DZ]* that yields its interpretation as
Hilbert space valued random variable. Simple manipulations and using
above easily yields estimate when p = 2 (when we pass to the limit in
n — o0). Concretely, we have

T T
E[ sup / |Dszy|2ds} gCE[/ { sup |Dszy|2}ds}
te[0,7] /0 €[0,7]

<C'/ sup |DZt\}ds
t€[0,7]

< C sup JE[ sup \DSZfﬂ
s€[0,T t€[0,T]

C(L+ [1€ll72q) < oo (9)

where we firstly used Jensen’s inequality and moved the supremum inside the
integral, then used Fubini and dominated the integral by the supremum over
the integration variable in a way that @ can be used. Taking supremum
over n on both sides and using yields .

By applying [Nua06, Lemma 1.2.3], we conclude that the limit of Z is
Malliavin differentiable and the limit of DZ" gives its Malliavin derivative
(identified by Equation ) The moment estimates for DZ", holding
uniformly over n, yield the moment estimate for DZ.
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Step 4. Higher-order moments on DZ and conclusion for DY“P(SP).

Recall that p > 2. From Theorem [3.4] we have that Z € SP([0,7]) and
the estimates
HZHSP (o,1)) = C(1+ ||§H§p(9)) and S‘;ET W3 (111, 00) < C(1+ ”fHLZ )
Noticing now that (2 is a standard linear SDE (in DZ) with random (time-
continuous) coefficients satisfying a one-sided Lipschitz condition, i.e. the
SDE for DZ is linear and satisfies [IdRS19, Assumption 2.4] with their
b(s,w),o(s,w) set to zero, hence the moment estimate of [[dRS19, Theorem
2.5] applies with general p > 2 and yields

ID-Z 500,77y = E[ sup |D.Z7["] < CE[lo(-, Z., n.)["]
0<t<T

(loT)
n p
< C(1+ 12" B oy + sup W (114, 80) )
< CL A+ [€l7 0 () < oo

Thus, akin to Estimate , we obtain from the above inequality

sup B{ sup IDZI) = sup 10,21 oy < OO+ Elgey): (10
s€[0,7]  t€[0,T] s€l0,T

Further, following the footsteps of @D but this time in p-moment norms we

have

e sy ([ 0.2P)] < cu[ [ sup 1Dz}

< C’/ sup |Ds Zt]p}
teOT]

< C sup E[ sup \DsZt|p}
s€[0,T7] t€[0,T]

C(1+ Hf”in(g)) < o0,

where we firstly used Jensen’s inequality and moved the supremum inside
the integral, then used Fubini and dominated the integral by the supremum
over the integration variable in a way that can be used. This shows .
Having shown that Z € SP([0,7]) and that DZ has higher-order p-
moments (in the sense of and (3))) we conclude via [Nua06l, Proposition
1.5.5] that Z € DYP(SP) (and space interpolation that Z € D%4(S9) for any

q € [2,p]).
O
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4 Malliavin differentiability via the interacting
particle system

The main goal of this section is to explore, in a didactic fashion, how
much of Theorem [3.5] can be recovered under the interacting particle system
approach. A somewhat close approach has been taken, for instance, in
[HAHT?21] and [CdRSW24].

To simplify arguments we will work under the further restriction of full
Lipschitz conditions on the MV-SDE’s coefficients and thus abdicate the
more general super-linear growth and one-sided Lipschitz assumption.

4.1 The interacting and non-interacting particle system

We introduce the interacting particle system (IPS) associated to
McKean-Vlasov SDE . Consider the system of SDEs fori=1,--- , N:

m
dX} =b(t, X}, @)t + > o' (t, X}, 5N )awl, Xi=¢,  (11)
=1

where i (dy) = + PN Oxi (dy) and for I = 1,...,m, {Whi},_q .. N,
are independent 1-dimensional Brownian motions and {£'};—;.. n are
i.i.d. copies of &; the (Wi, &%), in are independent of W', ¢ in (and in
fact, live in different probability spaces). We write W* = (Wbt ... W)
to be the corresponding m—dimensional Brownian motions for i = 1,..., N.
The dependence on the empirical distributions in the coefficients introduces
non-linearity into the system in the form of self-interaction; hence we refer
to the above set of equations as an interacting particle system (IPS).

Since and live in different probability spaces, we construct an
auxiliary non-interacting particle system (non-IPS) as living in the same
probability space as . Fori=1,--- N,

m
dZj = b(t, Z}, pu)dt + o't Zi, ul)dwyt,  Zi = ¢, (12)
=1

where p’ is defined as the law of Z¢. In this case, the {Zi}i:L...,N are
independent of each other, since the (W?,¢%); are all i.i.d. and p =/ = u
Vi,j = 1,---, N where p denotes the law of the McKean-Vlasov SDE
(1). In essence, is a decoupled system of N copies of . From
direct inspection of , we have the following lemma regarding the cross-
Malliavin derivatives D7 Z* for i # j.
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Lemma 4.1. Assume (12)) is well-posed.  Then, the cross-Malliavin
derivatives of the solution {Z'}—1 ... N to are all zero. That is,

DIZi=0 forany j#i,1<i,j<N, s,tecl0,T).

Proof. One sees that Z* acts independently of any other Brownian motion
W7 for j # i. The result follows immediately from the definition of the
Malliavin derivative. O

4.1.1 Preliminaries

In this section, we work under stronger assumptions requiring b and o
to be globally space-measure Lipschitz. Formally we state the framework as
follows:

Assumption 4.2. Let b: [0,T] x R% x Py(RY) — RY and forl=1,...,m,
ol 1 [0,T] x R? x Po(RY) — R? be progressively measurable deterministic
maps and AL > 0 such that:

1. For somep>2, & € LP(Q,}'O,]P’;Rd) fori=1,---,N,

2. ol is continuous in time and Lipschitz in space-measure ¥t € [0,T],
Vo, € RY and Y, 1/ € Po(RY) we have

o' (t, 2, ) — o' (1,2, 1) < L(|2 = 2| + Walp, 1))

3. b is continuous in time and Lipschitz in space-measure YVt € [0,T],
Vz,z' € RY and Yu, i’ € P2(RY) we have

b(t, 2, ) = b(t, @', 1) < L[ = '] + Walp, 1))

A quick inspection of (L1]) highlights that this system of equations can
be seen as a system in (R9)Y as opposed to N equations valued in R?. The
former has a few advantages and to formalize it we introduce the notion of
an empirical projection introduced in |[CD18al Definition 5.34].

Definition 4.3 (Empirical projection of a map). Given u : Po(RY) — RY
and N € N, define the empirical projection u™N of u via uV : (RHN — R9,
such that
1
u (2t 2N = (), with @ (dy) = N Z 8, (dy),
=1
forzt e R4 1=1,...,N.
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We can use a similar notion of mapping points onto empirical projections
to express the interacting particle system as a high-dimensional SDE. Hence
we can interpret system (T1)) as a system in (RY)Y with BN : [0, T]x (RH)N —
(RHN and =V : [0,T] x (RN — RN 4N,

dX; = BN(t,X)dt + 2N (t, X;)dW,;, Xg =&, (13)

for X = (X17"' 7XN)? W = (le"' 7WN) and € = (517"' 7£N) where
for t € [0,T] and x = (z!,--- ,2V) e RV, 2 ¢ R? i =1,--- , N we have

BN(t’X) = (b{v(t,x),'-- ’bN(t X))

= (b(t,at, @), - o(t, 2N, BN)
»N(t,x) = diag(od (t, %), - , 0N (t,%))

= dlag(o(t, 931, ﬂN)a T U(t’ $N7 :aN))a

with the relation between x and 1"V being as highlighted in Definition
The next result shows that from the Lipschitz properties of b, o in space and
measure, one can show that x — B (-,x), ¥V (-, x) are uniformly Lipschitz
(uniformly in time).

Lemma 4.4. Under Assumption the maps BY and ©V in (13) are
globally Lipschitz in their spatial variables.

Proof. Let x = (z',--- ,2N),y = (', ---,yN) € R¥, for 2%,y € R,
t=1,---, N then
BN (t,x) — BN (t,y)] Z |b(t, =" —b(t, g%, 1N ()]
ad 2
<123 (Jo" = yF )+ WiV (%), iV (y))
k=1
N
<207 [k — o P+ WV (%), 1N (y)) < 4L%x -y,
with the final inequality arising from the fact
( 1 ﬁ’: 1 ﬁ’: 1 ﬁ’: . >
W | — Opiy — 5yi> < ( |z* — | ) = —|x-y|. (14)
N N N VN
The proof is similar for R 3 x s ¥V (x) € RmMV XN, O
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4.1.2 Classical results

We briefly recall classical results involving the relationship between
systems described above. Well-posedness follows from classic literature,
while the second result is classically known as Propagation of Chaos (PoC),
which ascertains convergence of X’ to Z° as N — oo (as respective laws)
[Szn91).

Proposition 4.5 (Well-posedness and Propagation of Chaos). Let
Assumption hold. Then, the solutions to the systems and ,
given by {X{}i=1... v and {Z}}i=1 ... N respectively are well-posed, unique
and square integrable. It holds that

sup max {IE[ sup |Z;|%] +E[Oiltl£T‘Xg|2]} < C(1+E[€H)e’T < oo,

NeN 1<i<N 0<t<T
(15)
where the involved constant C' depends on d,m, L and the quantity
T T
| e 0.00)lde+ [ lor(e,0,80) P,
0 0
but independent of N. Moreover, we have for anyi=1,--- | N,
. 2/ i ~N\] _ : i il?] _
m oilngE[WQ (ug; A )] = 0 and lim @@VE[ OzltlgT\Xt Zy ] =0.
(16)

Proof. Under Lipschitz conditions this result is classical. Well-posedness
of follows directly from Theorem as it is a non-interacting particle
system (thus well-posedness of the initial McKean-Vlasov equation suffices).

As for system , Lemma ensures the coefficients are uniformly
Lipschitz (as maps in (R?)™) and thus well-posedness (for fixed N) follows
from general SDE theory [GK80, Theorem 1]. One can conclude the uniform
in N estimates of for {X*}; by mimicking the arguments used in the
proof of Theorem

The convergence results of follows from [Carl6, Lemma 1.9 and
Theorem 1.10]. O

4.1.3 A primer on Lions derivatives

To consider the calculus for the mean-field setting, one requires to build
a suitable differentiation operator on 2-Wasserstein space. Among the
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numerous notions of differentiability of a function u defined over the Py(R%),
we try to follow the approach introduced by Lions in his lectures at College
de France. A comprehensive collection of recent results was done in the
joint monographs of Carmona and Delarue [CD18aj, |[CD18b|. In line with
the construction we assume our probability space to be an atomless Polish
space [CD18a, Chapter 5.

We consider a canonical lifting of the function u : P(R%) — R? to
i : L2(Q,F,P;RY) 5 X — (X)) = u(Law(X)) € RY. We can say that
u is L-differentiable at pu, if @ is Fréchet differentiable at some X, such
that 4 = P o X(=V. Denoting the gradient by D& and using a Hilbert
structure of the L? space, we can identify D@ as an element of L?. It has
been shown that Du is a o(X)-measurable random variable and given by
the function Du(p)(-) : R? — R?, depending on the law of X and satisfying
Du(u)(-) € L2(R?, B(RY), u; RY). Hereinafter the L-derivative of u at y is the
map J,u(p)(-) : RT3 v — d,u(p)(v) € RY, satisfying Da(X) = ,u(p)(X).
We always denote J,u as the version of the L-derivative that is continuous
in product topology of all components of u.

Definition relates the spatial derivatives of u" with the Lions
derivative of the measure function w. Such is stated next; see also
[CD18al, Proposition 5.35 (p.399)].

Proposition 4.6. Let u : Po(RY) — R? be a continuously L-differentiable
map, then, for any N > 1, the empirical projection u” is differentiable in
RHN and for all z*,--- , N € R? we have the following relation.:

Dpu™ (z* V) = i@ u(lié z)(:vj)
xJ Yty N i lel x .

4.2 Exploring Malliavin differentiability via interacting
particle system limits

The novelty in this section lies not within the results, as these are implied
directly by those in our Section [3.2/or [CM18], but in the proof methodology
via limits of interacting particle systems.

Assumption 4.7. Let Assumption [{.3 hold.

1. The functionsb, o', 1l =1,...,m are continuously differentiable in their
spatial variables and their spatial derivative maps are continuous in
time. Further, the maps (Vb), (Vio')(t,z, 1) are uniformly bounded
forl=1,...,m (over all variables (t,x,u) € [0,T] x R x Py(RY)).
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2. For any t € [0,T) the maps p — b(t,z,n) and p + o'(t,z,p),
I = 1,...,m, are P-a.s. continuous in topology, induced by the
Wasserstein metric and L-differentiable P-a.s. at every pu € Po(RY).
Moreover, 0,b(t, z, u)(v) and 9,0 (t, z, ) (v) have p-versions such that
Aub(t, x, 1) (v) and 0,0l (t,z, 1) (v) are P-a.s. joint-continuous at every
quadruple (t,x, p,v) with (t,z,u) € [0,T] x R x Py(RY), v € Supp(p)
and uniformly bounded (in all variables).

Focusing on the technique of limits of particle systems, we establish
the following result that covers the Malliavin differentiability of the particle
system, the Propagation of Chaos result and how to transfer the Malliavin
regularity to the limiting McKean-Vlasov SDE.

Proposition 4.8. Let Assumption hold. Then the solution {Zi}i:L... N
to and the solution {X'}i—1... N to are Malliavin differentiable with
Malliavin derivatives {DjZi}i,j:L...,N and {Din}i,j:I,---,N respectively.

For {DjZ"}M:L...’N we have that:
e Foranyj#i,1<i,7<N s,t€|0,T] that DIZ} =0 (Lemma.
o When j =i then D'Z" satisfies for 0 < s <t <T
DiZi = ols, 24 i) + [ (Vab)r, 21, ) DL
S
moet o o .
+3° [(Vao)r 2 ) Dz 7)
1=1"°%

If s >t then D'Z} = 0 P-almost surely.

e Moreover, for some C > 0 dependent on T and L but not on N,
(c.f. Theorem

sup || DiZ %oz < sup E| sup [DiZj[?]
0<s<T 0<s<T “0<t<T

<O+ 1252 0m) < CAA €720 < oo

For {Din}iJ:L---,N; the Malliavin derivative of , we have that:

e Ifs >t then DIX} = 0 P-almost surely for anyi,j =1,--- ,N.
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o If0<s<tthen DIX} satisfies
DIX; = o(s, X5 i) Limy

+ [ vy Xt pix; (18)

1 Y . .
b SO0 X DL i

t . .
+3 [{(vaoo X0y ix;

=1

1 al l i =N k J vk 7
+N}§1(8MU)(T’XT’ 'I’)(XT)DSX'I’ dW’r (19)

o Moreover, there exists a constant C' > 0 depending on T and L but
not on N such that

< C(ﬂ,’:j + i)

sup El sup |DIX}? N

0<s<T | 0<t<T

Finally, for any s,t € [0,T],
e DIX} —0as N — oo forj#iin L*(Q) and almost surely, and
e D!X} — D'Z! as N — oo in L?().
Proof. Rewrite the IPS in integral form: for i =1,..., N,
) ) t
ngfz—k/b’l“XZ,ﬂT dr—|—2/ (r, X2, gN)dWh, (20)
0
, t
:§l+/ oY (r, X}, XN )dr
0
+Z/ NG XL XN awl, (21)
where uses the empirical projection representation (Definition
of the coefficients in (20); that is bV, XY, XYY = b(t, X V) and

similarly for O'l N In view of Assumption it is easy to conclude that the

coefficients bfv , iN of (20) are Lipschitz continuous (via Lemma } and
also differentiable in their variables (via Proposition [4.6]). From the results
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in [Nua06| or [I[dRS19] for classical SDEs we conclude immediately that
the Malliavin derivatives of X’ exist, are unique and are square-integrable.
Furthermore, if s > ¢ then DJX} = 0 P-a.s. for any 4,5 =1,---, N.

From application of the chain rule, the Malliavin derivative is written
for0<s<t<T < 0 as

DiX]=0oN(s, X}, XMy + ZakbN ), XL - XNYDIXFdr
sk 1

+Z/ S (@), XL XN)DIXEaW
S k=1

Exploiting Proposition and reverting the empirical projection maps to
their original form, we rewrite this as

DJXZ = o(s, XZ,/_LS )1, i=j

+ [ ximpixi

1 X , :
tw > (9ub)(r, Xﬁ,ﬂiv)(Xf)DéXf} dr
k=1
m t
+3 [ xi i pix;
=179
N . .
N Z (r, X', i )(Xf)D;X,’f} dW?.

noting that the derivatives d,:b) and Gxiai’N produce two components as
opposed to the one produced by the cross-terms 0« b;N and 8zk0§’N, k #i.

Step 1. Preliminary manipulations. Applying 1t6’s formula to ,
IDIX{? = |o(s, Xo, ) )P Lizy (22)

t .
+ 2D§,X;:{(Vzb)(r, i aN\DIX (23)
1 N
i =N k i Yk
by S @) X O DIXE]

- 1 N o )
+Z‘ 20)(r, X1, pN)DIX! + ~ > (00t (r, X, Y ) (XF)DIXE
k=1

+ My (s, ), (24)
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where My is a Hilbert space-valued local martingale term. In fact, by
standard SDE well-posedness theory, e.g. |GK80, Theorem 1|, for any
s € [0,T], a L% integrable solution to Equation (22 exists, allowing us
to conclude My is a proper martingale for finite N |'|

Let L be the Lipschitz constant which bounds the spatial and measure
derivatives of b and ¢!, [ = 1,...,m. Temporarily fix s € [0,T]. We have

E[ sup |DIX}|’]
o<t<T

< Ello(s, X3, i) ) 1izj[*] +E[ sup [My(t,s)]]
0<t<T

3 . o
+]E{ sup /2L|D§Xﬁ]2+2mL2|DgXﬂ2
0<t<T Js

2L|DIX]| & k 2 k
+ S Y IDIXY| + 2mL \ ZyDJX

k=1 k=1 :|

Bllo(s, Xt i insl?) + 5E| sup [ DIX? + Z|D1Xk par].
0<t<T

(25)

for some k > 0, by applying the Young and Jensen inequalities, where
we used the BDG inequality to control the martingale term. Further, one
can bound supyeg<r E[|o(s, X2, i¥)|?] uniformly in N, justified by well-
posedness and the uniform in N moment bounds of the SDE-IPS (and also
using the continuity assumption on ¢t — o(¢,0,dp)). That is, by linear growth
of o, properties of the Wasserstein metric and Proposition

sup E[|o(s, X{, 1))[?]
0<s<T

<C(1+ E[1X4?] + = E[|Xx*
- ( O;SET L1XI) E;OESET [ |])

<C(1 +E[|§'|2])60T =: q, (26)

for some C' > 0 independent of N, observing that the {¢/}; are i.i.d.

'We note that |GK80, Theorem 1] provides wellposedness and moment estimates for
the SDE, but critically, such estimates are dependent on N and explode as N 7 +o0.
Nonetheless, for any fixed N the estimates suffice to ensure that E[Mn (s, t)] = 0 for any
s,t. Obtaining moment estimates uniformly in N is done in a subsequent step of the proof.
This is the exact same as in the proof of Proposition
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Step 2. Controlling the empirical mean of the Malliavin derivative. We
now aim to gain control over the quantity % Efvzl DIX!. Averaging
over the index ¢ and once more using that the {{/}; are i.i.d., we have

N

1 .y
E| < DIX]?
[N;oi?% IxiP|

o koL T o 1 X ,
< NHE[N;/S {ypgx;|2+NglyDgXﬁ|2}dr]
o 1 TN o
N+2HE[N/S ;|D§Xﬁ|2dr]. 27)

Taking the supremum inside the expectation means we are not able to apply
Gronwall’s inequality directly. However, we have that

1 Y o 1 Y
. o
E [NZ|DgXi| ] < N+2”E[N/S ;mg){;\ dp].

i=1

IN

Applying Gronwall’s inequality yields

N
1 o a a
E § : DIX2| < 1 26(r—s) (,—2ks _ =261\ < 2/~cT‘
[N | 5 r‘ - N OSSTI’ISPST( te (6 ¢ )> - Ne

i=1

Hence, substituting back into , we get

| 2
sup E —Z sup \DJX’IQ a

< (14 KTe*T) = Wy
o<s<r | N I o<t<r N

It is immediate to see that Wy is uniformly bounded over N, hence

lim sup E| sup *Z|DJXZ|2 =0 forany j=1,---,N.
N—o0 9<s<T 0<t<T

Using Jensen’s inequality and , observe that

sup E| sup z:|DJX’\2 <Uy—=>0 as N = +o0 (29)
0<s<T O<t<TN

lim — Y |[DIXF|=0P-
= lm Z\ | =0 P-as.
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Step 3. Convergence of the individual terms. Injecting the bound ¥y into

, we obtain

o T L
sup E l sup |D§Xﬂ2 <ali—; + KTV N + H/o EHD;X}E]dr.

0<s<T 0<t<T

Applying Gronwall’s inequality again, we bound
o t
E [|DIX]?] < (aL-:j + KT\IJN> + /{/ eilt=s=7) (ani:j + HT\I/N> dr
S

= E[|DIX]|?] <eT (an,-:j + nT\IfN>.

Hence,
sup E [ sup ]DgXﬂzl < (a]lij + KT\I/N> (1 + /iTe”T). (30)
0<s<T |0<t<T

Hence, applying an identical argument to Equation @D we have:

T

sup max E [ sup / ]DgXZ]stl < 0.
NeN1<ij<N - Jo<t<T JO

In particular, we have that X} € D%?(S?) uniformly in N.

Aside, we obtain that DJX} — 0 in DV?(S?) for i # j as the size of
interacting particle system N — oo. This is in line with Lemma [41] since
referring back to our non-IPS analogy, particles essentially become more
conditionally independent as the particle system size gets larger.

We can now apply [Nua06, Lemma 1.2.3]. Let {Z%};_1.. y denote the
solution to the non-IPS . By Proposition we have

lim max E[ sup ‘XZ—ZZQ} =0.

N—oo 1<i<N 0<t<T

The established uniform in N upper bound on E[|DIX([?], given by
(30), allows us to conclude that Z° € D"?(S?) and DI Z; = limy 00 DI X}
as prescribed by |[Nua06, Lemma 1.2.3].

Step 4. Recovering the limiting equation and conclusion. It remains
only to identify and confirm the stochastic differential equation the limiting
object of DI X} as N — oo satisfies.

We now consider the L?-limit of the right hand side of . First,
note that the MV-SDE is an affine SDE with random coefficients
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that are space-measure Lipschitz, hence existence and uniqueness follows
from [Mao08, Theorem 2.1]. Define dol := o'(s, X, ul¥) — ol(s, Z¢, ul),
I =1,...,m and dos to be the d x m matrix valued process with columns
Sol. By our Lipschitz assumption on o', for all s € [0,7]:

[dors| < L(1X] = Zi| + Wad, b)) — 0, (31)

as N — oo in L?(Q) by Proposition Computing the difference between
the SDEs and ,

N
(0ub)(r, X, Y )(XF)DIX Y

. . t t
D;XZ-D;ZZ:&IS—#—/ Hrdr+/ {
S S k=1

L
N

m t m N
3 [t S [ ot X RO DX
=173 =1"9% k=1

where

O == (vxb (T7 Xﬁ)ﬁiv)DgXZ" - (vxb)(’r’ Zinu’i)DgZ:iv
771{ = (VxUl)(T, X;,/E?{V)DgX; - (Vmal)(r, ZL:“:;)DZZ};'

Squaring both sides of the equation, expanding the squares and taking
expectations, we have

. . L
IDIX; ~ DiZilteqy — O = | [ 6rdr
S

2 [t Li
g )y | k!

2
L2(Q)’
(32)
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where we define

Oy = E[|dos 2] + 2E|do, - /t 0,dr|

[ 1 & ; —-N k\ 1
. - i = J vk
+ 2E |0 : / ¥ ’;:1:(8“1))(7’, X}, i) (XF)DIXfdr|

s

ot t 1 N , .
F2B[ [ s [0S @) X i) (X DixEr]
-J S S kzl

O [t t1 X . 4
w28 Y [Cadr: [ 37 00" X0 ) (XR) DIX Edr |
k=1

- =1 S S

+E|

S i N\ vk vk
|~ S @) X i) (xXE) DXt
s k=1

+E[l§/:

The term ®p is a sequence which converges to zero as N — oo. This is
justified by repeated use of the Cauchy-Schwarz and Jensen inequalities, over
the bounds and (31)); the L?(2) boundedness of 6, and 7, is justified by
the Lipschitz property of o' and b (i.e. V0! and Vb are uniformly bounded
maps). The remaining term on the left hand side of converges to zero
by the conclusion of [Nua06, Lemma 1.2.3] (shown in Step 3 of this proof).
Hence so must the right hand side of and we obtain that

ZdT} .

N
1 o .
k=1

t . L t o .y
A}im (Vab)(r, X, g YDI X dr = / (Vzb)(r, Z), uy.) DI Z] dr,
—00 Jg s
and
t ) o ) t S . )
tin [ (Vao)r, X5 g2 DIXE AW, = [(Vao!) 0, 22, ) DIZEAWE

N—oo Jg

in the L2-sense and the it follows that MV-SDE is identified as the limit

of .
O

Remark 4.9 (Mollification: Lifting Assumption [4.7(2.); the measure
differentiability requirement). We do not carry out the analysis here, but by
drawing on techniques of mollification in Wasserstein spaces it seems possible
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to remove the measure differentiability assumption of Proposition[4.8 There
are several ways to carry out mollification over the space of measures, with
the main difficulty being that the Wasserstein space of measures is an infinite
dimensional one.

[Inf-Sup convolution): ~Motivated by the study of Hamilton-Jacobi
equations in infinite dimensional spaces, Lasry-Lions [LL86] propose
inf-sup convolution (in Hilbert spaces) to show that bounded uniformly
continuous scalar functions defined on a Hilbert space H can be uniformly
approximated by functions belonging to the class of differentiable maps with
Lipschitz derivatives. Chritically, their methodology preserves, in the infinite
dimensional space, certain good properties that other known mollifications
at the time were not known to. As an example, in [DDJ23| and working
on the torus, the the inf-sup convolution techniques of |LL86| are used to
establish optimal rates for the convergence problem in mean field control.
Notably, the mollification procedures of [DDJ23| rely on the properties of
the Hilbert Sobolev space H™* for s > d/2 + 1, i.e., the dual of the Hilbert
space of functions with s generalized derivatives in L>.

[Smoothing via truncating Fourier expansions]: In |[CD22], working over
the probability measure P(T?) on the d-dimensional torus T, a mollification
procedure of real-valued functions on P(T?) based on the Fourier coefficients
of the measure is introduced. Very roughly, the mollification is carried
out by truncating higher-order coefficients of the Fourier expansion at a
conveniently chosen threshold and combining with a Fejér kernel (see their
Definition 3.13). It is currently open how to extend the analysis from TY to
R4,

[Smooth approzimation over L under WiJ: In [CZ21, Section 3|, the
authors construct a novel mollification technique for measure functionals
in C(PL(RY)) under the 1-Wasserstein distance and the approzimation
is carried in L* (the subset of bounded RVs with norm || X|pe@) =
esssup,cq | X (w)|). Critically, their mollified map satisfies uniformly the
same Lipschitz property of the original functional. Such property does not
hold under Wy (unless the functional is also W1 -Lipschitz) but a convergence
result is provided (see their Theorem 3.1).

[Smoothing the approximating particle projection]: The interacting
particle system point of view allows us to benefit from a finite dimensional
framework and draw from standard mollification arguments (in (RN ). The
most suitable regularisation method for our IPS approach has been shown in
[CCD22| (also [CD18a,|CD18b| and the complementary [dRP23| adding all
the missing details of the proofs of [CD18a,|CD18b]). There, regularization
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is applied directly to the empirical projection map u’ (of Definition and
not u) via convolution with a smooth kernel. The method allows to control
the derivatives of the mollified map by the Lipschitz constant.

In [CM23], the authors close the two open questions left by [CZ21].
They show that when u is Wa-continuous there exists a sequence {uy}y €
C>(P2y(RY)) converging to u uniformly on compact subsets of Po(R%). If
u s additionally uniformly (resp. Lipschitz) continuous then each uy is also
uniformly (resp. Lipschitz) continuous, with the same modulus of continuity
(resp.  Lipschitz constant) as u — this closes [CZ21, Remark 3.2(i)].
Moreover, for u € CY(Po(R%) (resp. u € C*(P2(RY))) we show that
the convergence also holds for the first-order derivative (resp. second-order
derivatives) — this closes [CZ21, Remark 3.2(ii)]. The smooth approximating
sequence {ugtr, € C®(Py(RY)) of [CM23] is constructed relying on the
empirical distribution, similarly to what is done in [CD18a, Theorem 5.92]
in the proof of Ité’s formula along a flow of measures, although there it
is mot really a smoothing as both u and uy are of class C*(Po(RY)), but
rather a way to approximate a function u on P2(RY) by functions defined
on finite-dimensional spaces.
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1 Reciprocity laws

One of the most celebrated theorems of Gauss [Gau86] is the quadratic
reciprocity law. It states that for two distinct odd primes p # ¢, there is an

equality
P q) p=la-1
= =) =(=1) 2 2,
<Q) (p (=1

where the Legendre symbol on the left equals 1 if p has a square root modulo
q, and —1 otherwise. This law has the mesmerizing effect of determining the
existence of square roots of a prime p modulo another prime ¢, provided one
understands the case of ¢ modulo p, which would be a completely different
problem a priori.

There are several non-trivial proofs of this fact, but we are going to
regard it as a special case of a very general reciprocity law using the language
of algebraic number theory. Consider a finite field extension F/Q and let
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OpF C F be the subring of algebraic integers. While this is no longer a unique
factorization domain, the ideals I C Op do factor uniquely into a product
of prime ideals p, i.e., such that the quotient Op/p is an integral domain.
In algebraic number theory, the goal is to gather as much information as
possible on the prime ideal decomposition of pOf for any finite extension
F/Q. This can lead to the solution of certain Diophantine equations, e.g.,
decompose p = m? + n? with p prime inside Z[i].

We say that the prime p is unramified with respect to F/Q if pOp de-
composes as a product of different primes. In this case, there is a conjugacy
class of Frobenius ¢, € Galp/g whose elements reduce to z — x” modulo
some p above p. The Frobenius plays a decisive role in the entirety of this
article. For instance, the Legendre symbols can be rewritten in terms of the
value of ¢, in Galg, /25) /0 =~ {£1}. Emil Artin [Art27] found a formulation
of reciprocity encompassing all previously known examples.

Theorem 1.1 ([Art27]) For any abelian Galois extension F/Q and
every character p: Galp)g — C*, there exists a Dirichlet character
Xp: (Z/NZ)* — C* for some N such that p(yp) = xp(p)-

The original proof of this result was analytic in nature rather than al-
gebraic, and had to do with the density of split primes. This is also not so
surprising if we think in terms of L-functions. Dirichlet [LD69] proved the
existence of infinitely many primes in arithmetic progressions by studying
the L-function given by the Euler product

L(s,x) = [[(1 = x(p)p~)~"
pIN

that converges on the right half-plane Re(s) > 1 and then meromorphically
continued to the entire complex plane. In a similar fashion, we have the Artin
L-function L(s, p) for Re(s) > 0 attached to a n-dimensional representation
p: Galg — GL,(C), whose unramified portion is given by the characteristic
polynomial of p(y,) evaluated at p~*. Artin reciprocity can be formulated
in terms of the equality L(s,x,) = L(s, p).

Let us now mention the ring of adéles. Hensel [Hen01] introduced the ring
Ly :=lim,Z/p"Z of p-adic integers, a discrete valuation ring and a profinite
set. Its fraction field Q, = Z,[p~!] is called the field of p-adic numbers. We
define the finite adeles A® := Z ®z Q with Z := [[, Z,, and the full adeles
A := A* ® R by including the real place. This is a locally compact abelian
group and Q embeds diagonally as a discrete closed subgroup. The ring
A plays a crucial role in number theory, as it encapsulates the local-global
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principle, i.e., the idea that one should compare global questions over Q to
local questions over A.

Chevalley |[Che40] rephrased Artin reciprocity in terms of A and proved
it algebraically. First, one defines a dense injection Q; — Galat; into the
profinite Galois group of the maximal abelian extension. The image of p
equals ¢, on the maximal unramified extension Q)" and the identity on
the maximal cyclotomic extension Q¥°. The local maps can be explicitly
constructed via Galois cohomology and Lubin-Tate theory [LT65], and then
are assembled into a global isomorphism

Q*\A*/R5q =~ Galy’

of topological groups. This is the adelic formulation of Artin reciprocity.
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2 Elliptic curves and modular forms

In the previous section, we saw how the adele units relate to the abelian
Galois group of Q. Note that A* equals the A-valued points of the alge-
braic group G,,,. At the same time, Gal&b captures the information afforded
by characters x: Galg — C* = G;,(C). In this section, we discuss what
happens when G, is replaced by GLs.

Consider the upper half space . = {7 € C : im(C) > 0}. The real Lie
group SLo(R) acts on .7 by Mobius transformations:

() a b at +b
T) = T=—
v ¢ d cr+d’
so the point ¢ has stabilizer given by the maximal compact subgroup
SO2(R) C SLg(R). This identifies .7 with the quotient SLa(R)/SO2(R),
the simplest example of a Hermitian symmetric space. At the same time,

we still have an action of the arithmetic group I'(1) := SLy(Z) on D := 37
and we define the modular curve Xp(;) := I'(1)\D. Besides, one can write

Xr(1) = SL2(Q)\SL2(A)/(SL2(Z) x SO2(R))
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so the modular curve also fits into the previous framework of adelic unifor-
mazation.

However, there is more to this story and it turns out that the points of
the modular curve are elliptic curves themselves, i.e., genus 1 smooth curves
in P2. This means Xr(1) is a moduli space of a class of algebraic varieties,
a recurrent theme in algebraic geometry. Indeed, for every 7, we associate
a complex torus C/A, with A := (Z + 7Z). The homothety class of A is
invariant under SLy(Z), so our assignment descends to a bijection between
Xr(1) and the set of complex tori. Now, Weierstrass defined a certain series
or(2) converging everywhere on C except A, and proved that it satisfies the
functional equation @ (2)? = 4p,(2)® — gap-(2) — g3. The coefficients gy =
60G4 and g3 = 140G are rescaled Eisenstein series Goy, (7) 1= D0£NEA A2
converging when n > 3, some of the most famous examples of modular forms.
We define an elliptic curve E. = {(p-(2), 9}.(2)), 2 € C/A;}, realizing Xp)
as a moduli space of elliptic curves.

The advantage of realizing Xp(;) as a moduli space of elliptic curves is
that this definition extends to an algebraic variety over Q. One can obtain
variants of the modular curve by replacing I'(1) by deeper level I' C T'(1),
e.g., the congruence subgroups I'(n) := ker(SLy(Z) — SLo(Z/nZ)). The
resulting map X, := L'(n)\D — Xp(1) is a finite étale cover and admits a
Q(¢p)-realization by adding isomorphisms of the n-torsion E[n] := ker([n] :
E — E) with (Z/nZ)?. Modular curves can be compactified to X7 by
adding cusps in P(b, and Deligne-Rapoport [DR73] studied their integral
models AT, i.e., certain schemes over Z[(,], whose generic fiber recovers Xr.

Until now, we have only described the underlying geometry of the au-
tomorphic representations of GLo. The main players in the automorphic
representation theory are certain I'-equivariant functions investigated by
Hecke [Hec27], called modular forms. Concretely, a modular form of weight
k and level T is a function f: .s# — C such that (cr 4+ d)*f = f o for
every v € I', admitting a Fourier expansion near the cusps at infinity. We
give some examples below so the reader can get a better feeling. We have
already seen the Eisenstein series G, (7), which are modular forms of level
I'(1) and weight n. Jacobi defined the theta function (1) = 3, 7 emin®T
converging when 7 € ¢ by the Poisson summation formula, a modular form
of level I'(2) and weight 1/2. Furthermore we have the discriminant of the
Weierstrass equation A(7) = 2™ [],~;(1 — *™7)24 " a modular form of
level I'(1) and weight 12. Tts Fourier coefficients 7(n) were conjectured by
Ramanujan to satisfy |7(p)| < 2p'*/2. The study of modular forms has lead
to many remarkable arithmetic identities.
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Hecke defined the L-series L(s, f) = Y_,,~1 apn~*° attached to a cusp form
f, i.e., vanishing at the cusps, of weight k and level T', where the sequence
a, are the Fourier coefficients of f, and proved it admits a meromorphic
continuation to C with poles at s = 0 and s = k. Moreover, when a1 = 1,
then L(s, f) has an Euler product with terms equal to (1—a,p=+pF~1725)~1
for almost all p. Deligne [Del71al associated 2-dimensional complex Galois
representations py to modular forms f of weight & > 2 by using the étale
cohomology of modular curves, and proved the Ramanujan conjecture with
the help of his proof in [Del74] of the Weil conjectures.

On the other hand, an elliptic curve over Q has an associated L-function
L(s,E). Indeed, consider the Galois representation pg: Galg — GL2(C)
deduced via scalar extension from the natural action on the Tate Z,-module
Ty(E) = lim, E[("] ~ Z2 for a fixed prime ¢, and set L(s, E) := L(s, pg).
This L-function has an Euler product expansion with terms of the form
(1 —app~* +p'=2%)~1 for almost all p, with a, giving the trace of ¢,. This
is not a coincidence:

Theorem 2.1 ([BCDTO1]) Elliptic curves over Q are modular.

The statement means that for each such F, there exists some normalized
cusp form f of weight 2 such that the associated representations pp ~ py or
equivalently L-functions L(s, E) = L(s, f) coincide. Originally, this result
was conjectured by Taniyama—Shimura [ST61]. Nowadays it is known as
the modularity theorem and was proved by Breuil-Conrad—Diamond—Taylor
[BCDTO01] building on work of Wiles [Wil95] and Taylor-Wiles [TW95| for
semistable curves. The work of Wiles received widespread attention because
Ribet [Rib90] had previously observed it implies Fermat’s last theorem.

3 Shimura varieties and Langlands

The previous two sections handled the Langlands program for GL, with
n < 2. Now, we address the much more demanding case of GL,, for arbitrary
n. We being by explaining how to replace elliptic and modular curves. An
abelian variety A is a geometrically connected projective algebraic group over
a field. Elliptic curves are abelian varieties of dimension 1, with group law
given by P+ Q + R = 0 for any collinear triple. Over C, an abelian variety
is given by a m-dimensional torus Ay := C"/Ay with Ay = Z" + ZZ",
where Z belongs to the Siegel upper half space D := 52,. The elements
of D are symmetric matrices Z € M, (C) with positive definite imaginary
part. Note that Az carries a polarization Az (automatic for elliptic E),
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i.e., an alternating form on the lattice Az. Again, we have an identification
D ~ Spy, (R)/U,(R) via Mobius transformations, where U, (R) C Sps,,(R) is
the real unitary subgroup of the real symplectic group. For any congruence
subgroup I' C Spy,,(Z), the quotient Xr := I'\D is thus a moduli space of
polarized abelian varieties with level structure, defined over a finite extension
of Q.

It is not a fluke that the symplectic group Sp,, appeared above ins-
tead of SL,: unfortunately, the automorphic quotients of SL,, for n > 2
are never complex manifolds. To remedy this, we need to work with more
general groups. Let G be a reductive group over Q, i.e., a linear algebraic
Q-group whose maximal smooth unipotent connected subgroup vanishes.
This includes semi-simple groups like Sp,,, and SL,, but also general li-
near groups GLj, unitary groups U, r/q, orthogonal groups Oy, etc. Let
D = G(R)/Zg(R)"T K« be the Riemannian symmetric space obtained by
quotienting out the connected component of the center Z5(R), and a com-
pact real Lie subgroup Ko, C G(R) with maximal compact Lie subalgebra.

Finally, we set
Xk = GQ\D x G(A®))/K

for any compact open subgroup K C G(A®). One can show that this equals
the disjoint union of quotients I'\D by arithmetic subgroups I' C G(Q), so
it is a real orbifold. If K is sufficiently small, X is a real manifold. After
Shimura [Shi63] worked out a wide variety of examples, Deligne [Del71D]
introduced the notion of a Shimura datum, where D arises as the conjugacy
class of homomorphisms S := Resc/rGy — Gr, and satisfies a series of
axioms to ensure that D is a disjoint union of Hermitian symmetric spaces.
For Shimura data and neat K, Baily—Borel [BB66] proved that the Xy are
quasi-projective smooth C-varieties, by constructing minimal compactifica-
tions of I'\D. These X are called Shimura varieties and vastly generalize
moduli of polarized abelian varieties. Deligne [Del79] proved that, for al-
most all (G,D) with G classical, they descend to a finite extension E/Q,
and the general case was handled independently by Borovoi [Bor83] and
Milne [Mil83]. Shimura varieties play a distinguished role in the Langlands
program, because their étale cohomology relates to both automorphic and
Galois representations.

Finally, we are ready to discuss the notion of an automorphic represen-
tation of GL,, or even of a general reductive group G over Q. We consider
the Hilbert space L?([G]) of square-integrable functions on the automorphic
space [G] := G(Q)Ag(Q)\G(A) with its natural Radon measure. Here, Ag
is the maximal QQ-split central torus of GG, and one Kkills it to ensure the fi-
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nite volume of [G]. An automorphic representation of G(A) is an irreducible
unitary G(A)-representation appearing as a subquotient of L?([G]). At the
same time, we define automorphic forms as K-invariant smooth functions
¢ : G(A) — C of moderate growth with finite translates under K, and the
center of U(Lie(Gr)). For GLg, we recover modular forms up to a twist
and furthermore, automorphic representations can be described in terms of
automorphic forms.

Our final ingredient for stating the global Langlands correspondence
(GLC) is the notion of automorphic L-functions. Langlands [Lan70] was
studying the constant terms of Eisenstein series, i.e., their values at the
boundary of I'\D, when he was led to the L-function of an automorphic
representation of GL,,(A) for all n. Indeed, the Satake isomorphism encoun-
tered in the next section associates a dominant coweight p(m,) of GL,(C) to
the p-primary part 7, of the automorphic representation . For unramified
p, one sets L(s, ) to be the value at p~* of the characteristic polynomial
of p(mp). More care is needed to define L(s, 7~ ) and L(s,m,) for ramified
p, and show that the Euler product L(s, ) := L(s, 7o) [, L(s, 7p) admits
a meromorphic continuation to C.

Conjecture 3.1 ([Lan70]) The Artin L-function L(s,p) of an irreduci-
ble Galois representation p: Galg — GLy(C) coincides with the L-function
L(s,m,) of an automorphic representation 7, of GL,(A).

This is a crude version of the GLC that does not pin down the auto-
morphic representation m,. Advances in the theory of Shimura varieties and
p-adic Hodge theory have led to a better understanding of how the GLC
should look like, and we refer to [BG14] for a modern treatment of the GLC
in this direction. Over the p-adic field Q,, we get the local Langlands cor-
respondence (LLC) with a much clearer formulation. The LLC predicts a
bijection.between isomorphism classes of irreducible admissible representa-
tions of GL,(Qp) on the automorphic side and GL, (C)-conjugacy classes
of semisimple L-parameters Wg, x SL2(C) — GL,(C) x Galg,. These
so-called L-parameters are certain group homomorphisms from the Weil—-
Deligne group Wgq, x SLa(C), such that the image of the Frobenius ¢ is
semisimple. This conjecture was proved by Harris—Taylor [HT01] using glo-
bal ingredients coming from the cohomology of Shimura varieties, whose
decomposition allowed them to relate automorphic and Galois representa-
tions. For general reductive groups other than GL,, the situation is more
complicated as one does not expect a bijection anymore, but rather a map
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with finite fibers called L-packets. This is a matter of current intense inves-
tigation.

4 Geometric Langlands

It is well known that there is an analogy between number fields and function
fields, by which we mean a field K(X) of rational functions on a geometri-
cally connected proper smooth curve X over F,,. Indeed, if one considers the
affine spectrum of Z, this is a 1-dimensional scheme and its closed points
are given by its primes, just like the places of K(X) correspond to closed
points of X. From the point of view of algebraic geometry, it is however
much easier to work with curves over [F,,. Besides, one also gets a canonical
Frobenius homomorphism ¢.

Let G be a split connected reductive group over the curve X in the
sense of Chevalley [Che55], see also [GDG63] (for the unfamiliar reader, this
includes classical groups such as GL,, Spy,, SO,, but unitary groups like
SU,, are non-split). Consider the moduli stack Bung classifying G-bundles
on the curve X. This is a smooth Artin stack over I, and we can write

Bung(Fp) = G(F,)\G(Ax)/G(Ox) (1)

where the right side resembles the automorphic side of Artin reciprocity.
Indeed, in this setting, we define automorphic forms as sections of constant
Qy-sheaves on this space for some prime ¢ # p. Besides the stack of G-
bundles, there are other important stacks to consider, such as the Hecke
stack denoted by Hkg which classifies modifications & --+ &1 of G-bundles
along a point of the curve z € X; or the stack of G-shtukas Shtg that is
given as the pullback of the Frobenius graph of Bung along the natural map
Hkg — Bung. Shtuka stacks play a similar role to Shimura varieties in the
number field case.

Originally, Drinfeld [Dri74] came up with the notion of vector bundles
equipped with a meromorphic ¢-semilinear structure, which he named shtu-
kas (Russian for “thing, stuff”) and applied it in [Dri80] to prove the GLC
when GLs over global function fields. These techniques were then further
developed by Laumon—Rapoport—Stuhler [LRS93] to prove the local Lan-
glands correspondence (LLC) for local fields in characteristic p. After that,
Laurent Lafforgue [Laf02] used shtukas to prove the GLC for GL,, over X,
and finally his brother Vincent Lafforgue [Laf18] figured out the automorphic
to Galois direction for arbitrary G over X.
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Theorem 4.1 ([Lafl8]) There is a natural map @ — o from automorphic
representations of G(Ax) to semisimple Langlands parameters, i.e., GV (Qy)-
conjugacy classes of continuous 1-cocycles Galy (x) — GV(Qp).

Several ingredients go into the proof of this theorem, the most original
one being the construction of the so-called excursion operators. Another
fundamental ingredient that we want to address is the geometric Satake
equivalence. Let O, be the complete local ring of X at x and F} be its
fraction field. The classical Satake isomorphism following [Sat63] identifies
the spherical Hecke algebra Hg := C[G(O,)\G(Fy)/G(0Oy)] of G with the
Weyl invariants HYV = C[X.(T)]" of the Hecke algebra of a maximal torus
T C G. Up to passing to f-adic coefficients, we can identify Hg with the
Grothendieck group K of étale Qy-sheaves on the fiber Hkg , of the Hecke
stack at the point x and Hgf with that of representations of the L-group
LG = GY x Gal r,. This observation can be upgraded to an equivalence of
categories:

Theorem 4.2 ([Gin95]) There is a natural symmetric monoidal equiva-
lence of abelian categories between the category P(Hkg ) of perverse Q-
sheaves on the Hecke stack and the category Rep(*G) of representations of
the L-group of G.

Recall that for a smooth variety over F,,, Poincaré duality holds for étale
cohomology by [SGAT73Dh]. However, if we work with non-singular varieties,
then this is no longer the case and Hkg ;. is very far from smooth. It admits a
pro-smooth cover by the affine Grassmannian Grg ; which is an ind-scheme.
Its closed G(Oy)-equivariant subvarieties Grg sz <, are called Schubert va-
rieties and indexed by dominant coweights p of G. These are very rarely
smooth, but are always normal and Cohen—Macaulay if 7 (G) is p-torsion
free by a theorem of Faltings [Fal03|] (if 71(G) has p-torsion, pathologies
occur by [HLR1S]), see [Lou23]| for a new proof via distribution F,-algebras.

Fortunately, Goresky—MacPherson [GM83] discovered in the topological
setting, later rephrased by Beilinson—Bernstein—Deligne-Gabber [BBDG18S)]
in the algebraic setting, that constant sheaves shifted by the dimension
along a smooth stratification of X can be glued to complexes on X (called
a perverse sheaf nonetheless). One gets an abelian full subcategory P(X) C
D(X) of the derived category of sheaves, which satisfies a form of Poincaré
duality even for non-smooth X. The geometric Satake equivalence furnishes
a plethora of perverse sheaves (one calls them also Satake sheaves) on the
Hecke stack, which are used as the convolution kernels of geometric Hecke
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operators. It is also known with Z,- and Fj-coefficients thanks to the work
of Mirkovi¢—Vilonen [MVOQT7].

5 Geometrization for p-adic fields

In this section, we want to explain some of the emerging story over p-adic
fields due to Fargues—Scholze [FS21], which takes a lot of inspiration from
global function fields. It is already a daunting task to work in the local
p-adic field situation, so from now on we will forget about global number
fields.

The first problem that we encounter is that we do not really have a decent
curve, or at least the curve that we would normally have, i.e. the affine
spectrum of Z,, is not that rich geometrically. Even the number field setting
is not useful because we lack a canonical Frobenius to move things around...
The idea here comes in a sense from the theory of Witt vectors [Wit37]. They
allow us to lift perfect F,-algebras to mixed characteristic. Scholze [Schi2]
defined a tilting functor that passes from mixed characteristic perfectoid
rings to perfect IF-algebras. While tilting is a functor, there is a myriad of
untilts and classifying them yields the Fargues—Fontaine curve [FF18].

More precisely, a perfectoid Tate ring is a pair (R, R") consisting of a su-
bring Rt C R = R™[1/w]| equipped with the w-adic topology such that w?
divides p and the Frobenius ¢: R"/w — R"/w? is an isomorphism. The
tilting functor of [Schi2] takes (R, R*) to the perfect Tate ring (R’, R**),
where R’ is the limit of Rt /p along ¢. Kedlaya-Liu [KL15] proved that
every untilt (S, S#T) of a perfect Tate ring (S, ST) can be uniquely obtai-
ned as the quotient S = W(ST)/¢ with & = p + [w]e, where [w] is the
Teichmiiller lift. This leads us to define the absolute curve Y over Spa(Q))
whose (S, ST)-valued points are given by the non-vanishing locus of p[w]
in the affinoid adic space Spa(W(S™1)). The adic Fargues—Fontaine curve
X :=Y/¢” is the quotient by the totally discontinuous action of the Frobe-
nius ¢. Here, we have to use the theory of adic spaces due to Huber [Hub96]
which captures analytic features in a better fashion; this is related also to the
recently developed notion of analytic rings and stacks by Clausen—Scholze
[CS19)].

Now, one can define Bung in this setting again as the stack of G-
torsors on X. Its geometric points are in bijection with Kottwitz’s set B(G)
classifying o-conjugacy classes in G(W (F,)[1/p]) by a theorem of Fargues
[Far20], with topology explicitly described via the combinatorics of Newton
polygons as shown by Viehmann [Vie21]. Scholze [Sch17] developed a for-
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malism of étale cohomology for perfectoid stacks, and [FS21] proves that
D(Bung) captures the derived categories of smooth representations of the
inner forms J, of the Levi subgroups of G attached to b € B(G), glued in a
yet mysterious way.

One can also define the Hecke stacks Hk¢, affine Grassmannians Grg
and shtuka stacks Shtg in this setup. These are stacks on perfectoids with
a natural map to the mirror curve Divl of the Fargues—Fontaine curve
X. Using the concept of universally locally acyclic sheaves, [FS21] proved
the geometric Satake equivalence for Hkg, but the L-group is given by the
semi-direct product GV x Wyg, with the Weil group. Most of the formal
arguments in [Lafl8] concerning excursion operators can be repeated to
yield the automorphic to Galois direction of the LLC for p-adic fields.

Besides, the Galois side of the LLC can be geometrized via the
stack Z'(Wg,,G") of L-parameters studied by Zhu [Zhu20] and Dat-
Helm-Kurinczuk-Moss [DHKM20], which classifies continuous 1-cocycles
v: Wo, — GY(Qy). The Langlands philosophy combined with the pre-
vious geometrization efforts suggests that one should find a correspondence
between derived categories of sheaves on the automorphic space and the
Galois space.

Conjecture 5.1 ([ES21]) There is an equivalence D(Bung)Y — ~
Db L ([GY\ZY(Wq,,GY)]) of derived categories.

coh

On the left of the equivalence, we consider the full subcategory of com-
pact objects inside D(Bung), whereas on the right of the equivalence we
consider the category of bounded complexes of coherent sheaves on the
stack [GV\Z'(Wgq,,G")]. Similar versions of this conjecture have recen-
tly appeared also by Hellmann [Hel23] and Zhu [Zhu20] and it can be made
much more explicit as follows. In [FS21], the Hecke action on D(Bung)
given by the Satake sheaves is extended to a full action by the category
Perf([G¥\Z'(Wq,,G")]) of perfect complexes on the stack of L-parameters.
One can therefore ask that the equivalence above respects the spectral ac-
tion. Moreover, it is expected that the inverse equivalence maps the struc-
ture sheaf O to a Whittaker sheaf Wy, i.e., obtained via compact induction
from a Whittaker datum ¢ on a maximal unipotent subgroup U(Q)).

6 Sheaves on integral models

In this section, we discuss further developments related to integral Z,-models
and their reduction to F,. The curve Y admits an obvious integral model Y
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by including characteristic p untilts, but it is no longer natural to consider
its Frobenius quotient, because the action is not free anymore. Let G be
a parahoric Zy-model in the sense of Bruhat-Tits [BT84] of our connected
reductive Qp-group G: this notion means that G(Z,) C G(Qp) behaves
for many purposes like a parabolic subgroup, e.g. take the pullback of an
actual parabolic subgroup along the reduction map G(Z,) — G(F,). Then,
one can still define the notions of Hecke stacks Hkg and shtuka stacks Shtg,
and affine Grassmannians Grg. The bounds by coweights u extend to Z, by
taking closures, and one of our contributions revolved around understanding
this procedure in detail.

Theorem 6.1 ([AGLR22, [GL22]) The v-sheaf Grg <, is normal with
special fiber equal to the p-admissible locus. If p is minuscule, then it is
representable by a unique normal, Cohen—Macaulay, flat Z,-scheme with
reduced special fiber.

Part of this had been previously conjectured by Scholze-Weinstein
[SW20] and much of the motivation stemmed from the arithmetic of Shi-
mura varieties, where the minuscule integral Schubert varieties appear as
local models for controlling the singularities, see the book of Rapoport—Zink
IRZ96]. These were studied extensively in the last decades, most notably by
Pappas, Rapoport, and Zhu [PROS8| [PZ13], but the approach in [AGLR22]
was the first to actually provide a complete and functorial theory.

One important ingredient in [AGLR22| is the formalism of kimberlites
due to Gleason [Gle22], which are v-sheaves of formal nature with a scheme-
theoretic reduction whose complement is a diamond, and admitting a speci-
alization map between the underlying topological spaces. In [AGLR22] we
proved that Grg <, can be recovered from its Z,-fibers and the specialization
map between them. Note that the special fiber of the unbounded Grassman-
nian Grg was first defined by Zhu [Zhul7] and then Bhatt—Scholze [BS17]
proved it is an ind-perfect scheme. The p-admissible locus in the theorem
goes back to Kottwitz—Rapoport [KR00] and equals the union of the G(Z,)-
orbit closures in Grg , of the Weyl conjugates of . We are able to pinpoint
the specialization map for minuscule p by using a convolution analogue of
the Iwasawa decomposition.

Arguably, the most crucial task in [AGLR22] is identifying the special
fiber of Grg <,,. This requires working with the derived category D(Hkg) of
étale Qp-sheaves on the Hecke stack building on [Schi7]. The main tool for
us is the functor of nearby cycles R¥ : D(Xj;) — D(X5) specializing between
geometric fibers. Its origins lie in Morse theory: for a map f: X — D with

Boletim da SPM 83, Dezembro 2025, Matematicos Portugueses pelo Mundo, pp. 87-107



JOAO LOURENGO 99

an isolated singularity at the origin, RV carries the cohomology classes of
the non-singular fibers to the fiber at 0. In the case of schemes, Deligne
defined RV for a map f : X — Z, in [SGAT3a] by pushing sheaves forward
along the absolute integral closure, and this definition of also works in the
situation of [AGLR22|. Using constant terms functors, we could prove that
universal locally acyclic sheaves are preserved under RV and their images
are actually scheme-theoretic.

Theorem 6.2 (JAGLR22, ALWY23]) The functor RV: P(Hkgc,) —
D(Hkg g ) lifts to the Drinfeld center and lands in P(Hkg g ).

This is the analogue of the main theorem of Gaitsgory [GaiOl] in the
function field case, but the p-adic setting complicates matters. For instance,
nearby cycles of algebraic schemes preserve perversity by Artin vanishing,
but this is no longer true for general v-sheaves. In order to prove it, we intro-
duced Wakimoto sheaves in [ALWY23] at Iwahori level following Arkhipov—
Bezrukavnikov [AB09], and used them in combination with geometric Satake
to a filtration of R¥ by Wakimoto perverse sheaves. As for the centrality of
RV, we constructed the main isomorphisms in [AGLR22], but only verified
the higher homotopy coherences in [ALWY23].

In [AGLR22|, we applied nearby cycles and geometric Satake to show
that the special fiber of Grg <, coincides with the p-admissible locus.
Another application of the central sheaves is the normality of Grg <, proved
in [GL22|] by a much simpler method than [Zhul4] in the function field case.
We use the Wakimoto filtration to show connectedness for the analytic tu-
bes of the closed points in the special fiber of Grg, up to codimension 2.
This reduces normality to a combinatorial Sy property for the special fiber,
which we verify in the function field case thanks to a dynamical argument
of Le-Le Hung-Levin-Morra [LHLM?22].

A natural continuation of the above is to extend the central functor
to a Bezrukavnikov equivalence for p-adic fields in analogy with [Bezl6]
for Laurent series fields. It asserts that there is an equivalence of derived
categories

Deon([GY\Stgv]) =~ D(Hkz 5 ) (2)

of coherent sheaves on the left and étale Qg-sheaves on the left. Here, Stov
is the dual Steinberg variety of triples and Z is a Iwahori model of G. In
[ALWY23], we followed [ABQ9] to construct roughly one half of the equi-
valence using the Springer resolution of the nilpotent cone Ngv in place of
the Steinberg variety. Unfortunately, there is one essential ingredient still
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missing in the p-adic setting beyond the GL,, case. We need to bound cer-
tain Hom spaces involving quasi-minuscule representations and the fastest
way to do this is extending the monodromy operator on the image of RV to
the entire category of perverse sheaves. This is classically done via rescaling
uniformizers but cannot be performed in the p-adic setting. We hope to
address this also in our future work.

The importance of the Bezrukavnikov equivalence lies in its usefulness
for geometric Langlands. Recently, Zhu [Zhu20] proposed a different geome-
trization of local Langlands over QQ,, where instead of Bung he considers the
stack Isocq of G-isocrystals, which geometric points equal B(G) but carries
the opposite topology. In upcoming work of Hemo—Zhu, the Bezrukavnikov
equivalence is used via the trace of Frobenius to produce a Langlands equi-
valence for tame representations with Isocg in place of Bung. We are thus
led to anticipate the following.

Conjecture 6.3 There is an equivalence D(Isocg) ~ D(Bung) of derived
categories.

Recently, Gleason—Ivanov [GI23] constructed a geometric correspon-
dence between Isocg and Bung. In an ongoing project, we aim to tackle the
conjecture above by using this geometric correspondence. Simultaneously,
the Bezrukavnikov equivalence and our partial work towards it in [ALWY23]
should be an essential ingredient in comparing the (tame) spectral action
on the two sides.
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Resumo:

Descrevemos relagoes intrinsecas entre o espaco de moduli de curvas
projetivas, a sua compactificacdo através de curvas de Deligne-Mumford es-
taveis, e o espago de moduli de curvas tropicais. O ponto chave consiste
na identificacdo de uma categoria de objetos combinatoriais que governa a
estratificagdo por tipo topoldgico em ambos os espacos de moduli. Descre-
vemos também algumas aplica¢des do uso destes instrumentos ao estudo da
geometria do espago de moduli de curvas e aplicagdes semelhantes a outros
espacos de moduli.

Abstract

We describe intrinsic relations between the moduli space of smooth pro-
jective curves, its compactification via Deligne-Mumford stable curves, and
the moduli space of tropical curves. The key point lies in describing a ca-
tegory of combinatorial objects governing the topological type stratification
of both moduli spaces. We also illustrate remarkable applications of this
interplay on understanding the geometry of the original space and explain
similar applications to other moduli spaces.

palavras-chave: espaco de moduli, curvas suaves, curvas estaveis, tropica-
lizacdo, estratificacdo topoldgica, curvas tropicais, cohomologia racional.

keywords: moduli spaces, smooth curves, stable curves, tropicalization,
topological stratification, tropical curves, rational cohomology.

1 Introduction

Moduli spaces are parameter spaces for algebro-geometric objects with cer-
tain fixed geometric invariants. In algebraic geometry, it is often the case
that such spaces are also endowed with the structure of algebraic variety,
algebraic scheme or algebraic stack. Therefore, one can use again algebro-
geometric tools to study such spaces and, using their modular interpretation,
give answers to classification problems for the original varieties and their de-
formations.
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The most studied moduli space in algebraic geometry is certainly the
moduli space of curves of given genus. Indeed, it was already considered
by Riemann, who introduced the term Moduli and considered the set of
isomorphism classes of complex structures definable over a compact, con-
nected, topological surface of genus g > 2 as a complex variety of dimension
3g — 3, denoted by M,. Along the second half of the 20’th century, the
moduli space of curves was then extensively studied by algebraic geometers
and generalized in many ways. For instance, one can fix a number n of dis-
tinct and ordered points on the curves: such a space is known as the moduli
space of pointed/marked curves and is denoted by M,,,; or even add the
information of a map from the curve to a given space with geometric cons-
traints on the image of the fixed points, the moduli space of stable maps:
this space is particularly relevant for applications to enumerative geometry
and the development of Gromov-Witten theory.

An important limitation of the moduli space of curves is the fact that it is
not compact, so it cannot be used properly to classify important phenomena
regarding curves from the point of view of enumerative geometry, which re-
quires techniques usually available for compact spaces. This limitation was
completely solved after the breakthrough work by Deligne and Mumford,
followed by Knudsen, who constructed a remarkable modular compactifi-
cation for M ,: the moduli space of stable curves Mg, in [DM69] and
[Knu83]. This compactification has many important geometrical properties,
such as the fact that it is smooth (viewed as an algebraic stack), normal
crossings (i.e., the boundary locus looks like the intersection of coordinate
hyperplanes locally at any point). More importantly, its strength relies on
its modular properties: My, itself is a moduli space parametrizing pointed
stable curves, i.e., curves admitting nodal singularities and satisfying a sta-
bility condition, which ensures that there are only finitely many topological
types of such curves.

Even if the moduli space of curves is one of the most studied and fasci-
nating spaces in algebraic geometry, there are still many mysterious aspects
of its geometry that keep attracting the attention of mathematicians with
different points of view. A remarkable example of success is the structure
of the stable cohomology ring of Mg, which is a polynomial ring in the so-
called kappa classes as conjectured by Mumford and later proved by Madsen
and Weiss in [MWOQ7]. On the other hand, the rational cohomology ring of
My, is completely understood only for low values of g and n, and recently
there have been lots of efforts trying to understand more deeply its topology.

It turns out that, by applying Deligne’s theory of weights, part of the
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cohomology of M, , is governed by the topology of any of its normal cros-
sings compactifications. It is then natural to expect that combinatorial
methods come into the picture in order to shed some light on the unders-
tanding of the geometry of such boundaries.

Tropical geometry is a new area within algebraic geometry whose geome-
tric objects are piecewise linear, and therefore much more combinatorial in
nature. It has experienced an extraordinary development in the last 20 ye-
ars and has shown to be an important tool as well when applied to describe
degenerations of algebro-geometric objects. The spirit of tropicalization is
that one can zoom in locally at a given point of a variety and extract the
geometrical behaviour of its nearby points by representing them within a fan
of polyhedral cones. When applied to normal crossings compactifications of
moduli spaces, this acquires a modular meaning: one can classify all possible
degenerations of a given object by looking at the tropicalized moduli space,
which is a (generalized) cone complex parametrizing the analogous tropical
objects up to tropical modification.

The construction of tropical moduli spaces was inspired by the pionee-
ring work of Mikhalkin-Zharkov in [MZ07], who described analogous tropical
notions of abstract curves, divisors, sheaves, abelian varieties, and so on. Ba-
sed on these notions, one can construct tropical moduli spaces as generalized
cone complexes, as in the case of curves, Jacobians and abelian varieties in
[BMVTII]. These spaces have also been intrinsically realized as tropicaliza-
tion of both the non-archimedean analytification and the logarithmic version
of the original compactified spaces in [ACP15|] and in [CCUW20).

At this point, the role of tropical geometry becomes clear as it provides
a modular description for the combinatorial data used to compactify the ori-
ginal objects. These modular descriptions are indeed quite helpful and have
been recently applied with great success in a number of results concerning
geometric properties of the original spaces. One of such achievements is the
beautiful computation of the top-weight cohomology of the moduli space of
curves in the breakthrough work of Chan, Galatius and Payne [CGP21]. We
will try to explain this application in the remaining part of this text.

We start by introducing our main combinatorial tools: graphs and cate-
gories of graphs.

We then give a short description of the moduli space of projective curves,
its Deligne-Mumford compactification, and its stratification by topological
type.

We continue by introducing the moduli space of tropical curves, high-
lighting its analogy with the moduli space of stable curves, and by briefly
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explaining the tropicalization morphism from the Berkovich analytification
of the Deligne-Mumford compactification to the moduli space of curves.
Finally, we put all our spaces together and explain Chan, Galatius and
Payne’s computation of the top-weight rational cohomology of the moduli
space of curves by computing the homology of the moduli space of curves.
We conclude by briefly mentioning other remarkable applications of tropical
geometry to the geometry of classical algebro-geometric varieties.

2 Preliminaries: Graphs and categories of graphs

Given a graph G, we will indicate with V(G) the set of vertices of G and
with E(G) the set of edges of G. Given an edge e € E(G), we will write
e = uv, for u,v € V(G) to indicate that v and v are the ends of e. Notice
that we will allow for the existence of multiple edges and loop edges as well
(in that case we write e = uu). We will consider our graphs to be connected,
unless otherwise stated: in that case, we will denote with ¢(G) the number
of connected components of G.

Our graphs will often be weighted, i.e., endowed with a weight function
w: V(G) — Z>o. Given a (weighted) graph G = (G, w), the genus of G is
set to be

9(G) = Y wv) +h(G) =y,
veV(G)

where b1 (G) = |E(G)| — |V(G)| + ¢(G) is the first Betti number of G.
Definition 2.1. Let g,n be non-negative integers such that 2g —2+4+n > 0.

o A (g,n)—graph is a (weighted) graph G of genus g and n legs, i.e., G is
a genus g graph endowed with a leg function leg : [n] := {1,...,n} —
V(QG).

o The (g,n)—graph G is said to be stable if Vv € V(G) with w(v) = 0,
we have that
val(v) + |leg™t(v)| > 3,

where val(v) denotes the valence (or degree) of the vertex v.

A morphism of weighted graphs G = (G,w) and G' = (G',w') is a pair
m = (my,7mg), where my : V(G) — V(G') is surjective and 7g : E(G) —
E(G")UV(G) is surjective onto E(G’) such that:
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e 7p is compatible with the incidence function, i.e., if e = uv € E(G)
and p(e) = € = u'v' € E(G), then we must have that my(u) = o/
and 7y (v) = v';

« 7 respects the weight function, i.e., for all v' € V(G'), 77 1(v') C G is
a connected subgraph of G with g(7~1(v')) = w'(v');

o m induces an inclusion iy : E(G") < E(G) such that 7g o iy = idgan.

If both G and G’ are endowed with leg functions leg : [n] — V(G) and
leg’ : [n] — V(G'), we further ask that my be compatible with induced
markings, i.e., Vi € [n], leg/(i) = 7y (leg(i)).

The morphism 7 is said to be an isomorphism if i, is bijective (that
is, edges of G are mapped bijectively to the edges of G'). Indeed, since we
are assuming that our graphs are connected, this implies that also my is
bijective. Given S C E(G) inducing a connected subgraph G[S] of G, the
contraction of S is a particular morphism 7g : G — G/S which maps all
the vertices and edges of S to a vertex vg € G/S and is an isomorphism
elsewhere. One can check that morphisms of weighted graphs are obtained
by iterating isomorphisms and contractions.

Remark 2.2. It follows easily from the definitions that morphisms of weigh-
ted graphs preserve the genus, the markings and also the stability condition,
i.e., the image of a stable graph via a morphism of graphs is still stable.

In the light of Remark we can consider the set of (stable) (g,n)-
graphs as a category, as follows.

Definition 2.3. Let g,n be non-negative integers as above. The category
of stable graphs of type (g,n) is the category G, such that:

e objects are stable weighted graphs of genus g and n markings;
e morphisms are morphisms of weighted stable graphs.

Remark 2.4. The stability condition implies that, for fixed g and n, there
are only finitely many isomorphim classes of (g, n)-stable graphs. Moreover,
it is an easy consequence of the Handshaking Lemma, that the maximal
number of edges and vertices of a stable graph of genus g with n legs is,
respectively, 3¢ — 34+ n and 2g — 2 4+ n.

The reader might suspect that the fact that the maximum number of
edges of a stable graph of given genus matches the dimension of M,,, is not
a coincidence.
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Figura 1: The category of stable graphs of genus 2 and no markings, Ga g.
Dotted arrows represent morphisms in the category obtained by (weighted)
contraction of edges.

3 Moduli spaces in algebraic geometry

Let M, denote the space of isomorphism classes of smooth projective curves
of genus g (remember that these correspond to compact Riemann surfaces
of genus g if the curves are defined over the complex numbers). Recall that
for g = 0, since all smooth rational curves are isomorphic to the projective
line, My = {pt}; while for ¢ = 1, one can see that isomorphism classes of
elliptic curves are classified by an invariant, called the j-invariant, which
corresponds to a point in the affine line A!, so M; = Al. For g > 2, in
the seminal paper [DM69], Deligne and Mumford showed the existence of
My over Z and proved that it is an irreducible quasiprojective variety of
dimension 3g — SH

More generally, one can consider the moduli space M, ,, of smooth curves
of genus g with n distinct markings. Then, if (g, n) is such that 29—2+n > 0,
Knudsen in [Knu83] built on the work of Deligne-Mumford to show that
My is a quasiprojetive variety of dimension 3g — 3 + n.

Since then, the moduli space of smooth curves of given genus and dis-
tinct n markings has been deeply studied. However, it is easy to see that
M., is not compact, as smooth curves degenerate to singular curves, and
since distinct points may collide. In the above-cited papers, the authors

'Deligne-Mumford actually constructed M, as an algebraic stack in [DM69)
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constructed modular compactifications for the spaces Mg, by means of
(Deligne-Mumford) stable curves.

Definition 3.1. A stable (marked) curve is a nodal curve X, possibly with
several irreducible components (and n distinct smooth points), satisfying
the following stability condition: for each irreducible component C' of X
isomorphic to a smooth rational curve, C' contains at least 3 special points
of X, i.e., the number of points where C intersects the rest of X plus the
number of markings on C' must be at least 3.

Remark 3.2. Tt is easy to see that the above stability condition is equivalent
to the condition that the automorphism group of X is finite. Notice also
that there exist stable curves of genus g with n markings if and only if
2g—-24+n>0.

Theorem 3.3. [[DMG69], [Knu83]] Let ¢ and n be non-negative integers
such that 29 — 2+ n > 0. Then there are irreducible projective varieties
My, parametrizing isomorphism classes of stable curves of genus g and n
markings. The compactification My, C M, is toroidaﬂ and smooth if
seen as an algebraic stack, and the boundary is a normal crossings divisor.

The topological type of a nodal curve X is encoded by its dual graph,
defined as follows.

Definition 3.4. Let X be a nodal curve with irreducible components C;, i =
1,...,v. The dual (weighted) graph of X is the graph Gx whose vertices v;
of Gx correspond to the irreducible components C; of X, with weight w(v;)
equal to the geometric genus of C;, and such that to each node n meeting
components C; and C; we associate an edge e, with ends in v; and v; (in
particular, internal nodes correspond to loops of Gx).

Figure [T] above contains all dual graphs of stable curves of genus 2 and
no markings.

Remark 3.5. It is easy to see that the arithmetic genus of a nodal curve
X coincides with the genus of its dual graph Gx. Moreover, X is stable if
and only if Gx is stable.

2The theory of toroidal embedding was developed in [KKMSD73|] and [AMRTIT75| as
a tool to compactify locally symmetric domains. An embedding is said to be toroidal if
locally in the étale topology it is isomorphic to the embedding of a torus in a toric variety.
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3.1 Stratification of M,, by topological type
Let G € G, be a stable graph and set

MG = {X & m‘gm, . GX = G}?

i.e., Mg consists of the locus of curves in M, ,, with fixed topological type.

It is a quite important and deep fact about the geometry of M, , that
the category G, ,, governs the stratification of M, ,, by topological type, i.e.
each stratum Mg is irreducible and locally closed of codimension |E(G)|, and
its closure is made of smaller dimensional strata according to morphisms in
Ggn, i.e.,

Mg = 11 Mgy (1)
G'—+GeMor(Gg,n)

So, not only do objects in the category of stable graphs G, ,, parametrize the
strata of the decomposition of My ,, by topological type, but the morphisms
encode the topology of strata: in particular, a weighted contraction G’ — G
indicates an algebraic degeneration from curves with dual graph G to curves
with dual graph G’, while an automorphism of a graph G € G, indicates
that the stratum Mg has a self-gluing.

This decomposition can be understood in terms of local affine coordinates
of the variety My, showing that the boundary of the compactification
Mg, C mgm is a normal crossings diviso

4 Moduli Space of tropical curves

4.1 'Tropical curves

Definition 4.1. A (g,n) tropical curve (or tropical curve of genus g with n
legs, or markings), is a pair I' = (G, [) where G is a (g, n) stable (connected)
graph, called the combinatorial type of T', and | : E(G) — Rs¢ is a length
function on the edge set of G.

Notice that a tropical curve is endowed with the structure of a metric
space obtained by gluing intervals in Euclidean space of length [(e), for all
edges e € E(G), along their ends, according to the incidence rule associated
with G. We say that two tropical curves are isomorphic if their combina-
torial types are isomorphic via an isomorphism of graphs which induces an
isometry of the associated metric spaces.

3A normal crossings divisor is a divisor that can be expressed locally as the union of
coordinate hyperplanes.
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The moduli space of tropical curves M,"? was constructed in [BMVTI]
for n = 0 and for any n in [Capl2) followmg the work of Mikhalkin-
Zharkov in [MZO07|. Indeed, our space is a parameter space for abstract
tropical curves, i.e., tropical curves up to tropical equivalence, as discussed
by Mikhalkin-Zharkov in loc.cit., as opposed to a parameter space of tropical
curves embedded in a certain space.

The starting point is to associate to any stable graph G € G, ,,, a rational

polyhedral cone
E(G

parametrizing length functions on tropical curves I' with topological type
G. Then, faces of the closed cone Cg should parametrize degenerations of
tropical curves in Cg obtained from sending the lengths of some edges to
zero. Formally, such identifications are associated to morphisms = : G —
G' € Gy, whose induced inclusions i, : E(G’") — E(G) naturally yield face
morphisms

= Car = Cg, (2)

which we will denote with the same symbol, by abuse of notation.

Notice that in the case when 7 : G — G is an isomorphism, the associated
face morphism i, : Cq — Cg is an automorphism of the cone Cq. Indeed,
this corresponds to the fact that points in the moduli space of tropical
curves with combinatorial type G should be in bijective correspondence with
Ca/Aut(G).

In order to construct the moduli space M, ;f;;p of tropical curves of genus g
with n markings, one considers the union of all cones Cg, for G € G, ,,, glued
together along face morphisms associated to graph morphisms G — G’ in
Gg.n)- We are therefore ready to define M, ;fﬁ’p in the category of generalized
cone complexes.

Definition 4.2. Let g,n be non-negative integers such that 2g — 2 +n >
0. The moduli space of tropical curves of genus g and n markings is the
generalized cone complex

trop .__ .
AMg,np = @ Cym
GeGgn

By its very construction, the moduli space of tropical curves is a complex
of polyhedral cones of real dimension 3g — 3 + n. Since some of the cones
may have some interior points identified via self-gluing morphisms, such an
object is usually called a generalized cone complex.
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For the sake of applications to the topology of Mg, it is actually more
convenient to consider the link of M ;f,ﬁjp, i.e., the locus of tropical curves with
volume (or total length) equal to one, which we will denote by L(M;oP).
Indeed, one can think of L(M, ;fnof’) as being obtained by intersecting M, gtf;;p
with a sphere. Indeed, while M;ffzp, being made of cones, is easily seen
to be contractible, its link L(M, ;fgp) is not, and its topology is much more
interesting.

The reader may also notice that L(M;ff{p) is closely related to Outer
Space: the classifying space for the free group on g letters constructed by
Culler and Vogtmann in [CV86].

4.2 'Tropicalization morphisms

The moduli space of Deligne Mumford stable curves and the moduli space of
tropical curves are closely related: in fact, the category of stable graphs G,
governs both the toroidal stratification of the boundary d(M,,, C M)
and the topology of Mo (see (1)), (2) and Definition [4.2). Indeed, in both
situations, objects in G, , parametrize topological types of stable curves and
of tropical curves, while morphisms encode the topological type of strata
lying in the closure of curves of a given topological type. However, the
identification is order reversing: a morphism G — G’ in G, ,, indicates that
the locus Mg of curves with dual graph G lies in the closure of the locus
of curves with dual graph G’, and, on the other direction, that the locus of
tropical curves with combinatorial type G’ can be seen as a face of the cone
parametrizing tropical curves of combinatorial type G (see [Cap13| for more
details).

The relation between the Deligne-Mumford compactification and the mo-
duli space of tropical curves turns out to be much deeper, as highlighted in
the breakthrough work of Abramovich, Caporaso and Payne [ACP15]. In-
deed, in loc. cit., the authors study the Berkovich analytification associated
with the toroidal compactification Mg, C My ., together with its intrinsic
topological retraction to a generalized cone complexﬁ The authors then
show that this generalized cone complex is isomorphic to the moduli space
of tropical curves My"oP.

As a consequence of this relation, one can also obtain the following iden-
tification:

A(My € My) = LOMYP). 3)

4A tropicalization morphism for the moduli space of curves has also been constructed
in the category of logarithmic geometry in [CCUW20).
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where A(Mg,, C My,) is the dual complex associated with the normal
crossings compactification M, C My,. Recall that the dual complex of
a normal crossings compactification M C M is a cell complex encoding the
irreducible components of the boundary divisor and the way they intersect.
More precisely, if D = M \ M is a normal crossings divisor, the boundary
complex A(D) associated with the embedding of D in M is a A-complex
whose geometric realization has a vertex for each irreducible component
D; of D, an edge for each irreducible component of the intersection of two
D;’s, and so on. For instance, the dual complex of the union of three lines
intersecting transversally in the projective plane is a triangle.

5 Applications to the topology of the moduli space
of curves

As mentioned in the introduction, many aspects of the topology of the mo-
duli space of curves remain unknown, despite the enormous efforts that
algebraic geometers and mathematicians, in general, have been making to
study this fascinating space. For instance, as mentioned in the Introduction,
the rational cohomology ring of Mgy ,, H*(Mg,,Q), is completely known
only for very small values of g and n.

If we see the moduli space of stable curves in the category of algebraic
stacks, it turns out to be smooth. One can therefore apply Deligne’s the-
ory of weights to endow H*(My ,, Q) with a mixed Hodge structure whose
graded pieces Gr}/VH ¥(Myn, Q) range between k and min{2k,2d}, where
d = dim(Mg ) = 39 — 3 + n. Since the graded pieces vanish for j > 2d, we
call Gr¥ H ¥(Mgy.n, Q) the top-weight rational cohomology of M.

Moreover, as we discussed above, M, ,, is endowed with a normal cros-
sings compactification: the moduli space of stable Deligne-Mumford curves
My . Therefore, again by Deligne’s theory of weights, the following identi-
fication holds:

Gy H* 5 (M, Q) = Hyy(A(Mypn C Myn), Q), (4)

where A(M,,, C M,,) is the boundary complex of the normal crossings
compactification introduced in .

Therefore, the identification in allows us to compute part of the
cohomology of M, , via the homology of its boundary complex, which is
an object of combinatorial nature, and therefore expected to be simpler.
However, as it is often the case, the combinatorial problem turned out to

Boletim da SPM 83, Dezembro 2025, Mateméaticos Portugueses pelo Mundo, pp. 109-123



120 TROPICALIZING MODULI SPACES AND APPLICATIONS

be quite difficult itself, so it remained unknown until quite recently, via the
insight introduced by the identification of the boundary complex with the
link of the moduli space of tropical curves . Indeed, via this identification,
the combinatorial object encoding the geometry of the boundary divisor was
given a modular interpretation via tropical curves, which gave a whole new
insight into the problem.

The remarkable contribution of Chan, Galatius and Payne in [CGP21]
consisted in identifying a graph complex, the so-called Kontsevich commu-
tative graph complex, which computes the cohomology of L(M ;mp). Then,
taking advantage of and and of previous results by Willwacher con-
cerning the asymptotic behaviour of such complex, the authors were able to
prove the following:

dim H*~%(M,,Q) > 5,

where [ is a certain constant bigger than 1.

Notice that this result is contrary to expectations. In fact, the virtual
cohomological dimension of M, is equal to 4g—>5 and the cohomology groups
H*9=4=k (M ¢, Q) were expected to be non-zero for only finitely many values
of g by previous conjectures by Kontsevich and Church.

5.1 Further achievements

The remarkable results obtained by Chan, Galatius and Payne motivated
many similar applications. Indeed, the fact that tropical moduli spaces
can give a (at least partial) modular interpretation to the combinatorial
data used to compactify algebro-geometric moduli spaces has been proved
to hold in other remarkable situations, as the moduli space of spin curves
in [CMP20] the moduli space of admissible covers in [CMRI6], Universal
Jacobians in [AP20] and [MMUV22], etc.

Even if an intrinsic tropicalization result is not known in the case of
the moduli space of abelian varieties of given dimension, A, the machinery
of Chan, Galatius and Payne was nevertheless used to compute the top
weight rational cohomology of A, in [BBCMMW24] for small values of g.
Similarly, it is also being applied to a number of different moduli spaces,
and the community expects that several interesting results will be proved
by applying closely related strategies in the near future.

There are other remarkable applications of tropical methods in appro-
aching problems in classical algebraic geometry, as for instance the use of
tropical linear series in proving results concerned with linear series in alge-
braic curves, by applying Baker’s specialization lemma. This line of research
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has been extremely successful in the last few years, starting with the tro-
pical proof of the Brill-Noether theorem in [CDPR12| and heading to most
recent achievements as the notorious computation of the Kodaira dimension
of Myy and Mg in [FJP25]. We invite the reader to look at [BJ16] for a
very nice survey on such applications.
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Resumo:

As restrigdes de Virasoro para os invariantes de Gromov-Witten sdo um
topico que tem estado ligado desde o inicio ao desenvolvimento da teoria de
Gromov-Witten. Neste artigo vamos sintetizar alguns dos desenvolvimentos
recentes no estudo das restrigdes de Virasoro no mundo paralelo das teorias
de contagem de feixes e representacoes de quivers. Damos uma visdo histé-
rica do tépico e explicaremos os resultados precisos no contexto de espacgos
moduli de representacdes de quivers. Vamos ainda discutir a vertex algebra
que controla fenémenos de wall-crossing, que é a principal ferramenta na
prova dos resultados existentes.

Abstract

Virasoro constraints for Gromov-Witten invariants is a topic that has
been tied together with the development of Gromov-Witten theory. In this
paper we survey the recent developments in analogous Virasoro constraints
in the parallel world of sheaf and quiver representations counting theories.
We give a historical overview of the subject and explain the precise state-
ments in the setting of moduli spaces of representations of a quiver. We
discuss the wall-crossing vertex algebra, which is the main tool in the exis-
ting proofs.

palavras-chave: Geometria enumerativa, espagos moduli, restrigoes de Vi-
rasoro.

keywords: Enumerative geometry, moduli spaces, Virasoro constraints.

1 Introduction

1.1 Enumerative geometry and moduli spaces

Enumerative geometry is a very classical subject and it has been greatly
influential in the development of Algebraic Geometry since the 19th century.
In its classical form, the goal is to count the number of geometric objects with
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given properties. One beautiful theorem from the early days of enumerative
geometry is the following:

Theorem 1.1 (Cayley-Salmon). Let X C P3 be a smooth cubic surface.
Then X contains exactly 27 lines.

In the early 90s, the field was revolutionized by the introduction of ideas
coming from string theory; physicists Candelas-Ossa-Green-Parks [CdIOGP]
were able to predict the answer to a classical problem (counting rational
curves on a quintic 3-fold) using the idea of mirror symmetry in string
theory. Their prediction was then proved mathematically by Givental [Giv1].
Witten’s conjecture [Wit], which we will discuss in Section 2, was another
striking mathematical conjecture inspired by physical ideas, and it is the
beginning of the story of Virasoro constraints in enumerative geometry.

Along with the new physical input, mathematicians developed powerful
tools to define and study new enumerative invariants. In the modern appro-
ach to enumerative geometry, moduli spaces play a crucial role. A moduli
space M is simply a space that parametrizes some sort of geometric objects.
Enumerative invariants are typically numbers that one can extract from a
moduli space. This may be achieved using intersection theory, by integra-
ting naturally defined cohomology! classes D € H®(M); it is often the case
that the moduli space is not smooth but we can still integrate using a virtual
fundamental class [M]Y" € Hq,(M), constructed by Behrend—Fantechi [BF],
and define numbers

/ - D:=deg (DN [M]'™) €Q.
[M]vis

The Virasoro constraints are explicit and universal relations among all
these numbers when we vary D.

Example 1.2. Let M = Gr(C%,2) be the Grassmannian, which parametri-
zes 2-dimensional subspaces of C* or, equivalently, lines on P3. The Grass-
mannian has a rank 2 tautological bundle F € C* ® Oy whose fiber over
a point is identified with the corresponding subspace of C*. Given a cubic
surface X C P3, the loci of points in M corresponding to lines contained in
X is the vanishing loci of a section on the rank 4 bundle Sym?(F"). Hence,
for a generic X, we expect that the number of lines in X is

/ cs(Sym3(FVY)) = 27.
Gr(C4,2)

!Throughout this paper, cohomology is always with Q coefficients, i.e. H®*(M) =
H*(M, Q).
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The number can be calculated via Schubert calculus. The special feature of
Theorem 1.1 is that it holds for every smooth X, and not only for a generic
one.

1.2 Outline of the paper

This paper is a survey of the recent advances in the series of papers
[MOOP, Mor, vB, BLM, Boj, LM] in conjecturing and proving Virasoro
constraints for moduli spaces of sheaves and representations of quivers. In
Section 2 we will discuss the origin of Virasoro constraints in enumerative
geometry, which is Witten’s conjecture and its generalization to Gromov-
Witten theory. In Section 3 we start discussing the more recent develop-
ments in sheaf theory, the relation with Gromov-Witten invariants via the
Gromov-Witten/Donaldson-Thomas correspondence, and we list the fami-
lies of moduli spaces for which the Virasoro constraints have been proven.

In the last two sections we specialize the discussion to the case of moduli
spaces of representations of quivers (without relations). These are a simpler
analogue of moduli spaces of sheaves, and most of the features of Virasoro
constraints can be explained in this setting. In Section 4 we give a precise
formulation of the constraints proven in [Boj, LM].

Finally, Section 5 is about wall-crossing and Joyce’s vertex algebra [Joy2,
Joyl, GJT]. It was discovered in [BLM] that Joyce’s vertex algebra is closely
related to the Virasoro constraints. The wall-crossing formulas proven by
Joyce are the main tool in proving most of the known cases of Virasoro
constraints in sheaf/quiver theories. We explain the idea of the proof in the
quiver setting.

2 Witten’s conjecture

In 1990, Witten [Wit] made a striking prediction about integration on the
moduli space of stable curves mg,n- His idea came from two dimensional
quantum gravity, which roughly can be thought as a theory of integration
over the (infinitely dimensional) space of Riemannian metrics on a surface.
He argued that this physical theory could be modeled mathematically in
two ways. On one hand, it could be modeled by approaching the space of
Riemannian metrics by a space of triangulations (a triangulation gives a
metric which is flat in the interior of the triangles and singular along the
edges); this idea establishes a connection to matrix models. These matrix
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models were known at the time to produce a solution to the Korteweg—de
Vries (KdV) hierarchy or, equivalently, to the Virasoro constraints.

On the other hand, supersymmetry indicates that the integral over the
space of all metrics should localize to an integral over the space of confor-
mal metrics, which is finite dimensional. Mathematically, this can be made
precise by considering integration over the Deligne-Mumford moduli space
of stable curves

M = Cap17"‘7p ‘ 5
g {( n) P1y---3Pn S CmeOth, #Aut(C’,pl, e

These are smooth and projective Deligne-Mumford stacks (or orbifolds).
Over the moduli of stable curves there are line bundles Ly, ..., L, defined
by

(L/L‘)(C,pl,.,.,pn) = TP\ZC '

The first Chern class of these line bundles ¢; = c¢1(L;) € H*(M,,) are
called the psi classes. We can integrate them to define numbers:

<Tk1‘..7kn>g:/M Wk € Q. (1)

These are the Gromov-Witten invariants of a point. Now, Witten’s predic-
tion was that if one organizes these numbers correctly we should also get a
solution to the KdV hierarchy, or to the Virasoro constraints! Define the
generating function

F=Y w2 % M<Tk1"‘7kn>g
g,n>0 k1,ekn >0 n

and let Z = exp(F). Both F and Z are generating series in the formal
variables u and t1,to,...; Z is called the partition function. For n > —1, let
L,, be the differential operator

o) 1 9 On,—1T7

C nodal curve of genus g, }
,Pn)

Z 8Tk6Tl+ z; (2k+1)Top41

k+l 2n aT2k+2n+1 _ﬁ 8T2n+3 4

where Thp41 = tk/(Qk + 1)”
Remark 2.1. These operators satisfy the Lie bracket relation

[Lyp, Lin] = (n —m) Ly, for n,m > —1.
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The Virasoro Lie algebra Vir is the Lie algebra spanned by {L, },cz and a
central element C' with Lie bracket given by

TL3*’I’L

12

[Ln, Lm} = (Tl — m)Ln+m + 5n+m:0 C.

Thus, the operators L, define a representation of the Lie subalgebra
Vir>_; C Vir spanned by {L;}n>—1. It was observed in [Get] that one
may extend this to a full representation of the entire Virasoro algebra with
central charge 1 (i.e. C acting as the identity). However, the Virasoro
operators L, with n < —1 do not impose new constraints.

Witten’s conjecture was proven by Kontsevich, and it says the following;:

Theorem 2.2 ([Kon]). For every n > —1 one has

Ln(Z)=0.

2.1 The string equation

The case n = —1 of Theorem 2.2 is known as the string equation and it
was proved by Witten in [Wit]. By taking the tg, ...t, coefficient, it is
equivalent to the statement that

n

n

(T0Thy - - .Tkn>g = z (Thy - Thy—1 - - - Tkn>g (2)

=1

for 2g — 2 4+ n > 0, together with the exceptional case

<7’0T07'0>0 =1.

This equation is much easier to prove than the general case of Witten’s
conjecture, and it follows from an analysis of the geometry of the map
ﬂg,nﬂ — Mg,n which forgets one of the marked points and stabilizes the
resulting curve.

To make a connection with how we will later write the Virasoro cons-
traints for sheaves and quiver representations, let us write down the string
equation in the language of the descendent algebra. Define the descendent
algebra DV to be the polynomial algebra in infinitely many variables

DWit — Q[ro, 11,72, . . ]
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For each genus g, we have a linear map (-),: DWVi* — Q defined on mono-
mials 7y, ... 7k, by integration over M, ,, cf. (1). Then the string equation
(for g > 0, so that we can ignore the exceptional case) can be written as

((R_y — TO)D>g =0 for every D € DVI*, g > 0.

It is possible to formulate Witten’s conjecture in the same spirit for every
n, see [MOOP, Proposition 5].

2.2 Generalization to Gromov-Witten theory

In 1997, Eguchi-Hori-Xiong [EHX] proposed a generalization of Witten’s
conjecture to the Gromov-Witten theory of an arbitrary (smooth, projective)
target variety X. In Gromov-Witten theory, one considers the moduli spaces
of stable maps

mg,n(X7 5) :

Its points parametrize (marked) curves together with a map f: C' — X in
curve class (3, i.e. with f,[C] = 8 in Hy(X;Z). Gromov-Witten invariants
are obtained by integrating psi classes together with pull-backs of cohomo-
logy classes from X via the evaluation maps ev;: My, (X,3) — X. The
moduli spaces of stable maps are often not smooth, so the integration needs

to be done in a virtual sense. The Gromov-Witten invariants are

GW

_ o ki oo (.
<Tk1 ('71)...Tkn(7n)>gﬁ = /[Mg’n(X’B)}Viri:Hl% ev; (i) € Q (3)

where k; > 0 and ; € H*(X). When X is a point we recover the integrals
over the moduli of stable curves that we discussed before. We refer the
reader to Chapters 25 and 26 in [HKK™] for a gentle and more detailed
introduction to Gromov-Witten invariants.

After one organizes the Gromov-Witten invariants into a generating se-
ries ZX, which is called the partition function, the general Virasoro cons-
traints are the conjecture that for n > —1

LXzX%) =0

where L:X are some explicit differential operators. The reader can find the
precise form of the operators in [Get].

There are two large families of varieties X for which the Gromov-Witten
Virasoro conjecture is known: X with semisimple quantum cohomology (this
includes any toric variety and Grassmannians, for instance) [Giv2, Tel] and
curves [OP]. Apart from those, it is a widely open problem.
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3 Virasoro constraints in sheaf and quiver theo-
ries: overview

Recently, there has been a proposal of Virasoro constraints in a new setting:
moduli spaces of sheaves and moduli spaces of quiver representations. For
now, we want to explain how the constraints were first discovered in this
setting, give a rough idea of what they look like, and list the cases in which
the constraints are proven.

3.1 Gromov-Witten/Donaldson-Thomas correspondence

Maulik, Nekrasov, Okounkov and Pandharipande [MNOP1, MNOP2] con-
jectured that the Gromov-Witten invariants of a 3-fold X should be related
to the Donaldson-Thomas invariants of the same 3-fold; we refer to this as
the GW/DT correspondence. Donaldson-Thomas invariants are a different
kind of enumerative invariants, defined by integration over moduli spaces of
ideal sheaves, instead of stable maps. Given a curve C' C X, we denote by
Ic its ideal sheaf. For each m € Z and € Hy(X;Z) we have a moduli
space

I (X,B8) ={Ilc: C C X a l-dimensional subscheme, [C] = 3, x(O¢) = m}.

There is a universal curve C C I,,(X,3) x X and a universal ideal sheaf
Ic on I,,(X,5) x X. The universal ideal sheaf may be used to construct
natural cohomology classes

chy(y) = mpe(chi(Ie)mx ) € H* (I (X, B))

where k£ > 0 is an integer, chi(I¢) € H®*(In(X, 5) x X) denotes the k-th
Chern character of the sheaf I, v € H*(X) and 77, mx are the projections
of I,(X,5) x X onto I,(X,B) and X, respectively. The moduli spaces
I, (X, ) have a virtual fundamental class and the Donaldson-Thomas in-
variants are defined to be

[ )., () € Q. (4)
[Im (X, 0)]Vi"

The correspondence proposed in [MNOP1, MNOP2| states that there is
a universal way to determine all the Gromov-Witten invariants (3) from
the Donaldson-Thomas invariants (4), and vice-versa. The conjectured
correspondence is quite complicated. In involves taking a fairly strange
change of variables ¢ = e~" to relate two generating series and it involves
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a complicated transformation to convert the Gromov-Witten descendents
Ty (V1) - - - Tk, (9n) into Donaldson-Thomas descendents chy, (1) . . . chy, (7n)-

In light of this, there is a very natural question: can the Gromov-Witten
Virasoro constraints be moved to the Donaldson-Thomas side? What do
they say? Oblomkov, Okounkov and Pandharipande were able to guess a
precise conjecture that first appeared? in [Pan].

The understanding of the GW /DT correspondence has improved a lot
since it was first proposed, and this allowed to partially establish the connec-
tion between Virasoro constraints for Gromov-Witten and for Donaldson-
Thomas invariants.

Theorem 3.1 ([MOOP, Theorem 5]). Suppose that the GW/DT corres-
pondence holds. Then the Gromov-Witten Virasoro constraints in the sta-
tionary regime® and the Donaldson-Thomas constraints in the stationary
regime are equivalent.*

A consequence of this are the stationary Virasoro constraints for
Donaldson-Thomas invariants of toric 3-folds, since both the GW /DT cor-
respondence and the Virasoro on the Gromov-Witten side are known.

3.2 Universal constraints

It turns out that Virasoro constraints are present (or at least expected to be)
in a much more general family of moduli spaces, which includes the moduli
of ideal sheaves used to define Donaldson-Thomas invariants. It was noted
in [MOOP, Mor| that the Virasoro constraints for Pandharipande-Thomas
invariants (a closely related cousin to Donaldson-Thomas invariants) imply
similar constraints for Hilbert schemes of points on surfaces. Work of van
Bree [vB] conjectured and gave strong numerical evidence that moduli spaces
of stable torsion-free sheaves on surfaces should also be constrained.

This lead to the general conjectures appearing in [BLM], which apply to
a large family of moduli spaces. It applies to moduli spaces of sheaves (on
curves, surfaces, ideal sheaves on 3-folds, etc.) but also to many variations:

2The author explains that they made this conjecture roughly 10 years before the paper,
so around 2007.

3Stationary regime means essentially that we only consider invariants (3) and (4) with
v € H=*(X). Away from the stationary regime, the GW/DT correspondence is poorly
understood.

“The results in [MOOP] are stated for Pandharipande-Thomas invariants rather than
Donaldson-Thomas invariants, but in the stationary case these are essentially the same
by [OOP, Theorem 22].
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sheaves with or without fixed determinant, moduli spaces of pairs, moduli
spaces of quiver representations, moduli spaces of sheaves with Oh-Thomas
virtual fundamental classes, moduli spaces of Bridgeland stable objects, and
moduli spaces of parabolic bundles on curves. We remark that this general
setting does not apply to Gromov-Witten theory, in which Virasoro cons-
traints have a fundamentally different flavour.

In the next section we will explain the precise conjecture in the setting
of quivers. For now, we shall only describe its general shape. Given a mo-
duli space M of sheaves or quiver representations, there are certain natural
cohomology classes we can construct on M; for example in the Donaldson-
Thomas case those were chy(y). We write this in terms of a descendent
algebra D which admits a realization map D — H®*(M). If M has a virtual
fundamental class, we get numerical invariants f[ M]vir D € Q by realizing
D and integrating it. The Virasoro constraints are universal and explicit
linear relations among such numbers. We always describe them analogously
to how we wrote the string equation in Section 2.1. We define some operator
(or operators) L: D — D and formulate the constraints as

/ L(D)=0 forevery DeD.
[M]vnr

The operators L will be defined in terms of some canonical representation
{Lp}n>—1 of Vir_; on D. Depending on the context, L might be precisely
L., but it might also be a small perturbation or a combination of all the L,
operators.

Remark 3.2. The sheaf/quiver Virasoro constraints relate invariants de-
fined by integration on a single moduli space. The same is not true for
Gromov-Witten theory: for instance in the string equation (2) the left hand
side is defined by integration in M, ,+1 and the right hand side by integra-
tion in My ,,. This is a hint that the sheaf/quiver Virasoro constraints are
in some sense simpler.

We list now the cases in which the Virasoro constraints have been proven
in the past few years:

1. Donaldson-Thomas and Pandharipande-Thomas invariants on toric 3-
fold X in the stationary regime [MOOP].

2. Hilbert scheme of points on a surface S with h1(S) = 0 [Mor].5

5Joyce announced that he is able to remove the assumption k' (S) = 0 in upcoming
work [Joy3].
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3. Moduli of stable bundles on a curve [BLM].

4. Moduli of Bradlow pairs on a curve [BLM]. This was conjectured by
van Bree in [vB].

5. Moduli of torsion free stable sheaves on a surface S with h%!(S) =
h%2(S) = 0 [BLM].

6. Moduli of Bradlow pairs on a surface S with h%1(S) = h%2(S) = 0

[BLM]. In particular they hold for the nested Hilbert schemes S [BO,m}
on such surfaces.

7. Moduli of 1-dimensional sheaves on a surface S with h%1(S)
h%2(S) = 0 [BLM] provided the technical condition [BLM, Assump-
tion 5.7] holds. When S = P2, S = P! x P! or S = Bl (P?) this is
shown unconditionally in [LM].

8. Punctual Quot schemes on a curve or on a surface with h%2(S) = 0
[BLM] holds.

9. Moduli spaces of quiver representations, possibly with relations [Boj,
LM].

In Section 5 we will sketch the proof of (9). The ideas explained there
are the main tool used in the proof of results (3) — (9).

4 Virasoro constraints for moduli of quiver repre-
sentations

In this section we define moduli spaces parametrizing representations of a
quiver and give a precise formulation of the Virasoro constraints in this
setting.

4.1 Moduli spaces of quiver representations

A quiver is a directed graph, which we write as a 4-tuple @ = (Qq, @1, s, t)
where Q9 and () are the sets of vertices and arrows, respectively, and
s,t: Q1 — Qo are the functions assigning to an arrow its source and target,
respectively.

A representation V of a quiver is an assignement of a vector space V, to
each node v € Qo and linear maps fe: Vi) — Vi) to each arrow e € Q.
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Given a representation V', we say that (dim(V},)),cq, € Zgg is the dimension
vector of V. A morphism bewteen representations V' and W consists in a
collection of maps V,, — W, for each v € Q)¢ that makes all the maps assign
to the edges commute. Thus, representations of a quiver ) form an abelian
category Repg.

The construction of well-behaved moduli spaces of quiver representations
requires the choice of a stability condition. Given a choice of weights 6 =
(Ov)veqo € R0 one defines the slope of a representation by

> veq, O dim(Vy)
ZUEQO dlm(Vv)

Note that this only depends on the dimension vector of V', so we will also
write pg(d) for d € Z90 with the obvious meaning.

po(V) =

Definition 4.1. A representation of a quiver V is said to be #-semistable if
(W) < pg(V) for every 0 #W C V.
It is said to be #-stable if the inequality above is strict for every W C V.

Given a dimension vector d € Zgg let

Zg—st C Zz—ss C H Hom(Cds(e)’Cdt(E))
e€Q1
be the subsets of f-stable and #-semistable representations. Note that some
of these representations are isomorphic, so we can construct a moduli space
parametrizing (S-equivalence classes of) f-semistable representations by ta-
king the quotient (in the sense of geometric invariant theory [MFK])

Mg—ss — Zg—ss // Gd
by the natural action of
Gq = H Hom(C%,C%).
v€Qo

We refer to [Kin] for further details on the construction. Similarly we may
define Mg_St - Mg_ss; when Mg_ss = Mg_St we will sometimes abbreviate
to Mg . When the quiver @ is acyclic (i.e. it does not contain oriented
cycles), the moduli spaces MgiSS are projective. When 6 and d are such
that there are no strictly semistable objects (i.e. Zg_St = Zg_ss) the moduli
space M g is smooth of dimension

L+ Y dyeydey = Y dy-

ecQ1 v€Qo
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Example 4.2. Let Ky be the Kronecker quiver, with two vertices {1,2}
and N arrows from 1 to 2:

Let 0 = (01, 02) with 6; > 6. Then the moduli of quiver representations
M, 1y (Kn) ~ Gr(CN, k),

is the Grassmannian parametrizing k dimensional subspaces of C.

Example 4.3. Let () be an acyclic quiver. Then it is possible to choose
a stability condition 6 which is increasing along the edges, meaning that
O¢(e) > Os(e) for any e € Q1. As shown in [GJT, Proposition 5.6], for such

stability conditions, Mg_St is a point when there is a v € @y such that
dy, = 1 and dy, = 0 for w # v; otherwise, MgiSt is the empty set.
4.2 Descendent algebra

Let M =M g be a moduli space of #-stable quiver representations on @ and
assume that M g‘St =M fl)‘ss. We have a universal representation V on M,
which consists of a collection of vector bundles F, of rank d,, for each v € Qg
and maps pe: V) — V() for each e € Q1. We can produce cohomology
classes in H®*(M) by taking Chern classes of the bundles V,. This motivates
the definition of the descendent algebra.

Definition 4.4. Let ) be a quiver. The descendent algebra of (), denoted
by D@, is the free commutative Q-algebra generated by symbols

{chk(v) ’ keZso, ve Qo} )
The universal representation V defines a realization homomorphism
&y: D9 — H*(M)
defined on generators by

chi(v) = chi(Vy) .
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An important subtlety is that the universal representation V is not unique.
If L is any line bundle on M, then (V, ® L),cq, defines a new universal
representation. This issue can be addressed in two ways: either we fix a
choice of universal representation in some way, or we consider the weight
0 descendent subalgebra on which &), does not depend on the choice of V.
This subalgebra is defined concretely as follows:

DY, = ker (R_1: DY - D?) c DY

where R_q is a derivation that we define later in Definition 4.5. This su-
balgebra has the property that &, (D) does not depend on V for D € ngto.
Hence we get a well-defined homomorphism

& DY — HY(M).

wto

4.3 Virasoro constraints

To formulate the constraints we define a representation of Vir_; in D as
follows:

Definition 4.5. Define the Virasoro operators {L, |n > —1} on the des-
cendent algebra DY as a sum of two operators L, = R,, + T,,. First, R, is a
derivation operator such that

Rn(chg(v)) = k(k+ 1) (k4 n) chgppn(v).
Second, T,, is a multiplication operator by the element

T, = Z alb! Z chg (v)chy(v) — Z chy(s(e))chy(t(e))

a+b=n 1€Qo e€c@Q1

We also define the weight 0 Virasoro operator

Lyt = Z ﬂL o R
wtg — n -1 -
el (n+1)!

It is a nice exercise to check that the commutator of these operators is
L, L] = (m — n)Lygmm -

This is not quite a Virasoro representation as we defined earlier due to a
sign difference, but it is very close; indeed, it means that the dual operators
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L,/ define a representation of Vir_; on (}D)Q)v. It also follows from those
commutator relations that R_j o Lyt, = 0; hence, the image of Ly, is con-
tained in DY, , so the realization & (Lwto (D)) € H*(M) is well defined. We

wtg?
are ready to formulate the Virasoro constraints.
Theorem 4.6 ([Boj, LM]). Let @ be an acyclic quiver, d € Zgg a dimension
vector and 6 € R9 a stability condition such that Mg_ss = Mg_St. Then

/ (&(Lwio(D)) =0 for every D € DY.
d
When there is some vertex vy such that d,, = 1, we may give an equiva-
lent formulation by fixing a normalized universal sheaf.

Theorem 4.7. Let ) be an acyclic quiver, d € Zgg a dimension vector
and 6 € R9 a stability condition such that Mgfss =M g —St Suppose that
there is v9 € Qo such that d,, = 1 and let F be the (unique) universal
representation on M9 such that V,, is the trivial line bundle.

Then

/ , &(Lo(D)) =0  for every D € D? and n > 0.
Md

Example 4.8. We illustrate how the Virasoro constraints look like for M =
Gr(C*,2), see Examples 1.2 and 4.2. Let V be the universal representation
over M = M(9271)(K4), where K, is the Kronecker quiver in Example 4.2,
normalized by asking that Vs is the trivial line bundle. Then F =V is the
tautological vector bundle (recall Example 1.2) and the 4 universal maps
are obtained by composing F C C* ® Ogr(ct,2) with the 4 projections onto
the coordinate axis C* ® Ogr(ct,2) = Ogr(ct,2)-

For convenience denote p, = klchi(1) € DX¢. We will omit the
realization morphism &y, so pi also denotes klchiy(V1) = klchgy(F) €
H?#(Gr(C*,2)). We have

0= / Li(p}) =3 / i
Gr(Ct.2) 1(p1) Gr(C4.2) p1p2

0= / La(p?) = 2/ P1p3 +/ pi
Gr(C%,2) Gr(C4,2) Gr(C4,2)

0= / Li(pip2) = / P+ 2/ P1P3
Gr(C%,2) Gr(C%,2) Gr(C4,2)

0= / Ls(p1) = / Pa+2 pips.-
Gr(C4,2) Gr(C4,2) Gr(C4,2)
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By further using that fGr(C4 2 p} = 2 [EH, Exercise 4.38] we determine all
the integrals of descendents using the equations above:

/ p‘f:2:/ 3, / pips = —1, / p4:0:/ pips .
Gr(C4,2) Gr(C4,2) Gr(C4,2) Gr(C4,2) Gr(C4,2)

It is shown in [LM] that the Virasoro constraints for the Grassmannian
recover all the descendent integrals up to a constant, as illustrated above in
the case of Gr(C%,2). The same is not true for other quivers. Indeed, the
descendent integrals on M g will depend heavily on the choice of stability
condition #, but the Virasoro constraints are completely independent of 6!

5 Wall-crossing and the vertex algebra

5.1 Wall-crossing and flips

We have seen that the construction of moduli spaces of representations
Mgfss depends on a choice of a stability condition § € R90. Wall-crossing is
essentially the study of how the moduli spaces and corresponding descendent
integrals change when 6 changes.

Example 5.1. Consider the Kronecker quiver and Examples 4.2 and 4.3:
they say that M (‘9k 1)(K n) is the Grassmannian when 6; > 62 but empty if
01 < 0. There is a drastic change when we cross the wall

{(01,602): 0, = B} C R%0

in the space of stability conditions. We call the regions {0: 6; > 63} and
{6: 01 < 62} chambers. For 6 on the wall, uy is constant so every represen-
tation is semistable, but only the representations with total dimension 1 are
stable.

More generally, the space of stability conditions R%0 is divided into
chambers by walls of the form

W(dy,d2) = {6 € R9: pig(dy) = po(da)} -

The moduli spaces M§ do not change unless we cross a wall W (dy, d2) with
d = dy 4+ dy. Studying what changes when we cross a wall is a great tool
to understand moduli spaces since sometimes we can wall-cross to a much
simpler moduli space.

Boletim da SPM 83, Dezembro 2025, Mateméaticos Portugueses pelo Mundo, pp. 125-148



140 A SURVEY ON THE VIRASORO CONSTRAINTS

Example 5.2. Consider a quiver with 3 vertices {1, 2,3} with any number
of arrows 1 — 2 and 2 — 3, and let d = (2,1, 1). There are 5 possible walls
for the moduli spaces M g:

Wi =W((1,0,0),(1,1,1)), Wo = W((1,1,0),(1,0,1)), W53 = W((0,1,0),(2,0,1))
Wy, =W((0,0,1),(2,1,0)), Ws = W((2,0,0),(0,1,1))

In the figure below we represent the wall and chamber structure on the two
dimensional subspace 01 +63 +65 = 0 of the space of stability conditions R0
(note that the stability of representations is unaffected by adding a constant
to each entry of 6, so any stability condition is equivalent to one of these).

The shadowed region is the region of increasing stability conditions 87 <
0y < 03, see Example 4.3; the moduli spaces Mg are empty in this region.
Note that the wall W; = W5 is a double wall. The remaining ones are simple
walls in the sense that we explain below, and the dashed path between 6_
and 6 is a simple wall-crossing path; as we will explain now, M, 3’ and M 3*
are related by a flip.

— W= Ws= {6 =0}

W2 = {91 +292 = 0}

o -
~
“ W3 = {91 — 492 = 0}
1
L — W, = {50, + 46, = 0}
R4
pad
G
1
!
‘s
s‘ 0+

We describe now a situation in which wall-crossing can be understood
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very geometrically, which is that of simple wall-crossing. Let d € Zgg and
0_ and 0, two stability conditions. We make the following assumption:

(A) 6_ and 6 are not on a wall, so there are no strictly fi-semistable
representations.

(B) There is a continuous path of stability conditions 6, from 6y = 6_ to
01 = 64 which crosses a unique wall W (d,dz2) with di + ds = d. We
let @ be the stability condition at the intersection with the wall.

(C) We have
po_(d1) < po_(d2) and pg, (d1) > pe, (dz2).

(D) The path 6, does not cross any walls W (ds,ds) with d3 + dy = d; or
ds + dg = ds.

Denote

M_ =M, My =Mj*, My =M and My= M, .
Note that My and My are the same whether they are defined with 6_ or 6,
stability by condition (D). How do M_ and M differ? The representations
which are 6_-stable but not #,-stable are the non-split extensions of the
form
0=V =V =21—=0 (5)

where V7, V5 are f4-stable representations with dimension vectors dq, do, res-
pectively. Note that pg, (d1) > pe, (d2) is equivalent to pg, (d1) > g, (d), so
Vi destabilizes V' with respect to 6-stability. On the other hand, represen-
tations which are 6 -stable but not _-stable are the non-split extensions of
the form

0=V =V =1V —=0. (6)

Both of these families of representations are #-stable but not 6-semistable
for the stability condition # on the wall. The representations of the form
(5) and (6) define loci Z_- C M_ and Z, C My, respectively, and M_ \
Z_ = Mi \ Z;. Both Z. are projective bundles over M; x Mpy; their
fibers over (Vi,V3) are PExt!(Va, V1) and PExt!(Vi, V2), respectively. So
essentially we can control the “difference” between M_ and M, by the
“smaller” moduli spaces M7 and Ms. Indeed, Thaddeus proves a general
theorem [Tha] implying that M_ and M, are related by a flip. This means
that the blow-ups of M_ at Z_ and M, at Z, are the same space M, and
we have a flip diagram as follows:
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i

_ M+<—)Z+

M1><M2

The curved arrows are embeddings, the arrows from M to M, are blow-
ups and the exterior arrows are all projective bundles; Z is the common
exceptional divisor of the two blow-ups.

The flip diagram allows us to compare integrals on M_ and M, by
pulling back to M. The difference, of course, is related to integrals on M;
and Msy. However, sometimes it is not possible to connect two stability
conditions by simple wall-crossing paths. In Example 5.2 crossing the wall
W1 = Wjy is not simple wall-crossing because it is a double wall; successive
extensions of V1, Vo, V3 with dimension vectors (1,0,0), (1,0,0) and (0,1, 1),
respectively, will change stability.

5.2 The wall-crossing vertex algebra

In [Moc], Mochizuki described a way to understand the non-simple wall-
crossing behavior of descendent integrals in the context of moduli spaces of
sheaves on surfaces. More recently, Joyce [Joyl, Joy2, GJT] has proposed
a formalism to state and prove more general wall-crossing formulas. Joyce
constructs a vertex algebra to write down such formulas in a conceptual way.
This vertex algebra is very closely related to the descendent algebra intro-
duced before by results from [Gro, BLM, LM], and this is the perspective
we take here.
For d € 790 define

DY = D?/(cho(v) = dy | v € Qo) -

Given a moduli space M fl) and a fixed universal representation V, the reali-
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zation morphism &y factors through }D)C?, so it defines a linear functional

DY =¥ H*(MF) ENY
Define the space of functionals

V=& @)

deZRo

Joyce constructs a natural vertex algebra structure on V. We refer to [Kac]
for an introduction to vertex algebras, but we can mention that a vertex
algebra structure on a vector space V' consists of the data

eV, T:V=V, Y:V—=End(V)[z! 7]

satisfying some complicated axioms. In our case, |0) corresponds to the
functional in ID)OQ sending the algebra unit to 1 and any (non-empty) product
of descendents to 0. The operator 7' is the dual of the operator R_; that we
defined earlier. The state-field correspondence Y is the most complicated
and interesting part of the construction, but we will not discuss it here.

A moduli space together with a universal representation defines an ele-
ment of V. However, as explained in Section 4.2, there is no canonical
choice of universal representation, so a moduli space only defines canoni-
cally a functional on

D%

d,wto

= ker (R_l: ]DDdQ — Dg) .
Since T is defined to be the dual of R_1, we have an isomorphism

V= V/T(V) ~ @ (Dgwto)v.
deZRo

It is a general fact from vertex algebras, due to Borcherds [Bor], that V=
V/T (V) inherits a Lie algebra structure from the vertex algebra structure
on V. Given a moduli space M, its class [M] € V contains information
about all the descendent integrals. Joyce shows that wall-crossing formulas
can be written using the Lie bracket on V! For example, in the setting of
simple wall-crossing that we described before we have an identity

[M] = [M_] + [[Mp], [My]]

in V. But Joyce’s formalism is also able to deal with non-simple wall-
crossing, in which case we get more complicated formulas with iterated
brackets.
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Example 5.3. We go back to Example 5.2 and consider §_ = (1,5, —6) and
0y = (—1,5,—4); these are separated only by the double wall W; = W.
Joyce’s wall crossing formula in this case gives

0 o o 0 o 0
(M5 ] =M ]+ (M0 M1 )]+ [M 50,0 [Mg11)]]
1.0 0_ 0_
+ 5 M0 (Mg 00 Mg )] -

This can be used effectively since we understand explicitly the vertex
algebra V.

Theorem 5.4. The vertex algebra V is isomorphic to the lattice vertex
algebra associated to Z2° and the pairing Xo ZR0 x 79 — 7 which is
the symmetrization of the Euler pairing x¢g of @ given by

xo(d,d)= > dyd,— > dy(eydiey -
vEQo e€Qo

5.3 Vertex algebra and Virasoro

Vertex algebras are a natural source of representations of the Virasoro
algebra. Any lattice vertex algebra associated to a lattice (A, B) with
B: A x A — Z a non-degenerate pairing comes equipped with a so cal-
led conformal element w € V which induces a representation of Vir in V.
Even if B is degenerate (which is sometimes the case with ngm), there is
still a representation of Vir_; on V.

It was shown in [BLM, Boj, LM] that this canonical representation of
Vir_; coming from the fact that V is a lattice vertex algebra is precisely the
dual of the representation of Vir_; on the descendent algebra that we defined
earlier in Section 4.3. A moduli space M satisfying Virasoro constraints
can be translated to a vertex algebra language: it means that the class
[M] € V is a physical state, as defined in [Bor]! This is not only very
interesting because it gives a conceptual meaning to the constraints, but
it also has an important consequence: this point of view shows that the
Virasoro constraints are compatible with wall-crossing in the sense that the
subspace of physical states is a Lie subalgebra.

Proposition 5.5 ([Bor]). Suppose that [Mi],[Ma] € V are physical states
(read as “M; and M, satisfy the Virasoro constraints”). Then [[M;], [M2]] €

~

V' is a physical state as well.
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From this compatibility, the proof of Theorem 4.6 is straightforward.
The Virasoro constraints hold trivially for the increasing stability conditions
(see Example 4.3), so we can deduce them for any stability 6 from the
compatibility with wall-crossing!
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Resumo: Equacoes de vértices sao EDPs que descrevem configuragoes de
campos BPS para modelos sigma de gauge em fibrados. No trabalho que
aqui expomos, consideramos a situagdo em que a base é uma superficie
de Riemann e a fibra (ou alvo) é uma variedade de Kéhler térica, ambas
compactas. Os espagos de médulo que parametrizam as solugoes (a menos de
transformagoes de gauge unitédrias), neste caso, sdo espagos de configuragoes
generalizados associados a um complexo simplicial que pode ser extraido dos
dados combinatorios do alvo. Os grupos fundamentais destes espagos podem
ser interpretados como um novo tipo de grupos de trancas (coloridas) em
superficies, cuja descricdo apresentamos de forma bastante concreta.

Abstract: The vortex equations are PDEs describing BPS field configu-
rations for gauged sigma models in fibre bundles. In the work surveyed
here, we focus on the situation where the base is a Riemann surface and the
fibre/target is a toric Kéhler manifold, both assumed compact. Then the
moduli spaces of solutions (up to unitary gauge) are generalised configura-
tion spaces associated to a certain simplicial complex that can be extracted
from the toric data. The fundamental groups of such spaces can be under-
stood as a novel type of surface braid groups with coloured strands, which
we shall describe in very concrete terms.

palavras-chave: teoria de gauge, vértice, espacos de moédulo, geometria
torica, grupos de trancas, grafo, sistemas diofantinos

keywords: gauge theory, vortex, moduli spaces, toric geometry, braid
groups, graph, Diophantine systems

1 Introduction

In elementary particle physics and condensed-matter theory, quantum field
theories (as well as approximations or extensions to them) are studied with
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a wide variety of tools. The concept of particle, which is sometimes rather
elusive, is captured by ‘charges’ modelled on invariants provided e.g. via
algebraic topology or algebraic geometry, or from the representation the-
ory of symmetry groups. Such invariants appear naturally in classification
problems in pure mathematics, where in many situations one needs to sup-
plement them by constructing moduli spaces parametrising different isomor-
phism classes of objects with the same invariants arising in families. Prime
examples of such spaces feature in the surveys by Margarida Melo [26] and
Miguel Moreira [27] also included in this Special Issue.

Moduli spaces keep fascinating mathematicians [30] from a variety of
backgrounds. They have been used crucially to tackle (sometimes unexpect-
edly) very hard problems — from the geometry of 4-manifolds to quantum
gravity. In this review, we explore moduli spaces parametrising solitonic
configurations called vortices [24] in gauge theory. Vortices are like particles
in the sense of having a point core, though their energy density is extended
in space, forming peaks around the cores that superpose nonlinearly. In
Fig. 1 we plot the energy density distribution of two vortex configurations
of topological charge 2 on the hyperbolic disc. Here the charge corresponds
to the degree of a map S' — S! from the boundary of the disc to a circle
in the target C parametrising the degenerate minima of a Higgs potential.
One reason we chose the hyperbolic disc is that it leads to the integrability
of the vortex equations [41]; but the vortices we will concentrate on live
on compact Riemann surfaces and almost never enjoy this property. Vortex
moduli spaces (with their intrinsic geometry [3]) can been employed to study
vortex dynamics in the classical field theory [37, 33 31, B8]. Quantisation
of moduli spaces is a more ambitious venture [33] I8, 40], but one may hope
to uncover nonperturbative aspects of quantum field theories in this way.

Figure 1: Plots of energy density functions for configurations of 2-vortices on the
hyperbolic disc, with well-separated cores (left) and coalescing cores (right)
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The topology of vortices advertised in our title refers concretely to the
moduli spaces — more specifically, we shall look at their fundamental groups.
It turns out that they are computable and interesting objects (providing
examples of a novel type of braid group); in addition, they hint at how the
solitonic particles interact in the quantum theory.

2 Gauged sigma models, the vortex equations and
their moduli

We start by defining vortices more precisely and in higher generality. For
that, one needs to choose:

e (X, ju,ws) a riemannian, oriented surface (the base)
e (X, jx,wx) another Kahler manifold (the target)

The word gauged refers to an internal symmetry that corresponds to a Hamil-
tonian and holomorphic action of a compact Lie group G on X. Letting
g := Lie(G), we denote by u¥ the composition of a moment map p: X — g*
for this action (satisfying du(§) = tewx for all £ € g) with the ‘musical’
isomorphism f : g* — g associated to an invariant metric on G.

We shall assign a distribution of energy to pairs of fields

(A, ¢) € A(P) x (%, PX)

where A is a connection on a principal G-bundle P — ¥ and ¢ a section of
the associated bundle PX := P xg X — X. To each such pair we associate
a topological charge

85 = ((f x ¢)/G):[%] € HS(X;Z)

in the G-equivariant 2-homology of X; here, f : P — EG is the lift of a
classifying map f : ¥ — BG for P with P = f*EG.

Given all these ingredients, the potential energy of a gauged sigma model
is specified by the Yang—Mills—Higgs functional

B(A,0)i= 5 [ (1FaP +1a%P + o oP).

To find its minima, one could in principle try to solve its Euler—Lagrange
equations (second-order PDEs on ¥). A more convenient strategy is to
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perform the so-called Bogomol'ny!’s trick (taking advantage of the decom-
position d4 = 94 + 94 for the covariant derivative; see e.g. [29] for more
details)

B(A0) = (lox — 05+ 5 [ ([sBasioof +20%P) ()

and observe that the minima in each topological class, whenever the first
term (which is constant) is nonnegative, satisfy the first-order PDEs

=0 (2)
«Fa4+pfod=0 (3)

known as the vortex equations; solutions to these are examples of what are
called (classical) BPS configurations in field theory. Equation says that
¢ is a holomorphic section, whereas relates the curvature F4 of A to
the moment map evaluated at ¢. Note that the metric on ¥ intervenes in
equation via its Hodge operator *. Both equations are invariant under
the infinite dimensional group G(P) := Auty(P) of gauge transformations.

Remark 2.1. There is a completely analogous manipulation for the case
(lwx — 1%, [0]S) < 0 yielding antivorter equations, where 94 is replaced
by 04 in and the (4) sign flips to (—) in ; in this sense, it is clear
that a pair (A, ¢) on a connected surface ¥ cannot be of both vortex and
antivortex type unless A is flat (i.e. F4 = 0) and ¢ covariantly constant,
which corresponds to a vacuum configuration. We will see in a moment
(cf. Example how to implement coexistence of vortices and antivortices
within a BPS solution in another sense.

Vortex moduli spaces are defined by fixing h € H$ (X;7Z) and taking

2), (3) are satisfied

Mg (B) = {(Amﬁ) G }/Q(P)
and [¢]y =h

(and similarly for antivortices). Such a space (of gauge orbits) can be for-
mally understood as a Kéhler quotient [28], and more rigorously one can
show [29] that it receives a Kéhler structure w2 from the natural L? inner
product on the space of fields A(P) x I'(3, PX). Usually it is straightfor-
ward to understand the underlying complex structure, but it is much harder
to describe or compute the Kahler form w2 (or the corresponding Kéhler
metric gr2) [3, [6].
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Though we have sketched how vortex moduli spaces are motivated by
physics, we would like to point out that these objects have also found many
applications in pure mathematics. Just to mention a few: they have been
useful to compute Gromov-Witten invariants of symplectic quotients [4],
to define invariants for Hamiltonian actions in analogy to Gromov-Witten
theory [29] 28] [I4], as a tool to study the topology of other interesting moduli
spaces [21], or in a proof of the celebrated Verlinde formula [39].

In what follows, we shall restrict attention to gauged sigma models where

o X is a Kéhler toric manifold (see [12} [1]);
e G=TCT:=T%C X is its (real) torus.

Assuming (for simplicity) that X,> are compact, we obtain a very neat
description of MiX (), which we now explain.

Toric manifolds can be described via certain combinatorial data. One
possibility (favoured by algebraic geometers [15]) is in terms of a fan F
consisting of simplicial real cones in all dimensions from 0 up to dim¢ X. In
particular, the 1-dimensional cones p € F(1) are called rays and determine
T-invariant divisors D, in X. Another possibility, with more of a symplectic
flavour, is through the Delzant polytope [11]

A=puX)cCg

(the image of the moment map for the T-action). This A determines a
normal fan F' = Fana, whose rays consist of the inner normals to the facets
of A.

The following notation will be very useful. We denote by
5Py = Sym* (%) := Bk /&,

the k-th symmetric product of the Riemann surface 3; this is a smooth
complex manifold, whose points are interpreted as effective divisors in X
in classical algebraic geometry of curves. Let us now suppose that we are
given a simplicial complex A together with a function k : Sk%(A) — N on
its 0-skeleton (whose points/vertices we shall sometimes refer to as colours).
For convenience, we set

Skv= [ <V
AeSKO(A)
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Let [\;, -+, ;] denote the simplex with vertices \;,...,)\; € Sk%(A). We
consider the following space of effective divisors in ¥ braided by A:

)4
Divﬁ(Z;A) = {d €Sk g, M A= ﬂ supp(dy,) = (Z)} (4)
=0

We can think of each component dy of d as a set of k(\) points (counting
multiplicities) of colour A in ¥. The space is a considerable generalisation
of the usual notion of configuration space for 3; we shall refer to particular
realisations of it in what follows.

Now we go back to our toric targets. In that context, we shall take as
simplicial complex

A = (9A)Y. (5)

when a Delzant polytope A = p(X) is given for a target X. Let us spell out
the notation in : by OA we mean its boundary, which we may interpret
as spherical polytope, and (-)¥ means the dual polytope in that sense. For
instance: if A is the (outer shell of a) cube, then its dual (9A)Y is an
octahedron; this example corresponds to X = (P!)3.

Under an appropriate (open) stability condition, the moduli spaces
M;X(2) can be described quite neatly. To spell out this condition precisely,
we need a little more detail (see [9] for a full discussion, in a more general
setting). In the commutative diagram of Abelian groups

0 M——° - Divp(X) = C(X) ——0

c Nicjlr Nim

0—— H%(BT;Z) —%> H3(X;Z) —2> HY(X;Z) —> 0

R

the top row is the standard short exact sequence computing the divisor
class group C1(X) of a toric variety X, M denoting the character lattice of
T (see [I5]); we interpret the map c] as constructing equivariant first Chern
classes [22] from T-equivariant divisors on X. Let aj be the dual map to
the extension of the morphism a to real coefficients, and Vol(X) = [y ws.
Assume that h € HI (X;Z) is a BPS charge [9]: in our setting, this simply
means that it is an element of the lattice cone dual to the image of the
cone of equivariant effective divisors DivﬁrF (X) under ¢f. Then the stability
condition reads

€ int A
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under identifications Hy(BT;R) = Homg (M, R) = Lie(T") (see [15], pp. 597
and 574, respectively). We have the following result.

Theorem 2.2. Suppose that X is constructed from a Delzant polytope A
and that
k, = (c] (D,),h)  for p € Fana(1).

Then MX(X) is nonempty and there is a diffeomorphism

My (2) =Divk(S;(00))c [ S*=. (6)
p€Fana (1)

Proof. The result @ is a particular case of a more general theorem in [9]
for vortices in toric fibre bundles over Kéhler manifolds of any dimension.
The statement M;s (X) # () follows from the projectivity of ¥ (implying that
positive line bundles admit holomorphic sections). O

Example 2.1 (The gauged P'-model). The simplest type of nonlinear vor-
tices (with X compact) are obtained for X = P! =~ §2 and T = U(1) = S,
with a fan of two rays p+ corresponding to the North and South poles. Es-
sentially, the case ¥ = S? was first considered in [34]. Theorem gives
the description

1
M, k) (8) = S x S\ Dy, gy,

where Dy, j_) is the diagonal in the Cartesian product; this agrees with
previous work in the literature [35], 29, 2]. In this simple example we see that
the solutions of the vortex equations and , up to gauge equivalence,
are completely specified by the positions of zeros and poles of the section
¢ (taking multiplicities into account). These “vortex cores” can be totally
arbitrary on the surface provided zeroes and poles do not coalesce — even
though zeroes and poles can coalesce among themselves. One such configu-
ration is suggested in Fig[2| where the larger dots convey zeroes and poles
of higher multiplicity, around which the energy density will have a shape
somewhat similar to the graph on right half of Fig |1l The main difference
between zeroes and poles is that the magnetic field F4 has (respectively)
the same or opposite sign to the orientation of ¥; thus the shape of the

fields near a pole is rather similar to that of an antivortex in the sense of
Remark 211

We note that the moduli spaces Mis (¥) are complex manifolds (their
natural complex structure being induced on SX¥ from jx) with bound-
ary normal-crossing divisors. For instance, in Example we have
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Figure 2: A configuration of vortices and antivortices in the gauged P!-model

GMI(P,;LJL)(E) = D, k_)- The Kéhler metric g;» has been studied close
to this boundary in [32].

3 Fundamental groups of vortex moduli spaces
with toric targets

Very concretely, the topology of vortices (in the title) that we propose to dis-
cuss is the fundamental group of the moduli spaces M;X (X) in Theorem
Before we get there, we make a short interlude to advertise a useful variation
on the braid group on surfaces [5].

Let ¥ be an orientable surface. We introduce groups DBy (X, T') of di-
visor braids on ¥ that depend on a graph I', undirected and not necessar-
ily connected, whose vertices are decorated with integers through a map
k : Sk%(T") — N. Here is an informal definition:

e Divisor braids have coloured strands, and the colours used are in bijec-
tion with the vertices Sk%(T") of I". To allow for composition, we must
demand that they are colour-pure.

o We extend the set of isotopies to allow strands of the same colour to
pass through each other transversally, unlike ordinary braids.

o Strands of different colour are also allowed to pass through each other
unless the vertices corresponding to their colours are connected by
an edge in I'. Clearly, we can assume that I' has no multiple edges
(connecting two given vertices), and we forbid self-loops (i.e. edges
starting and ending at the same vertex).
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« As subscript we use a map k : Sk°(T") — N (or decoration of vertices)
recording how many strands k() = k) there are of a given colour A.

For instance, we could take I' = I'(,y to be the complete graph with r
vertices (any pair of vertices is connected by an edge) and the constant
function k = 1; then it is easy to check that DB (X, F(T)) is the usual pure
braid group PB,(X). But we will also be interested in more general graphs
with the properties listed above (see e.g. Fig. . Given such a graph, we
denote by —I' its negative: it has the same set of vertices as I' and the
complementary set of edges. We define

Confy (%,T) := Divk (%;-T') < Sk (7)

This generalises the usual notion of configuration space Confy(X) of k points
on Y, which is obtained as

Conf (%) = Confy (3, y);

it also extends nontrivially the notion of configuration space defined from a
graph without decorations in [I3]. The definition (7)) can be used to give an
alternative (and rigorous) definition of divisor braid groups as

DBk(Z, F) =T (COnfk(Z, F)) .

Figure 3: Sightseeing in Coimbra provides opportunities for graph theorists

Let us now go back to vortices. Recall that Theorem [2.2] gave a de-
scription of the moduli spaces ./\/lfA (X) under certain assumptions on the
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geometric ingredients defining the gauged sigma model. These were inter-
preted as spaces of effective divisors Divk (%, A) braided by A = (9A)V
that are actually of a more general sort than the configuration spaces ,
since they involve conditions where multiple intersections of points in > may
occur. However, we have the following result from [g]:

Theorem 3.1. There is an isomorphism of fundamental groups
mDIvE(Z,A) = mDivE(Z, Sk (A)).
In particular, m (/\/li(A (E)) s a divisor braid group.

Thus the study of divisor braid groups is well motivated by physics. In
the rest of this article, our focus will be on describing presentations for these
groups.

The first obvious task is to search for a convenient set of generators. If
k= k| := X \esko(r) ka, then DBy (X, I) is obviously a quotient of the usual
braid group Bg(X) on k strands. Let

Sk:= [[ S, Bi(X) := 0 1(Sk) C Bi(D).
AeSkO(T)

Then we have a diagram of groups

1 — PBE) 2N B(®) — & — 1
!
DBy(%)

where the row is short exact, and the map | is surjective. We also have
Lemma 3.2. The composite ¥ : PBy(X) — Bx(X) — DBg(X) is surjective.
In what follows, we shall work under two simplifying assumptions:

(A) X is compact of genus g.
If g > 0, it is convenient to regard X as resulting from identifying
opposite sides/edges of a 4g-gon, labelled ey, and respecting mirror
orientations. For g = 0, we may start with any such polygon and
collapse its entire boundary to a point.

(B) k is such that ky > 2 for any colour .
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Definition 3.3. For the pure braid group PB(X), fix k distinct basepoints
z; in ¥, labelled by 1 < i < k. Consider a closed path ~; : [0,1] — 3 with
7i(0) = 7:(1) = z and ~;(t) # z; for all j #4,t € [0,1]. Let ®(v;) be a braid
defined by a path in ¥* with components

2 if § o i,
D(y,);(t) =4~ L
vi(t) ifj =1,
A pure braid of this type is called monic.

Our next goal is to show that divisor braid groups are generated by
(images under ¥ of) certain monic braids. For convenience, let us fix distinct
basepoints z; along a bisector of the 4g-gon used to construct X. We define
the following monic braids:

o aip=P(vip), 1<i<k 1<0<2g

The path 7; ¢ runs from z; straight to the midpoint of edge ey, crosses
to the opposite side, and finally returns straight to z;; see Fig,

o bij=P(viy), 1<i<j<k

The path ~; ; starts at z;, encircles the point z; positively, and then
traces back its way to point z; see Fig, [5] (left).

o tij=P(Fiy), 1<i<j<k

The path 7;; starts at z;, encircles the points z;11,...,z;, and goes
back to point z; without any further zigzagging; see Fig, [5| (right).

Figure 4: A divisor braid of type a; ¢ on a surface of genus g > 0

We can use these braids to construct convenient sets of generators for
pure braid groups.
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Figure 5: Divisor braids of types b; ; (left) and ¢; ; (right)

Lemma 3.4. Suppose X is a compact and oriented surface of genus g.
If g > 1, PBj(Y) is generated by the classes a;, and b; ;.
If g =0, PBy(X) is generated by the classes t; ;.

Proof. For g > 1: the a; ¢ and t; ; are well-known generators of PBj(X) (see
e.g. [20] for a presentation), and one can see that the ¢; ; are products of b; ;
fori < j <k.

For g = 0: the ¢;; correspond to generators of PB, given by Artin, as
products of his generators for B,,. O

As a consequence of Lemmas [3.2] and [3.4] we obtain a first set of gener-
ators for our divisor braid groups:

Corollary 3.5. For any (I',k) as above, the W(a;¢), V(b;;) generate
DBy (X%,T) if g > 1, and the U(t; ;) generate DBy (52, T).

These generators satisfy relations that we need to understand; as it might
be expected, the sets of generators themselves contain some degree of redun-
dancy. The following result will be useful to simplify our presentation.

Lemma 3.6. Let 7,7 be two paths in ¥ such that v(0) = ~(1) = z,
v (0) =+/(1) = 2y and 2; # zy. Suppose further that

(i) the images of v,+" do not intersect in X; or that

(ii) z;, zi belong either to strands of the same colour or of different colours
not connected by an edge in T'.

Then U(®(v)) and ¥(P(4')) are commuting divisor braids.

An interesting consequence of Lemma [3.6] which will bring a dras-
tic simplification to the sets of generators in Corollary is that
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U(®(asyr)), ¥(P(bi;)) only depend on the colour of their basepoints; see [§]
for the complete argument. So for each A\ we may pick an arbitrary z;, of
this colour and restrict the set of generators to

axe = VY(ai ), Brau = Y(biyi,)
In fact, we can do a little better.

Lemma 3.7. The classes a) ¢ and f3) , generate DBy (X, T"); moreover, the
classes 3, satisfy

Bax = e and By = By .

Proof. The first assertion is now clear. The relation 8y ) = e is also clear,
whereas 3y x» = By ) is better verified by hands-on manipulation; we try to
convey this in Fig. [6] O

ANE
A
O

7
ERS
O (>

Figure 6: A pictorial check of the relation 8y »» = B/ x: all these pictures represent
the same divisor braid (actually just two strands thereof, with the other strands
kept straight) in two colours; the bottom row is obtained from the top row by
vertical projection

We still expect further relations.

Lemma 3.8. Let A\, \ be two different colours, and 1 < ¢,¢ < 2g. Then
[axne, an o] = ﬁ;i/-
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h (!

Figure 7: Checking that the relation [y ¢, ay o] = ,6’;}\, holds: one can
disentangle the divisor braid depicted to obtain the inverse of Fig. |§|

Proof. Again, this is best verified by drawing pictures — see Fig. [7] O

Lemmas [3.7] and [3.8] can be used to slim down further our set of gener-
ators, as follows.

Corollary 3.9. The classes a ¢ generate DBy (X, T") if ¥ has positive genus,
whereas DBy (S5?,T) is generated by the classes 3y y.

Let us continue our search for relations. The following assertion depends
crucially on assumption (B).

Lemma 3.10. The elements 5y y € DBy(3,I") are central.

Proof. 1t is required to prove that the ay, commute with the g, , (for all
possible labels). Since k, > 2, there is at least another basepoint z. # z;,
of colour p. Now represent 3, , with a monic braid got from a path ~ in
¥\ Ujxi, {7} starting from this z. and avoiding the path used to define a, s;
this commutes with ¢ by Lemma [3.6}-(i). O

Note that the classes 3y, were constructed from strands projecting onto
a disc in X, so they do not depend on (the genus g of) X. Let Ey(T") denote
the group they generate.

Theorem 3.11. DBy (3,I") sits in a central extension
0 — Ex(T) — DBy(S,T) - H{(S;2)%" — 0 (8)

where component A of h sums the 1-cycles on X in colour .
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Proof. Without loss of generality, we take g > 1. Certainly Ey(T) C ker(h),
and h factors through the quotient DBy (3,T') — DBy (3,T)/Ex(T); so it
is only required to prove that the induced map h from this quotient to
H{(3;Z)®" is an isomorphism. It is clearly surjective, since the h(ay ¢) with
A fixed generate Hi(X;Z); note also Hy(3;Z)®" has rank greater or equal
to that of the quotient. O

The next result summarises what we can already tell about the classes
B with 1 <A pu < k.

Theorem 3.12. The 3y, satisfy:
(i) By = 0 if there is no edge in I' connecting X\ and ju;
(i) B =0;

(ii1) S ,en KBy = 0.

Proof of (iii): Consider a path v starting at z;, , going straight to the bound-
ary of the 4g-gon, then around that boundary, and back to z;, ; it is a product
of commutators in w1 (3\ Ujz, {2}, 2, ), hence ®(v) is trivial. On the other
hand ~ encircles each z; with j # i) exactly once, so ®(y) represents the
sum given. O

For concreteness, it is useful to consider a simple example in two colours;
so we take the complete graph I'(3) = e—e (in other words, we go back to
MI(P,;J”,C_)(E) in Example , and assume ki, k_ > 1. As generators for
DB +7k,7)(2, F(Q)), we want to streamline our previous notation and rather
take

! /! / !/
ai,ay,...aq, 04 and ai,ay,...ag,ag;

think of these as images of monic braids for generators of 7;(X) based at
far-enough points *, * € 3 around which the blue and red strand basepoints
cluster. Here, subscript labels refer to handles of 3, and the primed and
unprimed generators for a given handle refer to symplectic conjugates in
a canonical basis for Hi(3;Z). We have also chosen to drop the colour
labels and instead paint the generators explicitly. So the images of these
generators under abelianisation (i.e. under the components of the map A in
yield generators of the two copies H;(X;Z) @ H;(3;Z). Let us now make
a list of all the relations that can be written from the results obtained so
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far:
[ai, a;] = [ai, af] = [a},a}] = e Vi,j by Lemma [3.6]-(ii),
[ai, a;] = [a;,d] = [a},d’] = e Vi,j by Lemma [3.6]-(ii),
[ai, aj] = [aj,a)] = e Vi, j by Lemma [3.6]-(i),
a;,d}] = e Vi # j by Lemma (i),
la;,d}] = ¢ V i by Lemma [3.§

To be precise: in the last line, we labelled the commutator of pre-images of
symplectic conjugates (in the singular 1-homology of X) of different colours
by ¢, and noted that it does not depend on the handle label. Recall that
¢ corresponds to the divisor braid depicted in Fig[6] What else can we say
about this element ¢? From what we have learned until now,

e cis central, by Lemma [3.10
o ord(c) divides both k4 and k_, by Theorem [3.12}(iii).

However, we still need to know something very crucial about ¢, namely:
e is c=e?

We invite our readers to convince themselves that the answer to this question
is, in fact, impossible to deduce from the results in this section.

Remark 3.13. If assumption (B) is relaxed in this example, i.e. k) = 1 for
some A\ € SkO(I‘(Q)), then the corresponding divisor braid group is trivial —
and in particular ¢ = e. If k is the constant 1, this statement follows from
PBy(Y) being the trivial group; otherwise, we need to combine the usual
proof of this fact with the move on two strands depicted in Fig. [6]

4 A link invariant and metabelian presentations

We will argue that ¢ # e is the most general answer to the question asked
before Remark 3.13} in fact, we will compute the order of the element c.
For this, we shall construct a link invariant for divisor braids with graph
I' = I'(g) = e—e and then calculate its value on the commutator c.

Let us consider the oriented 3-manifold M := S' x ¥, with natural
projections p; : M — S and ps : M — ¥. Suppose that a pair (£4,¢_) of
closed braids of degree (k,k_) is given; this means that [(1] € H,(M;Z)
satisfy p1.[f+] = k+[S']. Let us set

k= ged(ky, ko)

and assume that:
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o the images ¢, ,/_ C M are disjoint;
. pg*[f:t] =0e€ Hl(E;Z).

We consider {_ C M and the homology long exact sequence [23] for the pair
(M, M \ £_) with coefficients in Zf, := Z/kZ,

-+ — Ho(M;Zz) Y Hy(M, M\l_;Zz) LA Hy(M\l_;Zz) 5 H\(M;Zg) — - -

Since pi.[l4] = k4 [S'] and p.[f4] = 0, Kiinneth’s formula implies that ¢
maps [{4] € Hi(M\{_;Z) as

[04] =% (k4 (mod k),0(mod k)) = (0,0) € H1(S"; Zy) & Hy (% Zy).
Exactness at Hy(M \ £_;Z;) now ensures that
(1] € coker ¢ = Ho(M, M\ {_;Zz)/im(¥)). (9)

We now invoke a somewhat exotic form of Poincaré duality known as
Poincaré-Lefschetz duality, see Corollary VI.8.4 in [I0]. This yields a com-
mutative diagram

P’ 5

HY(M;Z) HY(0_;7z) H2(M,l_;7z) (10)

gJ/DM ElDe %iDM,Z

Hy(M; Z) — Ho(M, M\ I_;Z) - Hy(M\ I_; Zf)
The lower row is the part of the homology long exact sequence for the pair
(M, M \ £_) above, while the upper row is part of the cohomology exact
sequence [23] (cf. 3.1, p 199) corresponding to the pair (M, £_). The vertical
maps are isomorphisms, the leftmost being the usual Poincaré duality map.
Let us now consider the map

(S [02]) - HY (=3 Zg) — 7

evaluating the pairing at the generator [(_] € Hy(¢_;Zz). This vanishes on
im(H(M;Zy) — H({_;Zz)), since (once again by Kiinneth) it vanishes on
[S'] (as k_ = O(mod k)), and thus it is well defined on the cokernel of v’
Therefore we can evaluate it on the class De'__l [¢4] interpreted as in @), and
conclude that

((ly, 02)) = <D[__1[E+]7 [E—D € Zj
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is a well-defined link invariant, which is useful in our context.

Considering the link representing the divisor braid ¢ depicted in Fig [6]
and taking into account that we are evaluating at generators in each colour,
we have that

(C4,02)) € Ty
is in fact a generator of the group Zg. It follows that c is an element of
DB, 1_y(X,T2)) of order ged(ky,k-), generating its centre. More pre-
cisely, we can characterise the divisor braid group of the two-colour example
at the end of section [3] and connecting to Example as follows.

Theorem 4.1. The divisor braid group

DB k)X, T(g) E=m (MIFL,R_)(E))

sits in a central extension (or abelianisation short exact sequence)
0 — Zgeagh, k) — DB, i )(3,T2)) — H1(2;2)%* — 0.

A group whose commutator is Abelian is sometimes called metabelian;
thus a short exact sequence like the one in Theorem [B.I1] is called a
metabelian presentation. It is not hard to classify the representations of
these groups. For instance, In the concrete example of Theorem [.I] the
representation varieties have ged(ky, k—) connected components, which are
copies of a 2g-torus if g is the genus of X. Interestingly: in the non-coprime
case, there are representations that do not factor through the abelianisa-
tion if g > 0. This simple fact has a remarkable physical consequence: the
P'-model, an Abelian gauge theory which can be regarded as the simplest
nonlinear extension of the familiar Abelian Higgs model, may support non-
abelian anyons [36] in positive genus.

At this point one might wonder what can be said of divisor braid groups
in general; by Theorem under the simplification assumptions (A) and
(B), they are still metabelian, but to which extent are their commutator
subgroups nontrivial? Is it possible to construct, for more general graphs
I', enough link invariants to rescue the elements 3y , of the group Ey(I') in
Theorem [3.11] from being trivial?

Remarkably, the answer is yes! The construction of a relevant I'-linking
number is more technical than the link invariant constructed above, and
involves a tool from homological algebra called the Eilenberg—Zilber func-
tor [I7]. We refer the reader to [§] for an account of the general construction.
The upshot is that there is a presentation of the group Fy (I') with generators
B and relations
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(1) B)x,p, - BM,A for 1< A< u<r;
(ii) By if there is no edge between A and y in I';
(iil) Py = azukaBap for 1 <p <r.

We conclude this section by precisely stating a presentation of divisor
braid groups extending the results above, and also proved in [8]. Assuming
ky > 2 for all A € Sk%(I"), and ¥ oriented compact of genus g > 0, let us
suppose that ay ¢ are A-coloured copies of elements ay in a basis of Hy(3;Z).

Theorem 4.2. The divisor braid group DBy (X,T') is isomorphic to the
group generated by ax¢,by, (1 <0<2g, 1 <X p<r) and relations

(Z) b)x,,ubA’,M’ - b)\’,u’bk,u;

(77) by, = e if no edge in I' connects X and p;
(i) bxp = bu.x;

, k
(ZU) Hp,;é)\ b)\t‘p, =€

(U) b)\,uau,f = au,éb)\y;u'

. —1 -1 f(ag,apr)
(vi) AXEOp 0 Ay pQyy g1 = b,\,u e

In (vi), #(-,-) denotes the intersection pairing in Hy(3;Z).

5 Describing the centre of divisor braid groups

One can state more precisely how the finitely generated abelian group Ey(T")
depends on both the graph I' and its decoration k. Recall that a graph is
bipartite if its vertices can be consistently assigned opposite signs across all
edges. For instance, the graph I'() is bipartite but neither I'¢.y with r > 3
nor the graph illustrated by Fig. [3| (attending to the triangles formed by the
edges attaching to the walls) are. The cleanest result on Ey(T") is about its
rank; it depends on I' alone.

Theorem 5.1. Suppose I' has connected components I';, and that:
e 1 is the total number of vertices;

e s is the total number of edges;
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e t is the number of components I'; that are bipartite.
Then the rank of Ex(T') is s — r +t.

Sketch of proof. This can be neatly rephrased as a calculation of the dimen-
sion of the cokernel of a map dr : C°(I') — C*(T") between linear spaces
spanned by vertices and edges, assigning to each vertex the sum of incident

edges in I,
dr()) :== > €. (11)

€ incident at A\

See [§] for all the details. O

Can we also write down a formula for the torsion of Eyx(I') in general?
In other words: given a prime number p and n € N, can we say how many
times the cyclic group Z,» appears in the primary decomposition of the
finitely generated Abelian group Tor Ey(I')? As it turns out, this is a highly
nontrivial problem.

One can recast this problem in purely arithmetic terms, as follows. Let
us set ¢ = (ex) esk0ry = (€1, -, ¢r) with components ¢\ € Q/Z, and define

Cx(T) :={c € (Q/Z)¥"| kxc, + kyucx = 0 if 3 edge between A and p}.

This is a group formed by the solutions of a linear system of rational con-
gruences, one for each edge in I' and with as many unknowns as vertices.

The linear system in the definition of Cy (T") is equivalent to the collection
of (more conventional, Diophantine) linear systems

kxzy 4 kuxy = 0 (modp™) if 3 edge between A and p (12)

for all primes p and integers n € N. Solving is an elementary problem[l,
yielding a collection of Abelian groups (indexed by p and n) that can then be
assembled into Cy(I") via standard homological algebra on the map and
the short exact sequence Z — Q — Q/Z. For instance, let us assume that
an odd prime p does not divide any of the integers k). Then the solutions of
the system form a group Z;Bf, where t is again the number of bipartite
components of I'. Each bipartite component I'; contributes with a copy of

L As historical aside, we note that linear Diophantine systems such as were first
discussed systematically in the mid 19th century (in work [16] published in Portuguese that
was largely ignored) by Daniel Augusto da Silva, a pioneer of discrete mathematics [19)
at a time when Portuguese mathematicians circulated less globally.
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Zyn generated by the solution obtained from extending a local solution of
the form

ny\__ ny__ n_on—1_ n_on—1_
(o) = (K01, R0 1) = g, g

) (modp")
(on the edge of I'; connecting the vertices A and p) across all edges of I'; using
appropriate * signs determined by the bipartitioning, and setting z, = 0
for vertices v in other components. When p appears as factor in one of the
k»x, the problem becomes more complicated. In particular, it is not easy to
understand how the properties of the graph I' are reflected in the order of
the group of solutions to . An effort to address this problem (keeping I'
fixed but allowing k to vary) has led to a novel type of graph cohomology [7].

If I is bipartite and connected, we note that there is a cyclic subgroup
Ag(T') € Ck(T") generated by a solution of the form

(S .
kx1/ xeskor)

where the bipartitioning is again employed to distribute the 4+ signs along
the whole graph. In [8] we prove

Theorem 5.2. If I is connected, the linear system above determines

~ ) Cx()/Ax(I') if ' is bipartite;
Tor Exe(I') = { Cx(T) if T is not bipartite.

A few examples illustrating of how wildly the groups Tor Ey (T") can vary
when the charges k) are changed, for a given graph I" e.g. coming from toric
data as in section [2] (see Theorem [3.1]), may also be found in the paper [8].

Acknowledgements

NMR would like to thank the organisers of the stimulating meeting Global
Portuguese Mathematicians I1I at the University of Coimbra in July 2023
for their very kind invitation to speak. He also thanks Carlos Florentino for
drawing his attention to reference [19]. This review paper is partly a result
of the ERC-SyG project Recursive and Exact New Quantum Theory (Re-
NewQuantum), which received funding from the European Research Council
(ERC) under the European Union’s Horizon 2020 research and innovation
programme under grant agreement N° 810573.

Boletim da SPM 83, Dezembro 2025, Mateméticos Portugueses pelo Mundo, pp. 149



170

TOPOLOGY OF VORTICES WITH TORIC TARGETS

References

1]

[10]
[11]

[12]

M. Abreu, “K&hler geometry of toric manifolds in symplectic coordi-
nates”, in: Ya. Eliashberg, B. Khesin and F. Lalonde (Eds.), Symplectic
and Contact Topology: Interactions and Perspectives, American Math-
ematical Society, 2003

J.M. Baptista, “Vortex equations in abelian gauged o-models”, Com-
mun. Math. Phys. 261 (2006), pp. 161-194

J.M. Baptista, “On the L? metric of vortex moduli spaces”, Nucl. Phys.
B 844 (2011), pp. 308-333

A. Bertram, G. Daskalopolous and R. Wentworth, “Gromov invariants
for holomorphic maps from Riemann surfaces to Grassmannians”, J.
Amer. Math. Soc. 5 (1994), pp. 861-875

J. Birman, Braids, Links and Mapping Class Groups, Princeton Uni-
versity Press, 1975

I. Biswas and N.M. Romao, “Moduli of vortices and Grassmann mani-
folds”, Commun. Math. Phys. 320 (2013), pp. 1-20

M. Bokstedt, “Configuration graph cohomology”, arXiv:1711.04624
M. Bokstedt and N.M. Romao, “Divisor braids”, arXiv:1605.07921

M. Bokstedt and N.M. Romao, “Moduli spaces of vortices in toric fibre
bundles”, preprint

G.E. Bredon, Topology and Geometry, Springer, 1993
A. Cannas da Silva, Lectures on Symplectic Geometry, Springer, 2001

A. Cannas da Silva, “An invitation to symplectic toric manifolds”, Bol.
Soc. Port. Mat. 77 (2019), pp. 119-132

O. Ceyhan and M. Marcolli, “Feynman integrals and motives on con-
figuration spaces”, Commun. Math. Phys. 313 (2012), pp. 35-70

K. Cieliebak, A.R. Gaio, I. Mundet i Riera and D.A. Salamon, “The
symplectic vortex equations and invariants of Hamiltonian group ac-
tions”, J. Symplectic Geom. 1 (2002), pp. 543-645

Boletim da SPM 83, Dezembro 2025, Matematicos Portugueses pelo Mundo, pp. 149



M. BOKSTEDT & N.M. RoMAO 171

[15]

[16]

[22]

[23]
[24]

D.A. Cox, J.B. Little and H.K. Schenck, Toric Varieties, American
Mathematical Society, 2011

D.A. da Silva, “Propriedades geraes e resolugao directa das congruencias
binomias: introducgdo ao estudo da theoria dos numeros”, Memorias
da Real Academia das Sciencias de Lisboa (1* Classe, Nova Serie) Tomo
I (1854), pp. 1-168

S. Eilenberg and J.A. Zilber, “On products of complexes”, Amer. J.
Math. Phys. 75 (1953), pp. 200-204

D. Eriksson and N.M. Romao, “Kéhler quantization of vortex moduli”,
Lett. Math. Phys. 110 (2020), pp. 659-693

C.A.A. Florentino, “Daniel Augusto da Silva: Poet of Mathematics”,
CIM Bulletin 40 (2018), pp. 11-18; arXiv:1812.06267

J. Gonzéalez-Meneses, “New presentations of surface braid groups”, J.
Knot Theory Ram. 10 (2001), pp. 431-451

P.B. Gothen, “The Betti numbers of the moduli space of stable rank 3
Higgs bundles on a Riemann surface”, Internat. J. Math. 5 (1994), pp.
861-875

V. Guillemin, V. Gingburg and Y. Karshon, Moment Maps, Cobor-
disms, and Hamiltonian Group Actions, American Mathematical Soci-
ety, 2002

A. Hatcher, Algebraic Topology, Cambridge University Press, 2009

A. Jaffe and C. Taubes, Vortices and Monopoles: Structure of Static
Gauge Theories, Birkhduser, 1980

D. McDuff and D. Salamon, J-holomorphic Curves and Symplectic
Topology, American Mathematical Society, 2004

M. Melo, “Tropicalizing moduli spaces and applications”, Bol. Soc.
Port. Mat. 83 (2025), pp. 109-123

M. Moreira, “A survey on the Virasoro constraints in moduli spaces of
sheaves and quiver representations”, Bol. Soc. Port. Mat. 83 (2025),
pp. 125-143

D. Mumford, J. Fogarty and F. Kirwan, Geometric Invariant Theory,
3rd edition, Springer, 1994

Boletim da SPM 83, Dezembro 2025, Mateméticos Portugueses pelo Mundo, pp. 149



172

TOPOLOGY OF VORTICES WITH TORIC TARGETS

[29]

[30]

31]

[32]

I. Mundet i Riera, Yang—Mills—Higgs Theory for Symplectic Fibrations,
PhD Thesis, Universidad Auténoma de Madrid, 1999

R. Pandharipande, “Reflections on moduli space”, handout to the
Hirzebruch Lecture in May 2023 at the University of Bonn, available
from the link https://www.mpim-bonn.mpg.de/webfm_send/786

N.M. Roméao and J.M. Speight, “Slow Schrodinger dynamics of gauged
vortices”, Nonlinearity 17 (2004), pp. 1337-1355

N.M. Romao and J.M. Speight, “The geometry of the space of BPS
vortex-antivortex pairs”, Commun. Math. Phys. 379 (2020), pp. 723—
772

T. Samols, “Vortex scattering”, Commun. Math. Phys. 145 (1992), pp.
149-179

B.J. Schroers, “Bogomol’nyi solitons in a gauged O(3) model”, Phys.
Lett. B 356 (1995), pp. 291-296

L. Sibner, R. Sibner and Y. Yang, “Abelian gauge theory on Riemann
surfaces and new topological invariants”, Proc. Royal Soc. London A
456 (2000), pp. 593-613

S. Simon, Topological Quantum, Oxford University Press, 2023

ILA.B. Strachan, “Low-velocity scattering of vortices in a modified
Abelian Higgs model”, J. Math. Phys. 33 (1992), pp. 102-110

D.M.A. Stuart, “Analysis of the adiabatic limit for solitons in classical
field theory”, Proc. R. Soc. A 463 (2020), pp. 723-772

M. Thaddeus, “Stable pairs, linear systems and the Verlinde formula”,
Invent. Math. 117 (1994), pp. 317-353

E. Walton, “Vortex counting and the quantum Hall effect”, JHEP 02
(2022), 155

E. Witten, “Some exact multipseudoparticle solutions of classical Yang—
Mills theory”, Phys. Rev. Lett. 38 (1977), pp. 121-124

Boletim da SPM 83, Dezembro 2025, Matematicos Portugueses pelo Mundo, pp. 149



