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Foreword

In September 2015 the International School and Conference on Geometry and
Quantization (GEOQUANT) took place at the ICMAT (Instituto de Ciencias
Matemadticas). The scientific topics discussed in Madrid were

e concepts of differential and complex geometry arising in quantization

e relations between quantization and the geometry of moduli spaces,
in particular of the moduli space of Higgs bundles

e algebraic aspects of quantization, in particular, infinite-dimensional
Lie algebras and groups and their representations

e asymptotic geometric analysis
e relations with modern theoretical physics
e non-commutative quantum field theory.

The activity lasted for two weeks. The first week was a school consisting of
four lecture courses aiming at the newcomer to the field. The second week was a
scientific conference.

This volume of the Travaux Mathématiques is mainly based on the school. The
focus on the 2015 Geoquant school was on the quantization of moduli spaces of
bundles, Higgs bundles, Hitchin systems, wall crossing, hyperKahler geometry,
quantum gravity, cluster algebras, and quantum Hall effect. Those topics are
clearly in the center of the current interest in the field. The aim of this volume is
to give an introduction to some of the hot topics of ongoing research in the field.
Furthermore, it was the desire of the participants to have some written material
of the courses available. We asked the lecturers whether they would be able to
produce such a write-up of their lectures. We are happy that most of them could
manage to contribute. In addition, we ask for additional contribution related
to the topics of the school and complementing them. For a first orientation on
the content of the lectures we recommend the collection of their summaries given
further down.

There were further solicited articles related to the topics. They will appear
in a forthcoming volume of the Travaur Mathématiques. It will be dedicated
to contributions originating from the Centre for Quantum Geometry of Moduli
Spaces (QGM), Aarhus, Denmark (director Jorgen Ellegaard Andersen).



The organizers thank all lecturers contributing to the success of the school
and conference in an essential manner. Furthermore, we thank the participants
for their active role and for their very positive feedback. We thank very much
the ICMAT under its former director Manuel de Leon for its hospitality. All
participants enjoyed very much the place, the surrounding, and the facilities. Last,
but not least, we thank the following institutions for generous financial support:
ICMAT, University of Luxembourg, Foundation Compositio Mathematica, and
the EU COST research network QSPACE (Quantum Structure of Space Time).

The Geoquant activity is an international scientific event, highly respected
and well-known in the community. The current event was the 6th in a biannual
series. The previous school/conferences were held in: (1) Japan (Tokyo, Nagoya)
(2005), (2) Russia (Moscow) (2007), (3) Luxembourg (Luxembourg City) (2009),
(4) China (Beijing, Tianjin) (2011), and (5) Austria (Vienna) (2013).

Martin Schlichenmaier (for the organisers)



Collection of Summaries

Mario Garcia-Fernandez: Lectures on the Strominger system

These notes give an introduction to the Strominger system of partial dif-
ferential equations, and are based on lectures given in September 2015 at the
GEOQUANT School, held at the Institute of Mathematical Sciences (ICMAT) in
Madrid. We describe the links with the theory of balanced metrics in hermitian
geometry, the Hermite-Yang-Mills equations, and its origins in physics, that we
illustrate with many examples. We also cover some recent developments in the
moduli problem and the interrelation of the Strominger system with generalized
geometry, via the cohomological notion of string class.

Semyon Klevtsov: Geometry and large N limits in Laughlin states

In these notes I survey geometric aspects of the lowest Landau level wave func-
tions, integer quantum Hall state and Laughlin states on compact Riemann sur-
faces. In particular, I review geometric adiabatic transport on the moduli spaces,
derivation of the electromagnetic and gravitational anomalies, Chern-Simons the-
ory and adiabatic phase, and the relation to holomorphic line bundles, Quillen
metric, regularized spectral determinants, bosonisation formulas on Riemann sur-
faces and asymptotic expansion of the Bergman kernel.

Tomoki Nakanishi and Dylan Rupel: Companion cluster algebras to a
generalized cluster algebra

We study the c-vectors, g-vectors, and F-polynomials for generalized cluster
algebras satisfying a normalization condition and a power condition recovering
classical recursions and separation of additions formulas. We establish a relation-
ship between the c-vectors, g-vectors, and F-polynomials of such a generalized
cluster algebra and its (left- and right-) companion cluster algebras. Our main
result states that the cluster variables and coefficients of the (left- and right-) com-
panion cluster algebras can be recovered via a specialization of the F-polynomials.

David Alfaya and Tomas L. Gémez:  On the Torelli theorem for Deligne-
Hitchin moduli spaces

We prove a Torelli theorem for the parabolic Deligne-Hitchin moduli space,
and compare it with previous Torelli theorems for non-parabolic Deligne-Hitchin
moduli spaces.



Indranil Biswas, Ugo Bruzzo, Beatriz Grana Otero, and Alessio Lo Giudice:
Yang—Mills—Higgs connections on Calabi—Yau manifolds, II

In this paper we study Higgs and co—Higgs G—bundles on compact Kéahler
manifolds X. Our main results are:

1. If X is Calabi-Yau (i.e., it has vanishing first Chern class), and (E, 0) is a
semistable Higgs or co-Higgs G—-bundle on X, then the principal G—bundle
E is semistable. In particular, there is a deformation retract of My (G) onto
M(G), where M(G) is the moduli space of semistable principal G-bundles
with vanishing rational Chern classes on X, and analogously, My(G) is
the moduli space of semistable principal Higgs G—bundles with vanishing
rational Chern classes.

2. Calabi—Yau manifolds are characterized as those compact Kéhler manifolds
whose tangent bundle is semistable for every Kahler class, and have the
following property: if (E, ) is a semistable Higgs or co-Higgs vector bundle,
then F is semistable.

Peter B. Gothen: Hitchin Pairs for non-compact real Lie groups

Hitchin pairs on Riemann surfaces are generalizations of Higgs bundles, allow-
ing the Higgs field to be twisted by an arbitrary line bundle. We consider this
generalization in the context of G-Higgs bundles for a real reductive Lie group G.
We outline the basic theory and review some selected results, including recent re-
sults by Nozad and the author on Hitchin pairs for the unitary group of indefinite
signature U(p, q).

André Oliveira: Quadric bundles applied to non-mazimal Higgs bundles

We present a survey on the moduli spaces of rank 2 quadric bundles over a
compact Riemann surface X. These are objects which generalise orthogonal bun-
dles and which naturally occur through the study of the connected components of
the moduli spaces of Higgs bundles over X for the real symplectic group Sp(4, R),
with non-maximal Toledo invariant. Hence they are also related with the moduli
space of representations of 71 (X) in Sp(4,R). We explain this motivation in some
detail.
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Lectures on the Strominger system

by Mario Garcia-Fernandez

Abstract

These notes give an introduction to the Strominger system of partial
differential equations, and are based on lectures given in September 2015
at the GEOQUANT School, held at the Institute of Mathematical Sciences
(ICMAT) in Madrid. We describe the links with the theory of balanced
metrics in hermitian geometry, the Hermite-Yang-Mills equations, and its
origins in physics, that we illustrate with many examples. We also cover
some recent developments in the moduli problem and the interrelation of
the Strominger system with generalized geometry, via the cohomological
notion of string class.

1 Introduction

The Strominger system of partial differential equations has its origins in super-
gravity in physics [64, 93], and it was first considered in the mathematics literature
in a seminal paper by Li and Yau [76]. The mathematical study of this PDE has
been proposed by Yau as a natural generalization of the Calabi problem for non-
kahlerian complex manifolds [104], and also in relation to Reid’s fantasy on the
moduli space of projective Calabi-Yau threefolds [88]. There is a conjectural re-
lation between the Strominger system and conformal field theory, which arises in
a certain physical limit in compactifications of the heterotic string theory.

In complex dimensions one and two, solutions of the Strominger system are
given (after conformal re-scaling) by polystable holomorphic vector bundles and
Kéhler Ricci flat metrics. In dimension three, the existence and uniqueness prob-
lem for the Strominger system is still open, and it is the object of much current
investigation (see Section 5.2). The existence of solutions has been conjectured
by Yau under natural assumptions [105] (see Conjecture 5.10).

The main obstacle to prove the existence of solutions in complex dimension
three and higher is an intricate equation for 4-forms

(1.1) dd‘w =tr Ry A Ry — tr Fq A Fy,

coupling the Kéhler form w of a (conformally) balanced hermitian metric on a
complex manifold X with a pair of Hermite-Yang-Mills connections V and A.
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This subtle condition — which arises in the quantization of the sigma model for
the heterotic string — was studied by Freed [38] and Witten [101] in the context
of index theory for Dirac operators, and more recently it has appeared in the
topological theory of string structures [15, 87, 91] and in generalized geometry
[12, 47, 48]. Despite these important topological and geometric insights, to the
present day we have a very poor understanding of equation (1.1) from an analytical
point of view.

In close relation to the existence problem, an important object in the theory
of the Strominger system is the moduli space of solutions. The moduli problem
for the Strominger system is largely unexplored, and only in recent years there
has been progress in the understanding of its geometry [6, 24, 48, 49]. From a
physical perspective, it can be regarded as a first approximation to the moduli
space of 2-dimensional (0,2)-superconformal field theories, and is expected to host
a generalization of mirror symmetry [104].

Organization:

These lecture notes intend to give an introduction to the theory of the Strominger
system, going from classical hermitian geometry to the physical origins of the
equations, and its many legs in geometric analysis, algebraic geometry, topology,
and generalized geometry. Hopefully, this manuscript also serves as a guide to the
vast literature in the topic.

In Section 2 we give an introduction to the theory of balanced metrics in her-
mitian geometry (in the sense of Michelson [79]). In Section 3 we study balanced
metrics in non-kéhlerian Calabi-Yau manifolds and introduce the dilatino equa-
tion, one of the building blocks of the Strominger system. In Section 4 we go
through the theory of Hermite-Einstein metrics on balanced manifolds, and its re-
lation with slope stability. Section 5 is devoted to the definition of the Strominger
system and the existence of solutions. In Section 5.2 we discuss several methods
to find solutions of the equations, that we illustrate with examples, and comment
on Yau’s Conjecture for the Strominger system (Conjecture 5.10).

In Section 6 we review the physical origins of the Strominger system in string
theory. This provides an important motivation for its study, and reveals the links
of the Strominger system with conformal field theory, and the theory of string
structures. For the physical jargon, we refer to the Glossary in [26]. Finally,
in Section 7 we consider recent developments in the geometry of the Strominger
system, based on joint work of the author with Rubio and Tipler [48]. As we
will see, the interplay of the Strominger system with the notion of string class
[87] leads naturally to an interesting relation with Hitchin’s theory of generalized
geometry [63], that we discuss in the context of the moduli problem in Section 7.2.

Acknowledgements: I would like to thank Bjorn Andreas — who introduced
me to this topic —, Luis Alvarez-Cénsul, Xenia de la Ossa, Antonio Otal, Roberto
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Rubio, Eirik Svanes, Carl Tipler, and Luis Ugarte for useful discussions and com-
ments about the manuscript. I thank the organizers of GEOQUANT 2015 for the
invitation to give this lecture course, and for their patience with the final version
of this manuscript.

2 Special metrics in hermitian geometry

2.1 Kaihler, balanced, and Gauduchon metrics

Let X be a compact complex manifold of dimension n, with underlying smooth
manifold M. A hermitian metric on X is a riemannian metric g on M such
that g(J-,J-) = g, where J: TM — TM denotes the almost complex structure
determined by X. Denote by QF (resp. Q&) the space of real (resp. complex)
smooth k-forms on M. Denote by QP C Qfgq the space of smooth complex
(p+q)-forms on X of type (p, q). Note that QP¢ belongs to the eigenspace of Q%
with eigenvalue 7777 with respect to the endomorphism

a— (=1)PTa(J. ..., J).

Associated to g there is a canonical non-degenerate (1, 1)-form w € QM defined
by
W(V. W) = g(JV, W)

for any pair of vector fields V, W on M. The 2-form w is called the Kdhler form
of the hermitian manifold (X, g).

By integrability of the almost complex structure, we have the decomposition
of the exterior differential d = 0 + J acting on QP4 where 0 and O are given by
projection

d: QP — Qrhe 9: QP9 — QPatl

Consider the operator d¢ = (0 — 9) acting on forms QF. We have the following
special types of hermitian structures.

Definition 2.1. A hermitian metric g on X is
1. Kahler if dw = 0,
2. balanced if dw™! = 0,
3. Gauduchon if dd®(w™™1) = 0.

Remark 2.2. There are other important notions of special hermitian metrics
(see e.g. [37, 86]), such as pluriclosed metrics or astheno-Kahler metrics (given by
the conditions ddw = 0 and dd°(w"2) = 0, respectively), but their study goes
beyond the scope of the present notes.
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The Kéhler condition for ¢ is equivalent to V9J = 0, where V¢ denotes the
Levi-Civita connection of the riemannian metric g (see [54, Section 1.1]). Using
that dd® = —d°d, we have a simple chain of implications:

Kahler = balanced = Gauduchon.

We say that a complex manifold is kdhlerian (respectively balanced) if it admits
a Kahler (respectively balanced) metric. The existence of Kahler and balanced
metrics in a compact complex manifold is a delicate question [60, 79]. In complex
dimension two, the conditions of being balanced and kdhlerian are both equivalent
to the first Betti number of X being even (see e.g. [77, Th. 1.2.3]). Thus, there are
complex surfaces — such as the Hopf surfaces — which carry no Kahler metric (see
Example 2.10). However, in all dimensions n > 3 there exist compact balanced
manifolds which are not kdhlerian. This is true, for example, for certain complex
nilmanifolds (see Example 2.5). In contrast, due to a theorem of Gauduchon [50]
every compact complex manifold admits a Gauduchon metric.

Theorem 2.3 ([50]). Every hermitian metric on X is conformal to a Gauduchon
metric, uniquely up to scaling when n > 1.

A large class of kédhlerian complex manifolds is given by the projective alge-
braic manifolds. This follows from the basic fact that the kéhlerian property is
inherited by holomorphic immersions, that is, if X is kdhlerian and there exists a
holomorphic immersion f: Y — X, then Y is kihlerian (by pull-back of a Kéhler
metric on X).

Example 2.4. Any closed complex submanifold of CPV is kiihlerian. Recall that
any closed analytic submanifold X ¢ CPY is algebraic, by Chow’s Theorem.

Basic examples of balanced manifolds which are not kdhlerian can be found
among complex parallelizable manifolds. Compact complex parallelizable mani-
folds were characterized by Wang [100], who proved that all arise as a quotient
of a complex unimodular Lie group G by a discrete subgroup I'. They are, in
general, non-kéhlerian: such a manifold is kéhlerian if and only if it is a torus
[100, p.776]. Using Wang’s characterization, Abbena and Grassi [1] showed that
all parallelizable complex manifolds are balanced. In fact, any right invariant her-
mitian metric on G is balanced and this induces a balanced metric on the manifold
G/T [1, Theorem 3.5]. We discuss a concrete example on the Iwasawa manifold,
due to Gray (see e.g. [51, p. 120]).

Example 2.5. Let G C SL(3,C) be the non-abelian group given by elements of
the form

1 AR )
(2.1) 0 1 2z |eSL3,0),
0 0 1
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for z1, 29, 23 arbitrary complex numbers. Let I' C G be the subgroup whose entries
are given by Gaussian numbers

I' = G N SL(3, Z[1]).

The quotient X = G/T" is a compact complex parallelizable manifold of dimension
3. The holomorphic cotangent bundle 7*X can be trivialized explicitly in terms
of three holomorphic 1-forms 6y, 05, 63, locally given by

91 = th 92 = dZQ — ngzl, 93 = d2’37
satisfying the relations
d€1 - d63 = 0, dez = 01 N 03.

Since dfy = 00, is a non-vanishing exact holomorphic (2,0)-form, X is not
kédhlerian (by the d0-lemma, any such form vanishes in a Kahler manifold). To
show that X is balanced, we can take the positive (1, 1)-form

(22) w = 1(01 A 51 + 02 /\52 + 93 A 53),

which defines a hermitian metric ¢ = w(-, J-) on X. It can be readily checked that
dw Nw=0.

We introduce next an important 1-form canonically associated to any hermi-
tian structure, that we use to give a characterization of the balanced and Gaudu-
chon conditions..

Definition 2.6. The Lee form of a hermitian metric g on X is the 1-form 6,, € Q!
defined by

(2.3) 0, = Jd'w.

Here, d* = — * dx is the adjoint of the exterior differential d for the hermitian
metric g, where * denotes the (riemannian) Hodge star operator of g. Alterna-
tively, using the operator

(2.4) A QF — Q52— 14 (),

where f is the operator acting on k-forms induced by the symplectic duality
f: T*X — TX and ¢ denotes the contraction operator, we have

0., = A,dw.
A different way of defining the Lee form is via the equation

dw™ =0, AW
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which in particular implies A,df,, = 0. From the previous formula we can deduce
the change of the Lee form under conformal transformations: if @ = e®w for a
smooth function ¢ € C*°(X) then

(2.5) 05 =0, + (n—1)do.
Note that df,, is a conformal invariant (when 6, is closed, so is [0,] € H'(X,R)).
Proposition 2.7. A hermitian metric g on X is

1. balanced if and only if 6, =0,

2. Gauduchon if and only if d*6,, = 0.

Proof. The first part follows from the equality xw = %1)!, since by definition
d* = — = d*. As for the second part, the statement follows from

d'0,=—xdJdxw=—xJdd*w,

where we have used that d® = JdJ~!, and the algebraic identities xJ = Jx,
x2ak = (=1)%ak for any of € QF. O

2.2 Balanced manifolds

In this section we study general properties of balanced manifolds, which enable
to construct a large class of examples, and also to identify complex manifolds
which are not balanced. The guiding principle is that the balanced property for
a complex manifold is, in a sense, dual to the kédhlerian property. This can be
readily observed from Proposition 2.7, which implies that the balanced condition
for a hermitian metric is equivalent to the Kéhler form being co-closed

d*w = 0.

As mentioned in Example 2.4, the kédhlerian property of complex manifolds is
inherited by holomorphic immersions. Balanced manifolds satisfy a dual ‘func-
torial property’, in terms of proper holomorphic submersions. Thus, the Kéhler
property is induced on sub-objects and the balanced property projects to quotient
objects.

Proposition 2.8 ([79]). Let X and Y be compact complex manifolds. Then
1. If X and 'Y are balanced, then X x Y is balanced.

2. Let f: X — Y be a proper holomorphic submersion. If X is balanced then
Y is balanced.



Lectures on the Strominger system 13

Proof. Let n and m denote the complex dimensions of X and Y, respectively. To
prove part 1, we simply note that if wy and wy are (the Kahler forms of) balanced
metrics on X and Y, respectively, then

xraryi = (01 oraepe (700 Dt nep,
for the product hermitian structure on X x Y.

As for part 2, let wy be a balanced metric on X and consider the closed
(n—1,n—1)-form 7y = W% *. Since f is proper, there exists a closed 2m — 2-form
Ty = fiTx on Y, given by integration along the fibres. The fibres are complex,
and hence 7y is actually a form of type (m — 1,m — 1). Furthermore, it can be
checked that it is positive, in the sense that it induces a positive form on every
complex hyperplane in TY. A linear algebra argument (see [79, p. 280]) shows
now that 7y admits an (m — 1)-th positive root, that is, a positive (1, 1)-form wy
on Y, such that wi* ! = 7y. d

The converse of part 2 of Proposition 2.8 is not true. To see a counterexample,
we need a basic cohomological property of balanced manifolds. This shall be
compared with the fact that, on a kélerian manifold, no compact complex curve
can be trivial in homology.

Proposition 2.9 ([79]). Let X be a compact complex balanced manifold of di-
mension n. Then every compact complex subvariety of codimension 1 represents
a non-zero class in Hay,_o(X,R).

The proof of Proposition 2.9 follows easily by integration of the closed form
w™ ! along the subvariety, for any balanced metric on X. This property of codi-
mension 1 subvarieties of a balanced manifold was strengthened by Michelson in
terms of currents, whereby he provided a cohomological characterization of those
compact complex manifolds which admit balanced metrics [79, Th. A]. We will
not comment further on this more sophisticated notion, since Proposition 2.9 is
enough to give first examples of complex manifolds which are not balanced.
Example 2.10 ([18]). Consider X = CP*1\{0} x C77\ {0} and the abelian group
C acting on X by

t- (I7 y) = (etxv eaty)v
for a € C\R. The Calabi-Eckmann manifold X = X/(C, is diffeomorphic to
S+l x §24+1 and admits a natural holomorphic fibration structure

f: X — CPP x CP?

induced by the product of the Hopf mappings S?*+1 — CP*, for k = p, ¢. Hence,
X admits plenty of compact complex submanifolds of codimension-one. Since the
homology is zero in dimension 2p + 2¢q, we see that these manifolds support no
balanced metrics if p + ¢ > 0. Note that p is proper and CP? x CP? is kdhlerian,
and hence the converse of part 2 in Proposition 2.8 does not hold.
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The next result, also due to Michelson, provides a weak converse of part 2 in
Proposition 2.8.

Theorem 2.11 ([79]). Let X be a compact complex connected manifold. Suppose
that X admits a holomorphic map f: X — C onto a complex curve C, with a
cross section. If the non-singular fibres of f are balanced, then X is balanced.

Note that the existence of the cross section implies that the pull-back f*[C] of
the fundamental class [C] of C' is non-trivial in H?(X,R), and therefore no regular
fibre can be homologous to zero (since its class in homology is the Poincare dual
of [C]). To illustrate this result, consider the Hopf surface S x % - regarded as a
Calabi-Eckmann manifold in Example 2.10 —. This manifold admits a holomorphic
submersion S! x $3 — CP! with Kihler fibres (given by elliptic curves) but it is
not, balanced, because the fibres are homologically trivial.

The following example, which fulfils the hypothesis of Theorem 2.11, is due to
Calabi.

Example 2.12 ([17]). Let C be a compact Riemann surface and ¢: C — R%acon-
formal minimal immersion, where C' denotes the universal cover of C'. Considering
the product immersion

exId: CxR* > RPa R =R,

the 6-dimensional submanifold :(C' x R*) inherits an integrable complex structure
induced by Cayley multiplication (where R” is regarded as the imaginary octo-
nions). This complex structure is invariant under covering transformations on c
and translations on R?, and satisfies that the natural inclusions C x {z} — C' x R*
are holomorphic for any x € R?*. Hence for any lattice A C R* we can pro-
duce a compact quotient manifold X, which admits a holomorphic projection
f: Xx — C. The fibres of this map are complex tori and the map f has holomor-
phic cross sections (induced by the inclusions C' x {z} — € x R*). By Theorem
2.11, X, is a balanced manifold. Calabi proved in [17] that the manifolds X, are
not kahlerian.

Further examples of balanced holomorphic fibrations (which do not satisfy
the hypothesis of Theorem 2.11) are given by twistor spaces of four-dimensional
riemannian manifolds. Given an oriented riemannian 4-manifold N, there is asso-
ciated twistor space T, given by an S2-bundle over N. The fibre of T over a point
x in N is the sphere of all orthogonal almost complex structure on 7, N compat-
ible with the orientation. The twistor space T has a canonical almost complex
structure, which is integrable if and only if N is self-dual [11]. Furthermore, there
is a natural balanced metric on 7. As shown by Hitchin [62], the only compact
twistor spaces which are Kahler are those associated S* and CP2.

The next result is due to Alessandrini and Bassanelli, and proves that the
property of being balanced is a birational invariant. Due to a counterexample
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of Hironaka [61], this is not true for Kahler manifolds, and thus the existence of
balanced metrics is a more robust property than the kéhlerian condition for a
compact complex manifold.

Theorem 2.13 ([3, 4]). Suppose X and Y are compact complex manifolds. Let
f: X =Y be a modification. Then X is balanced if and only if Y is balanced.

A modification f: X — Y is a holomorphic map such that there exists a
complex submanifold N C Y of codimension at least two and a biholomorphism
f: X\f7Y(N) — Y\N given by restriction. As a corollary of the previous result,
any compact complex manifold of Fujiki class C is balanced, since, by definition,
it is bimeromorphic to a Kahler manifold.

We finish this section with some comments on the behaviour of the kdhlerian
and balanced properties under deformations of complex structure. Kodaira and
Spencer proved that any small deformation of a compact Kahler manifold is again
a Kahler manifold [73, Th. 15]. Unlike for kéhlerian manifolds, the existence
of balanced metrics on a compact complex manifold is not an open condition
under small deformations of the complex structure. This was shown explicitly in
[2, Proposition 4.1], for the Iwasawa manifold endowed with the holomorphically
parallelizable complex structure (see Example 2.5). As shown in [9, 46, 102], a
balanced analogue of the stability result of Kodaira and Spencer requires a further
assumption on the variation of Bott-Chern cohomology of the complex manifold.
In particular, Wu proved in [102, Th. 5.13] that small deformations of compact
balanced manifolds satisfying the 90-lemma still admit balanced metrics.

Hironaka’s Example [61] mentioned above shows in particular that the Kéhler
property is not closed under deformations of complex structure. Recently, Ce-
ballos, Otal, Ugarte and Villacampa [20] proved the analogue result for balanced
manifolds, that is, that the balanced property is not closed under holomorphic
deformations. This result has been strengthened in [36], via the construction of
a family over a disk whose generic element is a balanced manifold satisfying the
00-lemma and whose central fibre is not balanced.

3 Balanced metrics on Calabi-Yau manifolds

3.1 The dilatino equation

We introduce next an equation — for a hermitian metric on a complex manifold
with trivial canonical bundle — which is closely related to the balanced condition,
and constitutes one of the building blocks of the Strominger system. We will use
the following notation throughout.

Definition 3.1. A Calabi-Yau n-fold is a pair (X, Q), given by a complex man-
ifold X of dimension n and a non-vanishing holomorphic global section 2 of the
canonical bundle Ky = A"T*X.
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We should stress that in the previous definition we do not require X to be
kahlerian. To introduce the dilatino equation, given a hermitian metric g on X
we will denote by [|||,, the norm of Q, given explicitly by

n(n—1)

(3.1) 121255 = (-D)*FHim AT

n!
Definition 3.2. The dilatino equation, for a hermitian metric g on (X, Q), is
(3.2) d'w = d°log ||]w-

When n = 1, g is necessarily Kéhler and the Calabi-Yau assumption implies
that X is an elliptic curve. Then, (3.2) reduces to dlogl||Q||, = 0, which is
equivalent to w being Ricci-flat. We assume n > 1 in the sequel.

The next result shows that the existence of solutions of (3.2) is equivalent to
the existence of a Kéhler Ricci-flat metric, if n = 2, and to the existence of a
balanced metric when n > 3. The proof relies on the observation by Li and Yau
[76] that the dilatino equation is equivalent to the conformally balanced equation

(3.3) d([|Q]|.w™ ) = 0.
Proposition 3.3. Let o be a hermitian conformal class on (X,Q2). Then

1. if n = 2, then o admits a solution of (3.2) if and only if all g € o is a
solution, if and only there exists a Kdhler Ricci-flat metric on o.

2. if n = 3 then o admits a solution of (3.2) if and only if o admits a balanced
metric.

If X is compact, then there exists at most one balanced metric on o up to homo-
thety.

Proof. We sketch the proof and leave the details for the reader. First we use that
(3.2) is equivalent to
0, = —dlog |||,

(in particular 6, needs to be exact if there exists a solution). Thus, using (2.5) the
1

dilatino equation is equivalent to (3.3), which holds if and only if & = ||Q||5"w
=2
is balanced. Conversely, for n > 3, @ is balanced if and only if w = ||Q||2 %@

solves the dilatino equation. The existence part of the statement follows from
the change of the (n — 1,n — 1)-form [|Q||,w"~! under a conformal transformation
of the metric. The uniqueness part follows by direct application of Gauduchon’s
Theorem [52, Th. I1.14]. O
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The equivalence between (3.2) and (3.3) implies that any solution of the di-
latino equation has an associated class in cohomology. To be more precise, con-
sider the Bott-Chern cohomology of X, defined by

_ Ker(d: Qp1 — Qrtha g Qratl)
T Im(dde: Qr-la-l — Qpa)

Since d and dd° are real operators, the cohomology groups of bi-degree (p, p) have
a natural real structure
HEL(X,R) C HEL(X).

Definition 3.4. Given a solution w of the dilatino equation (3.2), its balanced
class is defined by

(3.4) lI€2flow" ] € Hpe" (X, R).

Remark 3.5. Given a balanced metric @, there are infinitely many such metrics
with the same balanced class [(Z)"’l], as we can always take a real form ¢ € Qn=2n-2
and deform @™~ ! by

U =" 4 ddp.

For ¢ small we have that U is positive, and thus its (n — 1)-th root is a balanced
metric [79].

A solution of the dilatino equation has an alternative interpretation, in terms
of a connection with skew-torsion and restricted holonomy. Let X be a complex
manifold, with underlying smooth manifold M. A hermitian connection on (X, g)
is a linear connection on T'M such that VJ = 0 and Vg = 0, where J is the
almost complex on M determined by X. Gauduchon observed in [53] that the
Bismut connection [13]

(3.5) VAR v %gfld(w.

is the unique hermitian connection on X with skew-symmetric torsion. Here we
regard the metric as an isomorphism g: TM — T*M and g~'d°w as 1-form with
values on the endomorphisms of 7M. Note that the torsion of VE is given by

gTos = —d°w € Q°.

Proposition 3.6. Let (X,Q) be a Calabi-Yau manifold endowed with a hermi-
tian metric g. If g is a solution of the dilatino equation (3.2), then the Bismut
connection V2 has restricted holonomy in the special unitary group

(3.6) hol(V?) C SU(n).

The converse is true if X is compact.
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For the proof, we need a formula for the unitary connection induced by VZ
on Kx due to Gauduchon [53, Eq. (2.7.6)]. Let VE be the Chern connection of
the hermitian metric on Kx induced by g. Then,

(3.7) VE =VY —idweId

Recall that V¢ is uniquely determined by the property (V¢)%! = 9, where 0 is
the canonical Dolbeault operator on the holomorphic line bundle Kx. Since X
is Calabi-Yau, we have an explicit formula for V¢ in (3.7) in the holomorphic
trivialization of Ky given by €2, namely,

VY =d +20log ||,

Proof of Proposition 3.6. Let 1) be a smooth section of Kx. Then, there exists
f € C*®(X,C) a smooth complex-valued function on X such that ¢ = e/Q.
Applying (3.7) we have

(3.8) VE(p) = (df + 201og |||, — id*w) @ 1.
Assume that w is a solution of (3.2). Then, by the previous equation
VA (y) = (df + dlog [|9]|..) © ¥

and we can set f = —log [|Q||, to obtain a parallel section ¢ = ||| ;€.
For the converse, if ¥ is parallel with respect to VZ, applying (3.8) we obtain

df = id*w — 2010g |||

Further, ¢ must have constant norm |||, = t € Rs¢ and it follows from (3.1)
that B
f+ f=2logt—2log |||,

Hence, setting ¢ = f — f we obtain

dp = d*w — d°log |||,

1
It suffices to prove that ¢ is constant. For this, we define @ = ||Q||5™' w and note
that i
dp = —J0, = &',

by the behaviour of the Lee under conformal rescaling (2.5). Applying now the
operator d* on both sides of the equation Agzp = d*d¢ = 0, and therefore d¢ = 0
since by assumption X is compact. O
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As we have just seen, the restriction of the holonomy of the Bismut connection
to the special unitary group on a Calabi-Yau manifold is essentially equivalent to
the existence of solutions of the dilatino equation (3.2). This equation for the
Kéhler form of the hermitian structure is strongly reminiscent of the complex
Monge-Ampere equation in Kéahler geometry. To see this, assume for a moment
that X is a domain in C*, Q = dz; A ... Adz, and that g is Kéhler, with

w=ddp

for a smooth function ¢. Then d*w = 0 and the dilatino equation reduces to the
complex Monge-Ampere equation

log det 9,05 = t,

for a choice of constant ¢. Relying on Yau’s solution of the Calabi Conjecture [103],
the previous observation gives a hint that Calabi-Yau metrics, that is, Kéhler
metrics with vanishing Ricci tensor, provide examples of solutions for the dilatino
equation.

Example 3.7. Assume that X is compact and kdhlerian. Then, by Yau’s The-
orem [103], X admits a unique Kéhler Ricci-flat metric g on each Kéhler class.
Since ¢ is Kéhler, the left hand side of (3.2) vanishes. Further, Ricci-flatness im-
plies that the holomorphic volume form € has to be parallel [54, Prop. 1.22.6], and
therefore g solves (3.2). Note that in this case d°w = 0 and hence V& = V¢ = V9.

To find non-Kéhler examples of solutions of the dilatino equation we revisit
the complex parallelizable manifold in Example 2.5.

Example 3.8. The compact complex manifold X = G/T in Example 2.5 is
parallelizable, and hence admits a trivialization of the canonical bundle. Using
the frame 601, 05,05 of T*X we consider

Q =060, N0y N\0Os.

Then, it can be readily checked that ||€2]|, is constant, and hence the balanced
metric (2.2) is a solution of the dilatino equation (3.2). We note that the same
exact argument works in an arbitrary complex parallelizable manifold.

3.2 Balanced metrics and conifold transitions

We describe next a more sophisticated construction of non-kéhlerian Calabi-Yau
threefolds due to Clemens [22] and Friedman [39] (for a review see [89]), which
provides a strong motivation for the study of the Strominger system. These three-
folds are typically not birational to kihlerian manifolds (class C) as they may have
vanishing second Betti number. Thus, Alessandrini-Bassanelli Theorem 2.13 can-
not be applied to ensure the existence of balanced metrics. An interesting result
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due to Fu, Li and Yau [42] shows that the Calabi-Yau manifolds obtained via the
Clemens-Friedman construction are balanced.

Let X be a smooth kihlerian Calabi-Yau threefold with a collection of mutually
disjoint smooth rational curves C, ..., Ck, with normal bundles isomorphic to

Ocpi (=1) ® Ocpi(—1).

Contracting the k rational curves, we obtain a singular Calabi-Yau threefold X,
with & ordinary double-point singularities py, ..., pr. Away from the singularities,
we have a biholomorphism X\ {J, Cr = Xo\{p1,...,px}, while a neighbourhood
of p; in Xy is isomorphic to a neighbourhood of 0 in

{A+4+4+2=0cCh

By results of Friedman, Tian and Kawamata, if the fundamental classes [C}] €

H%%(X, Q) satisfy a relation
> mlC) =0,
J

with n; # 0 for every j, then there exists a family of complex manifolds X; over
a disk A C C, such that X; is a smooth Calabi-Yau threefold for ¢ # 0, and the
central fibre is isomorphic to Xy. For small values of ¢, the local model for this
smoothing is isomorphic to a neighbourhood of 0 in
{si+z+25+2 =t} CC.
The construction of X, from X, typically denoted by a diagram of the form
X = Xo--» Xy,

is known in physics as Clemens-Friedman conifold transition (see e.g. [89]). The
smooth manifolds X, satisfy the d0-lemma, but they are in general non-kithlerian
[40]. Explicitly, Friedman observed that f(S® x S®) for any k > 2 can be given a
complex structure in this way. The idea is to contract enough rational curves on
X so that H*(X;,R) =0 for ¢ # 0.

Example 3.9. Consider the complete intersection X € CP* x CP! given by

(x5 + 2§ — a2)y + (2] + 25 + 23)y2 = O,
T1y1 + 22y2 = 0,

where z1, ..., 25 and y;, 9, are coordinates in CP* and CP!, respectively. This is
a Calabi-Yau threefold with by(X) = 2 (see e.g. [89]). Consider the blow up

¢: CP* — CP*
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of CP* along the plane {z; = x5 = 0}, whose exceptional divisor is a CP!-bundle
over CP2. Then, X can be regarded as the proper transform of the singular
hypersurface X, C CP* containing the given plane, defined by

To(zd + 22— a) —zy(a? + 2 + i) = 0.
Note that Xy has 16 ordinary double points py, ..., p1s, described by
1 =129 =0, xé—&-xézO, xi—mgzo.,

and ¥~'(p;) = CP! for all j = 1,...,16. Choosing now a small ¢t € C, we can
consider the smooth quintic hypersurface X; ¢ CP* with equation

-

bl
Do(xd + 2% — 22) — xy (2 + 2 +2d) = thf,
=1

which defines a smoothing of X (the so called generic quintic). Note that X, is
also a Calabi-Yau threefold, and we have decreased the Betti number by(X;) = 1.

The main result in [42] states that the smoothing X, in a conifold transition
admits a balanced metric, providing first examples of balanced metrics on the
complex manifolds f;,(S? x S%).

Theorem 3.10 ([42]). For sufficiently small t # 0, X; admits a smooth balanced
metric.

Reid speculated [88] that all kdhlerian Calabi-Yau threefolds (that can be
deformed to Moishezon manifolds) are parametrized by a single universal moduli
space in which families of smooth Calabi-Yau threefolds of different homotopy
types are connected by conifold transitions. In order to develop a metric approach
to Reid’s fantasy, Yau has proposed to study special types of balanced metrics
which endow the Calabi-Yau threefolds with a preferred geometry [45, 76]. Note
here that, similarly as in Kéhler geometry, balanced metrics arise in infinite-
dimensional families, each of them parametrized by a class in the balanced cone
in Bott-Chern cohomology [43] (see Remark 3.5). As we will see in Section 5, a
natural way to rigidify balanced metrics is imposing conditions on the torsion 3-
form of the Bismut connection d°w. An alternative (and in some sense orthogonal)
approach in the literature is to fix the volume form w™/n! of the balanced metric
[94]. In particular, this gives special solutions of the dilatino equation, where the
left and right hand side of (3.2) vanish independently.
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4 Hermite-Einstein metrics on balanced mani-

folds

4.1 The Hermite-Einstein equation and stability

Let X be a compact complex manifold of dimension n endowed with a balanced
metric g. Let £ be a holomorphic vector bundle over X of rank r, with underlying
smooth complex vector bundle E. We will denote by QP4(E) the space of E-valued
(p, q)-forms on X. The holomorphic structure on E given by £ is equivalent to a
Dolbeault operator
Jde: QUE) — Q"Y(E)

satisfying the integrability condition 92 = 0 (see e.g. [54]).

Given a hermitian metric h on E, there is an associated unitary Chern con-

nection A compatible with the holomorphic structure £, uniquely defined by the
properties

d%' = b,
d(S,t)h = (dAS,t)h + (S,dAt)h,

for 5,t € Q°(E). Here, d4: QO(E) — Q'(E) is the covariant derivative defined by
A. In a local holomorphic frame {e;};_;, the Chern connection is given by the
matrix-valued (1,0)-form

hloh,

where h;; = (ej,€;)p. The curvature of the Chern connection is a (1, 1)-form with
values in the skew-hermitian endomorphisms End(E, h) of E, defined by
F, = d4 € QY1 (End(E, h)).
In a local holomorphic frame, we have the formula
(4.1) F,=9(h™'0h)..

Definition 4.1. The Hermite-Einstein equation, for a hermitian metric h on F,
is

(4.2) iAo Fy, = AId.

In equation (4.2), A, is the contraction operator (2.4), Id denotes the identity
endomorphism on F, and A € R is a real constant. The Hermite-Einstein equation
is a non-linear second-order partial differential equation for the hermitian metric
h, as it follows from (4.1).

To understand the existence problem for the Hermite-Einstein equation, the
first basic observation is that, in order for a solution to exist, the constant A € R
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must take a specific value fixed by the topology of (X, g) and E, in the following
sense. Consider the balanced class of w™! in de Rham cohomology

(4.3) 7= w1 € H"%(X,R),

determined by the balanced metric g. Recall that the first Chern class ¢;(F) of
E is represented by
cl(E) = [itr Fy/2n] € HX(X,Z),

for any choice of hermitian metric h.
Definition 4.2. The 7-degree of F is
(44) degT(E) =0 (E) T,

where ¢;(E) -7 € H*(X,R) 2 R denotes the cup product in cohomology.

Taking the trace in (4.2) and integrating against % we obtain
21 deg.(E)
45 A= 82/
(45) (n—1)! rVol, ’

where Vol,, = f X :—T is the volume. When F is a line bundle, the Hermite-Einstein
equation can always be solved for this value of A.

Proposition 4.3. For a holomorphic line bundle € the Hermite-Finstein equation
(4.2) admits a unique solution h up to homothety, provided that A is given by (4.5).

Proof. Fixing a reference hermitian metric hy any other metric h on the line bundle
is given by h = efhy and, using this, equation (4.2) is equivalent to

(4.6) iN,00f = X —iA, F).

By [52, eq. (25)], the balanced condition can be alternatively written as an equal-
ity of differential operators on smooth functions on X

2iA,00 = A, = dd* + d*d,

and therefore iA,,00 is self-adjoint, elliptic, with Kernel given by R € C*°(X).
By (4.5),

wh

A —iA ) — =0,
/x( ! W n!

50 A — i\, F}, is orthogonal to R in C°°(X). We conclude that (4.6) has a unique
smooth solution f with [, f% =0. O
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For higher rank bundles, the existence of solutions of the Hermite-Einstein
equation relates to an algebraic numerical condition for £ — originally related to
the theory of quotients of algebraic varieties by complex reductive Lie groups,
known as Geometric Invariant Theory [80]. To state the precise result, we need
to extend Definition 4.2 to arbitrary torsion-free coherent sheaves of Ox-modules
(for the basic definitions we refer to [72, Section 5-6]). Given such a sheaf F of
rank 7z, the determinant of F, defined by

det F = (A7 F)™

is a holomorphic line bundle (such that F = det F when F is torsion-free of rank
1), and we can extend Definition 4.2 setting

deg. (F) := deg,(det F).
We define the 7-slope of a torsion-free coherent sheaf F of Ox-modules by

(47) () = ),

TF
Definition 4.4. A torsion-free sheaf F over X is
1. 7-(semi)stable if for every subsheaf 7' C F with 0 < rz < rr one has

1 (F') < (e (F),

2. T-polystable if F = @; F; with F; stable and p-(F;) = pi.(F;) for all 4, j.

When X is projective and ¢ is a Kéhler Hodge metric, with Kéhler class
associated to a hyperplane section of X, this definition coincides with the original
definition of slope stability due to Mumford and Takemoto (see e.g. [80]).

We can state now the characterization of the existence of solutions for the
Hermite-Einstein equation (4.2).

Theorem 4.5. There exists a Hermite-FEinstein metric h on £ if and only if £ is
T-polystable.

This result was first proved by Narasimhan and Seshadri in the case of curves
[82]. The ‘only if part’ was proved in higher dimensions by Kobayashi [71]. The ‘if
part’ was proved for algebraic surfaces by Donaldson [29], and for higher dimen-
sional compact Kéhler manifolds by Uhlenbeck and Yau [98]. Buchdahl extended
Donaldson’s result to arbitrary compact complex surfaces in [14], and Li and
Yau generalized Uhlenbeck and Yau’s theorem to any compact complex hermitian
manifold in [75].
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Remark 4.6. The statement of Li-Yau Theorem [75] for an arbitrary hermitian
metric ¢ uses that the existence of a Hermite-Einstein metric only depends on the
conformal class of g (see [77, Lem. 2.1.3]), and therefore g can be assumed to be
Gauduchon. As for the stability condition, when ¢ is a Gauduchon metric one
defines the g-slope of £ by p4(€) = deg,(£)/r, where

deg, (&) = i/ tr F, Aw™
X

for a choice of hermitian metric . The g-degree deg,(£) is independent of h
by Stokes Theorem, since dd‘w™! = 0 and tr F}, = tr Fhy + 00f for h = elhy.
In general, deg, is not topological, and depends on the holomorphic structure of
det & (e.g. for n = 2 the g-degree is topological if and only if X is kéhlerian [77,
Cor. 1.3.14]).

On general grounds, an effective check of any of the two equivalent conditions
in Theorem 4.5 is a difficult problem. We comment on a class of examples, given by
deformations of (essentially) tangent bundles of algebraic Calabi-Yau manifolds.
We postpone the examples of solutions of the Hermite-Einstein equations on non-
kahlerian balanced manifolds to Section 5.2.

Example 4.7. Given a Kéhler-Einstein metric g on X, it is easy to check that the
induced Chern connection on 7'X is Hermite-Einstein. In particular, by Yau’s so-
lution of the Calabi Conjecture [103], the tangent bundle of any kéahlerian Calabi-
Yau manifold is polystable with respect to any Kéahler class, and it is stable if
b1(X) = 0. Since being stable is an open condition, any deformation of the tan-
gent bundle of a simply connected Calabi-Yau manifold is stable. As concrete
examples (see e.g. [67]): in dimension 2, the tangent bundle of a K3 surface has
unobstructed deformations and, in dimension 3, the tangent bundle of a simply
connected complete intersection Calabi-Yau threefold has unobstructed deforma-
tions. For a quintic hypersurface X C CP*, the space of deformations of T'X is
224-dimensional. For X the generic quintic (see Example 3.9), Huybrechts has
proved that the polystable bundle TX & Ox admits stable holomorphic deforma-
tions [67], with the following property: they have non-trivial restriction to any
rational curve of degree one.

It is interesting to compare the previous example with a result by Chuan [21].
Let X — Xy --+ X; be a conifold transition between Calabi-Yau threefolds, as in
Section 3.2. Let £ be a stable holomorphic vector bundle over X with ¢;(€) =0,
and assume that £ is trivial in a neighbourhood of the exceptional rational curves.
Assume further the exists a stable bundle & over Xj, given by a deformation of the
push-forward of £ along X — Xj. Then, Chuan has proved under this hypothesis
that & is stable with respect to the balanced metric constructed by Fu, Li and
Yau [42].



26 Mario Garcia-Fernandez

4.2 Gauge theory, Kihler reduction and the necessity of
stability

In this section we give a (lengthy) geometric proof of the ‘only if part’ of Theorem
4.5, following [81]. This method of proof is based on the correspondence between
symplectic quotients and GIT quotients, given by the Kemp-Ness Theorem [70]
and uses some of the ingredients required for the ‘if part” of Theorem 4.5. We note
that the standard proof of the ‘only if part’ (see e.g. [77]) — which turns on the
principle that “curvature decreases in holomorphic sub-bundles and increases in
holomorphic quotients” [10] — is shorter, and does not use any gauge-theoretical
methods. Nonetheless, we find the proof of [81] more pedagogical, and better
suited for the purposes of these notes. By the end, we discuss briefly the im-
plications of this method for the geometry of the moduli space of stable vector
bundles.

Let E be a smooth complex vector bundle of rank r over X. Let G° be the
gauge group of E, that is, the group of diffeomorphisms of F projecting to the
identity on X and C-linear on the fibres. Consider the space C of Dolbeault
operators

Je: QUE) = Q"Y(E)

on E, which is a complex affine space modelled on Q%! (End E). Then, G¢ acts on
C by

g0z = gOeg",

and preserves the (constant) complex structure on C.

Fix now a hermitian metric A on E. Consider the space A of unitary connec-
tions on (E, h), which is an affine space modelled on Q'(End(E, h)). The unitary
gauge group G C G°, given by automorphisms of F preserving h, acts on A by

g-da=gdag™",

preserving the symplectic structure
(4.8) wala,b) = f/ tr(a Ab) AW
X

for a,b € ThA = Q' (End(E, h)), with A € A.
There is a real affine bijection between the two infinite-dimensional spaces A
and C, defined by

(4.9) A—=C:A—d4=(da)™,

with inverse given by the Chern connection of h in & = (E, Jg). Under this
bijection, the integrability condition 9% = 0 is equivalent to

(4.10) Fy? =0,
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and the complex structure on C translates to a — Ja, for J the almost com-
plex structure on X. The symplectic form (4.8) is compatible with this complex
structure, and induces a Kéhler structure on C.

Using the bijection (4.9) and the Kéhler form (4.8), we can now give a geo-
metric interpretation to the Hermite-Einstein equation (4.2). The following ob-
servation is due to Atiyah and Bott [10] when X is a Riemann surface, and was
generalized by Donaldson [29] to higher dimensional Kahler manifolds. As pointed
out by Liibke and Teleman [77, Sec. 5.3], remarkably the construction only needs
that g is balanced.

Proposition 4.8. The G-action on A is Hamiltonian, with equivariant moment
map p: A — (Lie G)* given by

(4.11) (W(A),¢) =— /X tr((AuFa + i)\ld)%n,

where ¢ € Q°(End(E, h)) = LieG.

Proof. The G-equivariance follows from Fy. 4 = gFg~" for any g € G. Thus, given
a € QY (End(E, h)) we need to prove that

(dp(a), C) = wa(Ye, a)
where Y, denotes the infinitesimal action of ¢, given by
Y(A) = —dag.

Using §,F4 = daa and dw™~! = 0, integration by parts gives
(dp(a),¢) = f/ trédaa AW
X
= / trdal Aa AWt =wu(Y,a).
X

O

Definition 4.9. A unitary connection A € A is called a Hermite-Yang-Mills
connection if it satisfies A € p=1(0) and 9% = 0, that is,

iN,Fy = Md, FY* =o0.

For a Hermite-Yang-Mills connection A, the metric h on & = (E,d,) is
Hermite-Einstein. Using this fact, we can now prove the following.

Theorem 4.10. If there exists a Hermite-Einstein metric h on &, then £ is 7-
polystable.
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Proof. Let h be a Hermite-Einstein metric on £ and F C & a coherent subsheaf
with 0 < rr < r. We can assume that F is reflexive [77, Prop. 1.4.5]. Using
a characterization of reflexive sheaves in terms weakly holomorphic subbundles
[92, 98] (see also [77, p. 81]), there exists an analytic subset S C X of codimension
> 2 and m € L?(End E) such that

(4.12) =7 =7, (Id — 7)0gm =0
on L'(End E), mx\s is smooth and satisfies (4.12), and
]:, = .Ex\g = IHI7T|X\5

is a holomorphic subbundle of £ = & x\s - Furthermore, the curvature of hx\s
on F' defines a closed current on X which represents —i2me; (F) € H*(X, C).
Using the orthogonal projection 7, we can define a weak element in the Lie
algebra of G by
¢=i(mr—v(ld —7)).

Associated to ¢, there is a 1-parameter family of (singular) Dolbeault operators

5& =€ 5&,
and, since C*Id C G° acts trivially on C, we can assume the normalization
[
v= .
r—rr

We want to calculate the mazimal weight

(13)  w@.0)= tim (u(06).¢) = tim ~ [ tr(CF )" .

t—r+o00

Note that we can do the calculation in the smooth locus of 7, since S is codimen-
sion 2. Away from the singularities of 7, we have

D, = e + (Id = 1)De(Id — 7) 4 eI 7de (1d — )
and therefore

Op., = lim s, = 707 + (Id — 7)de(Id — ),

t—+o00

which corresponds to the direct sum
(E, 5}300)‘)(\5 ~F 3 S'/]-".

Using this, we have

w:,0) == [ (AP, ) v [ (G50 Fig,, )00

X

(4.14) =2n(n —1)! (— deg . (F) + . ifrf (deg, (&) — degT(]-'))>

=2m(n —1)! rr

(UT(E) - /’LT(‘F))

r—Trr
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The key point of the proof is the monotonicity of (1(ds,),¢), which follows from
the positivity of the Kahler form (4.8),

d, = ot (1) &
<106 Q) = Vo P = (14 v)% 2|7 de (1d — m) |17,
combined with the Hermite-Einstein condition, which gives {u(ds),¢) = 0. Com-
bining these two facts,

_ e 1 _
(119 w@).0= [ WPt = 50+ D)d:00 - 1), 20,
0

and therefore 11, (€) > u,(F) by (4.14). We conclude that £ is semistable.
_ Suppose now that & is not stable and that we have an equality in (4.15). Then,
mdg(ld — m) = 0 and

Oz () = Ogm — m0e = Ogm — mOg(m + (Id — 7)) = 0,

and therefore 7* is in the Kernel of the elliptic operator iA,dgde (see [77, Lem.
7.2.3]) and hence it is smooth on X. We conclude that F and £/F are holomorphic
vector bundles, and we have an orthogonal decomposition

EXFOE/F

with p-(€) = p-(F) = p-(€/F). In addition, F and £/F inherit Hermite-Einstein
metrics by restriction. Induction on the rank of £ completes the argument. [

To conclude, we discuss briefly the implications of the existence of the previous
infinite-dimensional Kéhler structure, for the geometry of the moduli space of
stable vector bundles and Hermite-Yang-Mills connections. Let

ccce

be the subset of integrable Dolbeault operators d¢ which define 7-stable holo-
morphic vector bundles £. Two integrable Dolbeault operators are in the same
Ge-orbit if and only if define isomorphic vector bundles, and therefore the G°-
action preserves C*. We define the moduli space of T-stable vector bundles by the
quotient
c’/ge.

This quotient has a natural Hausdorff topology, and can be endowed with a finite
dimensional complex analytic structure (which may be non-reduced) [77, Cor.
4.4.4].

Let A* C A be the G-invariant subset of irreducible connections which satisfy
the integrability condition (4.10). Recall that a connection A is irreducible if
the Kernel of the induced covariant derivative d4 in End(E, h) equals {RId. For
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A€ p~'(0) N A*, h is a Hermite-Einstein metric on £ = (F,d4). We define the
moduli space of irreducible Hermite-Yang-Mills connections as the quotient

17(0) N A*/G.

This set has a natural Hausdorff topology, and can be endowed with a finite di-
mensional real analytic structure (which may be non-reduced) [77, Prop. 4.2.7].
Furthermore, by Proposition 4.8 the moduli space inherits a real-analytic sym-
plectic structure away from its singularities [77, Cor. 5.3.9].

Building on the proof of Theorem 4.10, one can prove that for =*(0) N.A* one
has d4 € C* (see [77, Remark 2.3.3]) and therefore there is a natural map

1H0) N A /G — € /G

This map induces a real analytic isomorphism by Theorem (4.5), and a Kéhler
structure on C*/G° away from its singularities (see [77, Cor. 4.4.4] and [77, Cor.
5.3.9]).

5 The Strominger system

5.1 Definition and first examples

Let (X,9) be a Calabi-Yau manifold of dimension n, with underlying smooth
manifold M and almost complex structure J. Let £ be a holomorphic vector
bundle over X, with underlying smooth complex vector bundle E. To define
the Strominger system, we consider integrable Dolbeault operators O, that is,
satisfying 02 = 0, on the smooth complex vector bundle (7'M, J).

Definition 5.1. The Strominger system, for a hermitian metric g on (X, (), a
hermitian metric A on £, and an integrable Dolbeault operator dr on (T'M, J), is

A Fy =0,

AR =0,

d*'w — d°log |Q||, = 0,

dd‘w —a(tr RA R —tr Fj A Fy,) = 0.

Here, a is non-vanishing real constant and R = R, 5, denotes the curvature
of the Chern connection of g, regarded as a hermitian metric on the holomorphic
vector bundle 7 = (T'M, J, 0r). The first two equations in the system correspond
to the Hermite-Einstein condition for the curvatures Fj, and R with vanishing
constant A, with respect to the Kéhler form w (see Definition 4.1). The third
equation, involving the Kéhler form w and the holomorphic volume form £, is
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the dilatino equation (3.2). The new ingredient in the system is an equation for
4-forms, known as the Bianchi identity

(5.2) dd°w—a(trt RAR —tr Fy, A F,) =0,

which intertwines the exterior differential of the torsion —d‘w of the Bismut con-
nection of g, with the curvatures £}, and R.

Remark 5.2. The second equation in (5.1), that is, A,R = 0, is often neglected
in the literature. In this case, R is typically taken to be the Chern connection of g
on the holomorphic tangent bundle T'X (see e.g. [76]). Motivation for considering
the Hermite-Einstein condition for R comes from physics, and it will be explained
in Section 6.1.

Fixing the holomorphic structure 0y on the smooth complex vector bundle
(TM,J) essentially determines the hermitian metric which solves the Hermite-
Einstein equation on (T'M, J,dr) (see Section 4.2), and therefore lead us to an
overdetermined system of equations. To put the bundles E and (T'M, J) on equal
footing, it is convenient to take a gauge-theoretical point of view, by fixing the
hermitian metric A on E and substitute the unknowns h and Jp in Definition 5.1
by a unitary connection A on (E,h) and a unitary connection V on (T'M, J, g),
with curvature Ry (cf. Section 4.2). This lead us to the following equivalent
definition of the Strominger system.

Definition 5.3. The Strominger system, for a hermitian metric g on (X,Q), a
unitary connection A on (E,h) and a unitary connection V on (T'M, J, g), is

AFa=0, Fy?=0
ARy =0, RY*=0
d([|Qlw"") =0,
ddw —Ol(tl"Rv A Ry —tI‘FA/\FA) =0.

From this alternative point of view, the Strominger system couples a pair of
Hermite-Yang-Mills connections A and V (see Definition 4.9) with a conformally
balanced metric w, by means of the Bianchi identity (5.2). For the equivalence
between (5.1) and (5.3), we use Li-Yau characterization of the dilatino equation
(3.2) in terms of the conformally balanced equation (3.3).

The system (5.3) makes more transparent three types of necessary conditions
for the existence of solutions of the Strominger system. Firstly, for (X,Q, F) to
admit a solution of the Strominger system there are some evident cohomological
obstructions on the Chern classes

(5.4) deg.(E) =0, ¢ (X) =0,
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and also
(5.5) cha(E) = cho(X) € Hpz (X, R),

where che(E) and che(X) denote the second Chern character of £ and X. On a
general complex manifold, the condition (5.5) depends on the complex structure
of X, since the natural map

H32(X,R) — HY(X,R)

may have a Kernel. Secondly, we have two further conditions on the complex
structure on X, that is, the complex manifold must have trivial canonical bundle
and it must be balanced. Recall that the balanced condition for X can be ex-
pressed as a positivity condition on the homology of X, which involves complex
currents (see Proposition 2.9 and [79]). Finally, if (g, V, A) is a solution with
balanced class

7= 190w € Hyeh " (X, R),

Theorem 4.5 implies that the holomorphic bundle £ = (E,0,4) and the holomor-
phic bundle T = (T'M, J, dy) must be 7-polystable.

In the rest of this section we discuss some basic examples of solutions of the
Strominger system. We postpone more complicated existence results to Section
5.2. Let us start with complex dimension 1.

Example 5.4. When n =1, X is forced to be an elliptic curve and the Bianchi
identity is an empty condition. Furthermore, the dilatino equation reduces to
the Kéahler Ricci-flat condition on X (see Section 3.1). Hence, by Theorem 4.5
solutions of the Strominger system with a prescribed Kahler class are given by
degree-zero polystable holomorphic vector bundles over the elliptic curve X (see
e.g. [97]).

The next example shows that the system can always be solved for Calabi-
Yau surfaces, provided that (5.4) and (5.5) are satisfied. Note that a compact
Calabi-Yau surface must be a K3 surface or a complex torus, and therefore is
always kéhlerian. Hence, the condition (5.5) in this case is topological. We follow
an argument of Strominger in [93] and do not assume that the connection V is
unitary (to the knowledge of the author, with the unitary assumption there is no
general existence result for n = 2).

Example 5.5. Let (X, Q) be a compact Calabi-Yau manifold of dimension 2. Let
g be a Kéhler Ricci-flat metric on X, with Kéhler form w. By Example 3.7, g
solves the dilatino equation. Let V be a unitary Hermite-Yang-Mills connection on
the smooth hermitian bundle (T'M, J, g) (e.g. we can take the Chern connection
of g). Let (E,h) be a smooth complex hermitian vector bundle satisfying (5.4)
and (5.5), with a Hermite-Yang-Mills connections A. We want to show that we
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can find a metric § on the conformal class of ¢ solving the Strominger system.
Consider § = efg for f € C*(X). Using that n = 2 we have

IQllae™ " = [[Qluw",

and therefore @ solves the dilatino equation. Furthermore, V and A are Hermite-
Yang-Mills connections also for @ (note that V is no longer w-unitary). Hence,
to solve the Strominger system (5.3) with this ansatz, we just need to solve the
Bianchi identity (5.2) for g. Now, using that ¢ is Kéhler, (5.2) is equivalent to

Au(ef) = A2a(tr Ry A Ry — tr Fa A Fy).

The obstruction to solve this equation is cha(E) = che(X) in H*(X,R), which
holds by assumption. Note that we can assume our solution to be positive, since
X is compact. As a concrete example, we can consider X to be a K3 surface and
take 7 = TX and & a small holomorphic deformation of TX or TX & Ox [67],
and apply Theorem 4.5.

We discuss next the arguably most basic examples of solutions of the Stro-
minger system in dimension n > 3.

Example 5.6. Let (X, Q) be a compact kihlerian Calabi-Yau manifold of dimen-
sion n. Let g be a Kéhler Ricci-flat metric on X. By Example 3.7, g solves the
dilatino equation and by Example 4.7, the Levi-Civita connection V9 is Hermite-
Einstein. Set V = V9 and denote by hgy a constant hermitian metric on the trivial
bundle &;_{'Ox over X. Define

£ =TXP(@0x),

that we consider endowed with the hermitian metric g@®hg, with Chern connection
A =V @d. Then, it is immediate that g & hy is Hermite-Einstein. Finally, the
Bianchi identity (5.2) is satisfied, because trR? = trF3 and dd‘w = 0, since g is
Kéhler.

When n = r = 3, these are called standard embedding solutions in the physics
literature, based on the natural homomorphism of Lie groups

5.2 Existence results

The Strominger system is a fully non-linear coupled system of partial differential
equations for the hermitian metric g, and the unitary connections V and A. Note
that the system is of mixed order, since the Hermite-Yang-Mills equations are of
first order in V and A, the dilatino equation is of order one in the Kéhler form w,
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while the Bianchi identity is of second order in w. The most demanding and less
understood condition of the Strominger system is, indeed, the Bianchi identity
(5.2). In dimension n > 3, this condition is the ultimate responsible of the non-
Kéhler nature of this PDE problem, as the non-vanishing of the Pontryagin term
tr R — tr '3 prevents the hermitian form w to be closed and hence allows the
complex manifold X to be non-kahlerian. To the present day, we have a very poor
understanding of the Bianchi identity from an analytical point of view.

The first solutions of the system for £ a stable holomorphic vector bundle with
rank r = 4, 5 over an algebraic Calabi-Yau threefold were found by Li and Yau [76]
(cf. Example 5.6). Solutions in non-kéahlerian threefolds were first obtained by
Fu and Yau [45], on suitable torus fibrations over a K3 surface. Further solutions
in non-kdhlerian homogeneous spaces, specially on nilmanifolds, have been found
over the last years (see [34, 32, 57, 83] and references therein). For examples in
non-compact threefolds we refer to [41, 30, 31, 33].

There are essentially three known methods to solve the Strominger system in a
compact complex threefold: by perturbation in kidhlerian manifolds, by reduction
in a non-kahlerian fibration over a Kéhler manifold, and the method of invariant
solutions in homogeneous spaces. The aim of this section is to illustrate these
three methods with concrete results and examples. By the end, we will comment
on a conjecture by Yau, which is one of the main open problems in this topic.

We start with a general result on kihlerian manifolds [7], that builds in the
seminal work of Li and Yau in [76].

Theorem 5.7 ([7]). Let (X,Q) be a compact Calabi-Yau threefold endowed with a
Kiahler Ricci-flat metric we, with holonomy SU(3). Let € be a holomorphic vector
bundle over X satisfying (5.4) and (5.5). If € is stable with respect to [w2], then
there exists a 1-parameter family of solutions (hs,ws, 0s) of the Strominger system
(5.1) such that % converges 1o woo as 0 — 0.

To explain the main idea, we note that the Strominger system is invariant
under rescaling of the hermitian form w, except for the Bianchi identity. Given
a positive real constant 0, if we change w — dw and define € := /4 we obtain
a new system, with all the equations unchanged except for the Bianchi identity,
which reads

dd‘w — e(tr(Ry A Ry) — tr(Fa A Fa)) = 0.
In the large volume limit 0 — oo, a solution of the system is given by prescribing
degree zero stable holomorphic vector bundles £ and T over a Calabi-Yau threefold
with hermitian metric wy, satisfying

A(|Q]wnwd) =0,  dd°we = 0.

The combination of these two conditions implies that wy, is actually Kéhler Ricci-
flat, and by the Hermite-Yang-Mills condition for V we also have that 7 = T'X
(see [7, Lem. 4.1]). The final step is to perturb a given solution with € = 0 to a
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solution with small € > 0, that is, with large d, provided that (5.5) is satisfied. This
is done via the Implicit Function Theorem in Banach spaces. The perturbation
leaves the holomorphic structure of £ unchanged while the one on T'X is shifted
by a complex gauge transformation and so remains isomorphic to the initial one.

We give a concrete example where the hypothesis of Theorem 5.7 are satis-
fied. For further examples of stable bundles on algebraic Calabi-Yau threefolds
satisfying (5.4) and (5.5) we refer to [7, 8, 69].

Example 5.8. For X a generic quintic in CP* (see Example 3.9), any Khler
Ricci-flat metric has holonomy SU(3). Then, by a result of Huybrechts [67], the
bundle T'X & Ox admits stable holomorphic deformations £, which therefore have
the same Chern classes as TX. The application of Theorem 5.7 in this example
recovers [76, Th. 5.1].

We recall next the reduction method of Fu and Yau [45], based on the non
kithlerian fibred threefolds constructed by Goldstein and Prokushkin [55]. This
result does not impose the Hermite-Yang-Mills condition on V, that is taken to
be the Chern connection of the hermitian metric on X. Let (S,{Qs) be a K3
surface with a Kéhler Ricci-flat metric g5 and Kéahler form wg. Let w; and ws be
anti-self-dual (1, 1)-forms on S such that

[wi/27] € H*(S, 7).
Let X be the total space of the fibred product of the U(1) line bundles determined
by [w1/27] and [we/27]. Given a function u on S, consider the hermitian form
(5.6) wy = p*(ews) + %0 NG,
where 6 is a connection on X such that iFy = w; +ws, and the complex threeform
Q=QgN6.

Then, using that wy and w, are anti-self-dual, it is easy to check that w, satisfies
the dilatino equation (3.2) and dQ = 0. Let £ be a degree zero [wgsl-stable
holomorphic vector bundle over S. Define £ = p*Eg and h = p*hg, where hg is the
Hermite-Einstein metric on . Then, h is a Hermite-Einstein metric for w, and
hence with this ansatz the Strominger system reduces to the Bianchi identity. This
identity is actually equivalent to the following complex Monge-Ampere equation
on S
g — 1 J 2
dd°(e"w — ae™"p) + iddcu Addu = pwg/2,

where p is a smooth real (1, 1)-form on S independent of u and
pwz = (Jwi|? + [wo|ws + a(tr Fy A Fy — Rug A Ruy).

Here, R, denotes the curvature of the Chern connection of wg on S.
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Theorem 5.9 ([45]). The equation (5.6) admits a solution for o > 0, provided
that

0= /Wg _ /(\w1|2 + a2l — 8720 (24 — es(Es)).
S S

The case a < 0 was proved in [44], and more recently in [85] with different
methods.

We consider now the method of invariant solutions in homogeneous spaces.
Following [32, 83], we describe an explicit solution of the form X = SL(2,C)/T,
for T' a cocompact lattice in SL(2,C). The group SL(2,C) is unimodular and
therefore it admits a biinvariant holomorphic volume form. Furthermore, any
right invariant metric on SL(2,C) is balanced, and solves the dilatino equation
(cf. Example 3.8). With the ansatz F4 = 0 for the connection A, the Strominger
system (5.3) reduces to the conditions

A Ry =0, RY =0

5.7
(6.7) dd°w — a (tr Ry A Ry) = 0.

We want to check that the system is satisfied for V = V9 — %g’ldcw the Bismut
connection of w. To see this, consider a right invariant basis {o!, 0%, 03} of (1,0)-
forms satisfying

do' = o2 A o?, do? = —o' A o3, do® = o' Ao

Consider the biinvariant holomorphic volume form
Q=0'Ad* NP
and the right invariant hermitian metric
W, = %tz(al AT+ 0 NG+ 0P AT)
for t € R\{0}. Define a real basis of right invariant 1-forms by
el +ie® =tol, e +iet = to?, e +ie® =to®.

Then, a direct calculation shows that (see [83, Th. 4.3] and [32, eq. (8)]

ddcwt — *%(61234 + 6]256 + 63456)7

and for V the Bismut connection

16, 1o .
atr Ry A Ry = ,atj(elm + 1256 4 (3456
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Therefore, for o > 0 taking ¢ such that o = t2/4 we obtain a solution of the
Bianchi identity. Furthermore, by [83, Prop. 4.1] the Bismut connection is also a
solution of the Hermite-Yang-Mills equations.

Although the three methods we have just explained provide a large class of
solutions of the Strominger system in complex dimension 3, the existence problem
is widely open. The following conjecture by Yau is one of the main open problems
in this topic.

Conjecture 5.10 (Yau [105]). Let (X,Q) be a compact Calabi-Yau threefold en-
dowed with a balanced class 7. Let € be a holomorphic vector bundle over X
satisfying (5.4) and (5.5). If € is stable with respect to T, then (X,Q,E) admits
a solution of the Strominger system.

Even for kdhlerian manifolds, Conjecture 5.10 is not completely understood.
In this setup, Theorem 5.7 provides a solution of Conjecture 5.10 for balanced
classes of the form 7 = [w]?, where [w] is a Kéhler class on X. We note however
that Fu and Xiao [43] have proved that for projective Calabi-Yau n-folds the
cohomology classes

8l € H*'(X,R)

such that [8]" > 0 — known as big classes — satisfy that [3]"~! is a balanced class.
An interesting example of a big class which is not Kéahler is provided by Example
3.9 on conifold transitions. With the notation stated there, if L is the pull-back
of any ample divisor on X, then ¢;(L) is a big (and nef) class on X. By a result
of Tosatti [95], the smooth Ricci-flat metrics on X with classes approaching ¢, (L)
have a well-defined limit, given by the pull-back of the unique singular Ricci-flat
metric on Xy. It is plausible that this result combined with Theorem 5.7 can be
used to prove Conjecture 5.10 for algebraic Calabi-Yau threefolds. We should also
note that the method of Theorem 5.7 does not have any control on the balanced
class of the final solution. On general grounds, it is expected that the solution
predicted by Conjecture 5.10 has balanced class 7.

For non-kéhlerian manifolds, Yau’s Conjecture is widely open. To illustrate
this, we state a basic question that should be addressed before dealing with the
more general Conjecture 5.10.

Question 5.11. Let X be a compact complex manifold with balanced class 7 €
Hp,""N(X,R). Let p € Q""" be a real dd*exact form on X. Ts there a
balanced metric g on X with balanced class 7 solving the following equation?

(5.8) dd‘w = p.
A promising approach to Conjecture 5.10 using geometric flows — which in

particular treats a question closely related to Question 5.11 — has been recently
proposed in [84].
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Setting Question 5.11 in the affirmative in the case of Clemens-Friedman non-
kdhlerian complex manifolds would provide important support for Yau’s proposal
of a metric approach to Reid’s Fantasy (see Section 3.2). Equation (5.8) (as well
as the Strominger system) pins down a particular solution of the dilatino equation
(3.2) in a given balanced class, via a condition on the torsion —d“w of the Bismut
connection. As we have pointed out earlier in this section, when p = 0 the
combination of (5.8) with the dilatino equation (3.2) is equivalent to the metric
being Calabi-Yau. The mechanism whereby a conifold transition creates a 4-form
p which couples to the metric is still unknown (in physics, p can be interpreted
as the Poincaré dual four-current of a holomorphic submanifold wrapped by a
NS5-brane [96]).

6 Physical origins and string classes

6.1 The Strominger system in heterotic supergravity

The Strominger system arises in the low-energy limit of the heterotic string theory.
This theory is described by a o-model, a quantum field theory with fields given by
smooth maps C*(S, N), from a smooth surface S — the worldsheet of the string
— into a target manifold N. From the point of view of the worldsheet, the theory
leads to a superconformal field theory. In the low-energy limit, the heterotic string
can be described from the point of view of N, yielding a supergravity theory. We
start with a discussion of classical heterotic supergravity, which allows a rigorous
derivation of the Strominger system (and completely omits perturbation theory).
We postpone a conceptual explanation of the Bianchi identity to the next section,
where we adopt the worldsheet approach.

Heterotic supergravity is a ten-dimensional supergravity theory coupled with
super Yang-Mills theory (see e.g. [27, p. 1101]). It is formulated on a 10-
dimensional spin manifold N, i.e. oriented, with vanishing second Stiefel-Whitney
class

wWa (N ) = O,

and with a choice of element in H'(N,Z). The manifold is endowed with a
principal bundle Pk, with compact structure group K, contained in SO(32) or
Es x Eg. We will assume K = SU(r).

The (bosonic) field content of the theory is given by a metric gy of signature
(1,9) (in the string frame), a (dilaton) function ¢ € C*°(N), a 3-form H € Q3 and
a (gauge) connection A on Pg. We ignore the fermionic fields in our discussion.
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The equations of motion can be written as

Ric? —2V%(d¢) — iHoH—&-atrFoF —atrRoR=0,

d*(e*H) =0,
(6.1) €2
d5(e**F) + -5 * (FA*H) =0,

1
§* — 40 — d|dgf* — S|H[* + a(|R[* = [F*) =0,

where « as positive real constant — the slope string parameter — F is the curvature
of A, and R is the curvature of an auxiliary connection Vo on T'N. Here, H o H
is a symmetric 2-tensor constructed by contraction with the metric (and similarly
for tr Fo F —tr Ro R)

(H o H)mn = (](’L)Jg(I;leka]ln

The introduction of the connection Vi — which is not considered as a physical
field — is due to the cancellation of anomalies (this is the failure of a classical sym-
metry to be a symmetry of the quantum theory). The Green-Schwarz mechanism
of anomaly cancellation [58] sets a particular local ansatz for the three-form

(6.2) H = db— a(CS(Vg) — CS(A)),

in terms of a 2-form b € Q2 and the Chern-Simons 3-forms of A and V,. We use
the convention dC'S(A) = —tr Fy A Fs. Up to the Chern-Simons term, H can be
regarded as the field strength of the locally-defined B-field b. Although (6.2) fails
to be globally well-defined on N, it imposes the global Bianchi identity constraint

(6.3) dH =a(trRAR—trFAF).

We postpone the conceptual explanation of this equation to the worldsheet ap-
proach.

We note that the equations (6.1) do not arise as critical points of any func-
tional, e.g. due to the term *(F A *H) in the third equation. Rather, physicists
consider the pseudo-action

_ 1 o
/e (5% + ldof* — | H + S (|RP = |F[*)) Voly,,
N

where the norm squared of F' and R is taken with respect to the Killing form — tr.
Remarkably, calculating the critical points of this functional and taking the local
form (6.2) of H into account, yields the equations of motion (6.1).

In supergravity theories, supersymmetry distinguishes special solutions of the
equations of motion which are fixed by the action of a (super) Lie algebra on the
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space of fields. Generators for this action are typically given in terms of spinors. In
the case of heterotic supergravity, (N = 1) supersymmetry requires the existence
of a non-vanishing Majorana-Weyl spinor e with positive chirality (see [35, p. 9]),
satisfying the Killing spinor equations

F-e=0
(6.4) V7e=0,
(H+2d¢)-e=0,

Here V™ is the metric connection with skew torsion —H obtained from the Levi-
Civita connection V9%

1
(6.5) V=V - gy H

The relation between the heterotic supergravity equations and the Strominger
system arises via a mechanism called compactification, whereby the 10-dimensional
theory is related to a theory in 4-dimensions. Strominger [93] and Hull [64] char-
acterized the geometry of a very general class of compactifications of heterotic
supergravity, inducing a 4-dimensional supergravity theory with NV = 1 supersym-
metry. The geometric conditions that they found in the so called internal space is
what is known today as the Strominger system. Mathematically, Strominger-Hull
compactifications amount to the following ansatz: the space-time manifold is a
product

N =R*x M,

where M is a compact smooth oriented spin 6-dimensional manifold — the internal
space —, with metric given by

— 62(#@)(

o g1,3 X 9)

for 13 a flat Lorentz metric, g a riemannian metric on M and f € C*(M) a
smooth function on M. The fields H and A are pull-back from M, and V, is
the product of the Levi-Civita connection of g™® with a connection V on TM
compatible with g. The condition of N = 1 supersymmetry in 4-dimensions
imposes that f = ¢ and also

e=(@n+®n,

where ( is a positive chirality spinor for g, 3 and 7 is a positive chirality spinor for g
(living in complex representations of the corresponding real Spin group), while ¢*
and n* denote their respective conjugates. With this ansatz, the equations (6.1),
(6.4) and (6.3) are equivalent, respectively, to equations for (g, ¢, H,V, A,n) on



Lectures on the Strominger system 41

M:
1
Ric? 72V9(d¢) — ZHO H—«aF 0 Fy+ QRV o RV =0,
d*(e*H) =0,
(6.6) o2
d5(*Fa) + 5 F (FAN*H) =0,
1
59— 4Ap — A|dg|* — 5|H|2 +a(|Ry|? = |F4>) =0
V™n=0,
1
(6:7) (dé + S H) -1 =0,
Fa-n=0,
(6.8) dH — a(tr Ry A Ry — tr F4 A Fy) = 0.

The following characterization of (6.7) and (6.8) in terms of SU(3)-structures
is due to Strominger and Hull.

Theorem 6.1 ([64, 93]). A solution (g,¢, H,V,A,n) of (6.7) and (6.8) is equiv-
alent to a Calabi-Yau structure (X,2) on M, with hermitian metric g and con-
nection A on Pk solving

AFy=0, FY=0,
(6.9) d*w — d°log |9, = 0,
dd°w — a (tr Ry A Ry —tr Fa A Fiy) = 0.

where ]
H = dw, dp = —idlog 19|

For the proof, one can use that the stabilizer of 7 in Spin(6) is SU(3), and
write the equations in terms of the corresponding SU(3)-structure. The key point
is that, since V™ is unitary and has totally skew-torsion —H, by [53, Eq. (2.5.2)],

H=—_N 4 (dcw)2’1+1'27

where N denotes the Nijenhuis tensor of the almost complex structure determined
by 1. We refer to [48, Th. 6.10] for a detailed proof of this result. We note that
the same result holds on an arbitrary even-dimensional manifold M, provided that
the spinor 7 is pure (see [74, Lem. 9.15] and [74, Rem. 9.12]).

Supersymmetric vacuum of heterotic supergravity compactified on M — with
the Strominger-Hull ansatz — correspond to solutions of the system of equations
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formed by (6.6), (6.7) and (6.8). Therefore, finding a solution of (6.9) is a priori not
enough to find a supersymmetric classical solution of the theory. This problem was
understood by Fernandez, Ivanov, Ugarte and Villacampa [34, 68], who provided
a characterization of the solutions of the Killing spinor equations (6.7) and the
Bianchi identity (6.8) which also solve the equations of motion (6.6).

Theorem 6.2 ([34, 68]). A solution of the Killing spinor equations (6.7) and the
Bianchi identity (6.8) is a solution of the equations of motion (6.6) if and only if

(6.10) Ry -e=0.

The instanton condition (6.10) is equivalent to V being a Hermite-Yang-Mills
connection, that is,

(6.11) RY =0, RyAw?=0.

Combined with Theorem 6.1, Theorem 6.2 establishes the link between the equa-
tions in heterotic supergravity and the Strominger system (5.3). To state a precise
result, which summarizes the previous discussion, we observe that it follows from
the proof of Theorem 6.2 that the instanton condition Ry € = 0 jointly with (6.7)
and (6.8) implies the following equation of motion for V

2¢
45 (e Ry) + “’7 « (Ry A+H) = 0.

Theorem 6.3. A solution (9,6, H,V, A, n) of the system

Vin=0,

1
(6.12) Faon=0,
RV'WZQ

dH — a(tr Ry ARy —tr Fa A Fy) = 0.

is equivalent to a Calabi-Yau structure (X, Q) on M, with hermitian metric g and
connection A on Pk solving the Strominger system (5.3), where

H = dw, dp = —%dlogHQHw.
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Furthermore, any solution of (6.12) solves the equations of motion

1
Ric? —2V9(dg) — ZHOH_ aFyoFys+ aRyo Ry =0,

d*(*H) =0,
| 2

(6.13) d4(eFa) + S (Fa AxH) =0,
2¢

A (¥ R) + - % (Ry A xH) =0,

1
S9 — 4A¢p — 4|dg|* — 5|H|2 + af|Ry|? — |Fal?) = 0.

The formal symmetry of the equations (6.12) in the connections V and A
(which flips a sign in the Bianchi identity), seems to be crucial for the under-

standing of the geometry and the moduli problem for the Strominger system,
that we review in Section 7.

Remark 6.4. We note that in the formulation of the Strominger system in [93]
the condition (6.11) was not included, probably relying on the general principle
that supersymmetry implies the equations of motion of the theory (which is not
valid for the heterotic string even in perturbation theory [25]). The analysis
in [64, 65] takes this fact into account and proposes V = V* (given by changing
H — —H in (6.5)) as the preferred connection to solve (6.8). From a mathematical
perspective, this last statement has to be taken rather formally. It can be regarded
as a perturbative version of Theorem 6.2, in the following sense: expanding g and
H in a formal power series in the parameter « it follows that

Ry+ -1 = 0(a),

provided that V™5 = 0 is satisfied (see e.g. [25, App. C]).

6.2 The worldsheet approach and string classes

A more fundamental approach to heterotic string theory is provided by the (non-
linear) o-model. We start with a brief (and rather naive) description of this theory,
in order to explain the Bianchi identity in heterotic supergravity and its relation
with the notion of string class.

The heterotic non-linear o-model is a two-dimensional quantum field theory
with (bosonic) fields given by smooth maps f € C°°(S, N) from an oriented surface
S into a target manifold N. To describe the classical action, we fix a metric v on
S — with volume Vol, and scalar curvature R, — and background fields (g°, ¢, b, A)
on N. Here, (¢° ¢, A) are as in the previous section, and b is a B-field, that by
now we treat as a (local) two-form on N (more invariantly, it will correspond to
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a trivialization of a bundle 2-gerbe with connection [99]). The action is
(6.14) L[ arvel, + £b— SoR,vol, +
. Tra /s y 5 01, Vol + ..

where |df|* denotes the norm square of df with respect to v and g. The terms
denoted ... correspond to the fermionic part of the action — depending on the
connections A and V- = V9 — %g’ldb7 and a choice of spin structure on S — that
we omit for simplicity (see e.g. [93]).

The constant « in (6.14) is 2¢2, where ¢ is the Planck length scale (and hence
positive). The background fields in the o-model appear as coupling functions
(generalizing the notion of coupling constant). The value of the dilaton ¢ at a
point determines the string coupling constant, i.e. the strength with which strings
interact with each other. The dilaton is a special field, as the term

/ oR,Vol,
s

destroys the conformal invariance of the action (6.14) (classical Weyl invariance).
Nonetheless, the inclusion of this term is crucial for the conformal invariance of
the theory at the quantum level [19].

The quantum theory constructed from the action (6.14) is defined perturba-
tively, in an expansion in powers of a. Conformal invariance of the effective action
corresponds to the vanishing of the 5-functions, which in the critical dimension
dim N = 10 are given by

1
B¢ = Ric® —2V% (dp) — JHeH+atrFoF —atrRoR+ O(a?),
B8 = d*(e*H) + O(a?)

(6.15) £26

B = dy(e*F) + 5 * (FAH) + O(c?),
5 = 5% — 40g — Adof? — LHP +a(| B ~ |F]) + O(0?),

where H is a three-form on N and R is the curvature of an auxiliary connection
Vo on TN, locally related with b and A by the Green-Schwarz ansatz (6.2). The
sudden appearance of the extra connection Vj is explained by the way the fields
are treated in perturbation theory, as formal expansions in the parameter a: even
though the connection in (6.2) in the perturbation theory analysis is V* [66], the
truncation to second order in a-expansion enables to remove its dependence from
the rest of fields (cf. Remark 6.4).

We observe that the classical equations of motion of the heterotic supergravity
in the target (6.1) are given by first-order conditions for conformal invariance (in
a-expansion) of the quantum theory in the worldsheet of the string. Similarly, the
killing spinor equations (6.4) are obtained as first order conditions in a-expansion
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in order to define a supersymmetric theory [65, 93]. When the S-functions vanish
for a choice of background fields, the heterotic o-model is expected to yield a
two-dimensional superconformal field theory (with (0,2)-supersymmetry, when
the killing spinor equations are satisfied). Unfortunately, to the present day a
closed form of (6.15) to all orders in a-expansion is unknown. Despite of this
fact, several rigorous attempts to construct this theory by indirect methods can
be found in the literature (see e.g. [28, 56, 78]).

Aside from the disturbing perturbation theory, the (fermionic) terms omitted
in the classical action (6.14) provide a conceptual explanation of the Bianchi
identity (6.3), that we have ignored so far. The path integral quantization of the
o-model yields a (determinant) line bundle £ over a space of Bose fields

B = Conf(S) x C™(S, N)/Diffo(S),

where Conf(S) is the space of conformal structures on S and Diff(S) is the iden-
tity component of the diffeomorphism group of S. There is a canonical section s
of £ — determined by the fermionic terms in the action — that should be integrated
over B, and hence one tries to find a trivialization of £, so as to express s; as a
function on B. The obstruction to finding a trivialization is called the anomaly.
This connection between anomalies and determinant line bundles was pioneered
by Atiyah and Singer, in close relation to the Index Theorem. Here we follow
closely a refined geometric version by Witten [101] and Freed [38].

The construction of the line bundle £ in [38] assumes the compactification
ansatz N = R* x M®, discussed in the previous section. Further, M is en-
dowed with an integrable almost complex structure J compatible with g, such
that ¢1(TM, J) = 0. Let (E, h) be a smooth hermitian vector bundle over M. We
assume in this section that ¢;(E) = 0 and that E has rank 16. The aim is to give
an explanation of the topological Bianchi identity

(6.16) dH = a(tr Ry AN Ry —tr F4 A Fa),

as an equation for an arbitrary three-form H € €® on M and a pair of special
unitary connections V on (I'M, J) and A on (E, k). Observe that (6.16) implies
a condition in the real first Pontryagin class p;(M) of M, namely

(6.17) p1(E) = pi (M) € HY(M,R).

Given the data (g,V,A), Freed constructs in [38] a (Pfaffian) complex line
bundle
L— B,

which is trivializable provided that

(6.18) %pl(E) = %pl(]bf) € H*(M,Z).
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Furthermore, this line bundle is endowed with a natural connection A° on £ whose
curvature Fyo can be identified with

AmiFpo = tr Ry A Ry — tr Fq A Fy.

Note here that a 4-form p on Y can be regarded as a 2-form ¢ on C*(S, N), by

ZZJ(VL,Vz) :/Sf*bvlbw/h

where f € C*(S,N) and V;,V, € TyC*°(S, N), where the tangent space at f is
identified with C*(S, f*T'N).

Assuming that (6.18) is satisfied, we try to parametrize flat connections with
trivial holonomy on £. This is an important question from a physical perspective,
as different trivializations of £ correspond to different partition functions of the
heterotic string theory. The answer is closely related to the notion of string class
[87], that we introduce next. Let P, be the bundle of special unitary frames of
the hermitian metric g on (T'M, J), with structure group SU(3), and let P, be the
bundle of special unitary frames of the hermitian metric g, with structure group
SU(r). Consider the principal bundle p: P — M given by

P =P, xy Py,

with structure group G = SU(3) x SU(r). Let o denote the (left) Maurer-Cartan
1-form on G. We fix a biinvariant pairing on g

c= a(trsu(;;) — tru(r))'

We assume that c is suitably normalized so that the [03] € H3(G,Z), where
— selolo.0)
03 = gclo, o, 0]).-

Definition 6.5 ([87]). A string class on P is a class [H] € H3(P,Z) such that
the restriction of [H] to any fibre of P yields the class [03] € H3(G,Z).

String classes form a torsor over H®(M,Z), where the action is defined by
pull-back and addition [87, Prop. 2.16]:

[H] — [H] +p'[H],
where p: P — M is the canonical projection on the principal bundle P and
[H] € H3(M,Z).

Flat connections with trivial holonomy on the line bundle £ were interpreted
by Bunke in [15] as (very roughly) enriched representatives of a string class in
P. Here we give a simple-minded version of his construction, by choosing special
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3-form representatives. Let [H] € H3(P,Z) be a string class. For our choice of
connection §# =V x A on P we can take a G-invariant representative H € Q*(P)
of the form (see Section 7.1)

(6.19) H=pH-CS(0)

for a choice of 3-form H € Q*(M), determined up to addition of an exact three-
form, where

CS(6) = —%c(a A 10,6)) + c(Fy A 6).

Using that dH = 0, we obtain that (H,V, A) solves the topological Bianchi iden-
tity (6.16), since dC'S(0) = ¢(Fy A Fy). In conclusion, up to addition of an exact
three-form, a string class determines a preferred solution of the topological Bianchi
identity for a fixed connection 6.

We construct now a flat connection A on £ using this fact. The connection
A is defined by modification of A° as follows

-1
dynlogs = dyologs — S / o,
471'2 S

where the left hand side is evaluated at the point [(z, f)] € B for f € C®(S, N).
The curvature of A can be identified with

AmiFyn =tr Ry A Ry —tr F4 A Fq — a”dH,

and therefore A is flat. In [15, Th. 4.14], it is proved that A7 admits a parallel
unit norm section s, therefore providing a trivialization of £. Note here that if we
chose a different three-form H + db on M to represent [H], then this corresponds
to a gauge transformation
-1
s — e Is 7

of the section s.

String classes were introduced in [87] to parametrize string structures up to
homotopy. String structures emerged from two-dimensional supersymmetric field
theories in work by Killingback and Witten, and several definitions have been pro-
posed so far. Given a spin bundle P over M, McLaughlin defines a string structure
on P as a lift of the structure group of the looped bundle LP = C*(S!, P) over
the loop space

LM = C>=(S", M)

from LSpin(k) = C>(S*, Spin(k)) to its universal Kac-Moody central extension.
Stolz and Teichner interpreted a string structure as a lift of the structure group
of P from Spin(k) to a certain three-connected extension, the topological group
String(k). For recent developments on this topic, in relation to the topological
Bianchi identity (6.16), we refer the reader to [90, 91].
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7 Generalized geometry and the moduli prob-
lem

7.1 The Strominger system and generalized geometry

In this section we review on recent developments on the geometry of the Stro-
minger system, based on joint work of the author with Rubio and Tipler [48]. As
we will see, the interplay of the Strominger system with the notion of string class
(see Definition 6.5) leads naturally to an interesting relation with Hitchin’s theory
of generalized geometry [63], proposed in [47].

To start the discussion, we draw a parallel between the Strominger system and
Maxwell equations in electromagnetism (cf. [96]). The Maxwell equations in a
4-manifold Y take the form

dF =0
dx F = j,

where F'is a two-form — the electromagnetic field strength — and j, is the three-
form electric current. The cohomology class [F] € H?(Y,R) is known as the mag-
netic flux of the solution. Whereas in classical electromagnetism the magnetic flux
is allowed to take an arbitrary value in H?(Y,R), in the quantum theory Dirac’s
law of charge/flux quantization implies that magnetic fluxes are constrained to
live in a full lattice inside H2(Y,R), namely

[F/27] € HX(Y,Z).

This changes the geometric nature of the problem. A geometric model which
implements flux quantization takes the electromagnetic field to be the i/27 times
the curvature of a connection A on a U(1) line bundle over Y. More generally,
fixing the class [F/2n] € H*(Y,R) amounts to fix the isomorphism class of a Lie
algebroid over Y, and we can regard A as a ‘global splitting’ of the sequence
defining the Lie algebroid.

Given a solution of the Strominger system (5.3), the three-form d°w and the
connections V and A determine a solution of the Bianchi identity (6.16). Relying
on the discussion in Section (6.2), this data determines a real string class (the
analogue of Definition 6.5 in real cohomology). The aim here is to understand
how the global nature of the geometric objects involved in the Strominger system
changes, upon fixing the real string class of the solutions.

We will consider a simplified setup, where the principal bundle considered in
Definition 6.5 is not necessarily related to the tangent bundle of the manifold. Let
M be a compact spin manifold M of dimension 2n. Let P be a principal bundle,
with structure group G. We assume that there exists a non-degenerate pairing ¢
on the Lie algebra g of G such that the corresponding first Pontryagin class of P
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vanishes
(7.1) pi(P)=0¢€ H*M,R).

Let A denote the space of connections § on P. We denote by Q3 C Q32 the space
of complex 3-forms ) such that

TV :={V e TM ®C | 1yQ = 0}

determines an almost complex structure Jg on M, that we assume to be non-
empty. Consider the parameter space

PCOixAx
defined by
P ={(Q,0,w) | wis Jo — compatible}.
The points in P are regarded as unknowns for the system of equations

dQ =0, d()|9],w?) =0,
(7.2) EP? =0, FyAw? =0,
dd‘w — c¢(Fy A Fy) =0,

where Fjy denotes the curvature of 8, given explicitly by
1
Fy=do+ 5[0,0] € 0*(ad P),

where 0 is regarded as a G-invariant 1-form in P with values in g and the bracket
is the one on the Lie algebra. The induced covariant derivative on the bundle of
Lie algebras ad P = P X g is

wydor = [0V, 7],

which satisfies dg o dy = [Fp, -].

To see the relation with the Strominger system, consider the particular case
that P is the fibred product of the bundle of oriented frames of M and an SU(r)-
bundle, with

(7.3) c=a(—tr—cg).

Here, cq is a non-degenerate invariant metric on gl(2n,R), which extends the non-
degenerate Killing form — tr on sl(2n,R) C gl(2n,R). Then, solutions (2, w, )
of the system (7.2) correspond to solutions of (5.3), provided that € is a product
connection V x A and V is compatible with the hermitian structure (2,w). The
compatibility between V and (€2, w) leads to some difficulties in the construction,
that we shall ignore here.
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Going back to the general case, following Definition 6.5 we denote
H,(P.R) C H*(P,R)

the set of real string classes in P. By condition (7.1) this set is non-empty, and it
is actually a torsor over H3(M,R). We note that any solution x = (Q,w,0) € P
of (7.2) satisfies

ddw — C(Fg N Fg) =0

and therefore x induces a string class

[H,] € H!

str

(P,R),

where .
H, =p*d°’w — CS(0).

To understand the geometric meaning of the set of solutions with fixed string
class, we note that a choice [H] € H3, (P,R) determines an isomorphism class
of exact Courant algebroids over P (see e.g. [59]). More explicitly, for a choice
of representative He [I:I |, the isomorphism class of exact Courant algebroids is
represented by

E=TPoTP,

with (Dorfman) bracket
(X + &Y +0) = [X, V] + Lgh — 0gdé + 1505 H,

and pairing o o
(X +&X+8) =¢(X),
for vector fields X , Y and 1-forms é ,non P.

The exact Courant algebroid E comes equipped with additional structure,
corresponding to the string class condition for [H]. Firstly, we note that [H] is
fixed by the G-action on P — as it always admits a G-invariant representative of
the form (6.19) — and therefore E is G-equivariant. Secondly, £ admits a lifted
G-action [16], given by an algebra morphism p: g — QO(E) making commutative
the diagram

g = 0%E)
(74) N
Q(TP)
and such that the infinitesimal g-action on QO(E ) induced by the Courant bracket
integrates to a (right) G-action on E lifting the action on P. The previous data

is determined up to isomorphism by the choice of real string class (see [12, Prop.

3.7).
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To be more explicit, writing p(z) =Y, + &, for 2z € g we have

d&z = ZY;H
Then, for a choice of connection § on P there exists a 2-form b on P such that

p(z) = (Y. = e(2,67),

and
H=p*H - CS(0) + db,
where e?(X + &) = X + Leb+E
Applying the general theory in [16], the exact Courant algebroid E can be
reduced, by means of the lifted action p, to a (transitive) Courant algebroid F
over the base manifold M, whose isomorphism class only depends on the choice
of string class [I:I ]. Any choice of connection § on P determines an isomorphism

EXTP/GaT*

and a 3-form H on M, uniquely up to exact 3-forms on M, such that the symmetric
pairing on F is given by

N . 1 ) S
<X + ga Y + 77) = i(ZXn + 7’Y§) + 6(0X7 0Y)~
where p)A( = X, and pf/ =Y, and the Dorfman Bracket is given by

(X + &Y +1] = [X, Y]+ Lyxn — tyd€ + tyex H

(75) +20(dg(0X),0Y) + 2c(Fy(X,-),0Y) — 2c(Fy(Y, ), 6X).

In [48] it is proved that solutions of the system (7.2) (and hence of the Stro-
minger system (5.3)) with fixed string class [H], can be recasted in terms of natural
geometry in the Courant algebroid E over M. This implies a drastic change in
the symmetries of the problem: the system (7.2), with natural symmetries given
by the automorphism group Aut P of P, is preserved by the automorphism group
of the Courant algebroid E (see [48, Prop. 4.7]) once we fix the string class. In
particular, this includes B-field transformations for any closed 2-form b € Q2 on
M, given by

X — X + 1xb.
To give the main idea, we have to go back to the physical origins of the Strominger
system in supergravity, as explained in Section 6.1. By Theorem 6.3, the system
(7.2) is equivalent to the Killing spinor equations

V™n=0,
1
ZH)-n=
(7.6) (d¢+ S H) -1 =0,
F9~77:0,

dH — C(Fg A Fg) = 0,
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for a tuple (g,¢, H,0,n), given by a riemannian metric g on M, a function ¢,
a three-form H, a connection 6 on P, and a non-vanishing pure spinor n with
positive chirality.

Theorem 7.1 ([48]). Solutions of the Killing spinor equations (7.6) with fived
string class [H) are preserved by the automorphism group of E.

The proof is based on the fact that a tuple (g, H, ) satisfying the Bianchi iden-
tity dH = c(Fy A Fp) is equivalent to a generalized metric on E, while the function
¢ determines a specific choice of torsion-free compatible connection (which in gen-
eralized geometry is not unique). Furthermore, in [23, 47] it was proved in that
the equations of motion (6.13) correspond to the Ricci and scalar flat conditions
for the metric connection determined by (g, ¢, H, 0).

7.2 The moduli problem

In this section we review on the recent progress made in the study of the moduli
space of solutions for the Strominger, following [48] (see also [6, 24]).

The moduli problem for the Strominger system (5.3) in dimension n = 1
reduces to the study of moduli space of pairs (X, ), where X is an elliptic curve
and £ is a polystable vector bundle over X, with rank r and degree 0 (see Section
5.1). Due to results of Atiyah and Tu (see [97] and references therein), this moduli
space corresponds to the fibred r-th symmetric product of the universal curve over
the moduli space of elliptic curves

H/SL(2,Z),

where H C C denotes the upper half-plane.

For n = 2, Example 5.5 shows that the moduli problem corresponds essentially
to the study of tuples (X, [w],&,T), where X is a complex surface with trivial
canonical bundle (a K3 surface or a complex torus), [w] is a Kéahler class on
X, & is a degree zero polystable holomorphic vector bundle over X satisfying
(5.5), and T is a polystable holomorphic vector bundle with the same underlying
smooth bundle as TX. Although the moduli problem for such tuples is not fully
understood even in the algebraic case, it can be tackled with classical methods of
algebraic geometry and Kéhler geometry (see [5] and references therein).

As observed earlier in this work, the critical dimension for the study of the
Strominger system is n = 3. This is the lowest dimension for which the Calabi-Yau
manifold (X, ) may be non-kihlerian, and therefore new phenomena is expected
to occur. To see this explicitly, we review the construction of the local moduli
for the Strominger system in [48, 49]. For simplicity, we will follow the setup
introduced in the previous section, and deal with the system (7.2), for a six-
dimensional compact spin manifold M. We start defining the symmetries that we
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will use to construct the infinitesimal moduli for (7.2). These are given by the
group

Auty P C Aut P
where Aut P is the group of automorphism of P, that is, the group of G-equivariant
diffeomorphisms of P, and Auty P denotes the connected component of the iden-
tity. Given g € Aut P we denote by g € Diff(M) the diffeomorphism in the base
that it covers. Then, Autg P acts on P by

g- (vag) = (g*Qag*w7g : 9),

preserving the subspace of solutions of (7.2). We define the moduli space of
solutions of (7.2) as the following set

M = Auty P\{x € P : z is a solution of (7.2)}
Theorem 7.2 ([48]). The system (7.2) is elliptic.

Relying on this result, the moduli space M is finite-dimensional, provided that
it can be endowed with a natural differentiable structure. In order to do this, a
finite dimensional vector space H'(S*) parametrizing infinitesimal variations of a
solution of (7.2) modulo the infinitesimal action of Auty P is constructed in [48],
using elliptic operator theory. Further, in [49] the Kuranishi method is applied to
build a local slice to the Auty P-orbits in P through a point € P solving (7.2).
By general theory, the local moduli space of solutions around x is defined by a
(typically singular) analytic subset of the slice, quotiented by the action of the
isotropy group of x.

The construction in Section 7.1 induces a well-defined map from the moduli
space to the set of string classes
(7.7) 9 M — H?

str

(P,R).

Relying on the parallel with Maxwell theory, we call this the flux map. We note
that H3, (P, R) is in bijection with H3(M,R), which corresponds to the space of
infinitesimal variations of the Calabi-Yau structure 2 on M. Thus, potentially,
restricting to the level sets of ¢ on should obtain a manifold of lower dimension
(in relation to the physical problem of moduli stabilitization). By Theorem 7.1,
each level set

9~Y([H]) c M

can be interpreted as a moduli space of solutions of the Killing spinor equations
(7.6) on the transitive Courant algebroid E[ a- On general grounds, it is expected
that the moduli space ¥~'([H]) is related to a Kahler manifold, generalizing the
special Kéhler geometry in the moduli problem for polarised kihlerian Calabi-
Yau manifolds. Note here that ¢~([H]) contains a family of moduli spaces of 7-
stable holomorphic vector bundles — with varying complex structure and balanced
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class on M —, each of them carrying a natural Kéhler structure away from its
singularities (see Section 4.2).

Based on the relation with string structures, it is natural to ask which enhanced
geometry can be constructed in the moduli space ¥~ ([H]) using an integral string
class

[H] € H?

str(P ) Z)

This integrality condition appears naturally in the theory of T-duality for transi-
tive Courant algebroids, as defined by Baraglia and Hekmati [12], and it should
be important for the definition of a Strominger-Yau-Zaslow version of mirror sym-
metry for the Strominger system [104].
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Geometry and large N limits in Laughlin states
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Abstract

In these notes I survey geometric aspects of the lowest Landau level wave
functions, integer quantum Hall state and Laughlin states on compact Rie-
mann surfaces. In particular, I review geometric adiabatic transport on the
moduli spaces, derivation of the electromagnetic and gravitational anoma-
lies, Chern-Simons theory and adiabatic phase, and the relation to holo-
morphic line bundles, Quillen metric, regularized spectral determinants,
bosonisation formulas on Riemann surfaces and asymptotic expansion of
the Bergman kernel.
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1 Introduction

Quantum Hall effect is observed in certain two-dimensional electron systems, such
as GaAs heterostructures [100] and more recently in graphene [82], at large mag-
netic fields and low temperatures. In the most basic setup, the current I, is
forced through a 2d sample in direction = and the voltage V,, is measured across
the sample in y direction, as shown on Fig. 1. The outcome of the measurement is
that the Hall conductance oy = I,,/V, (Hall resistance shown on Fig. 1 is inverse
Hall conductance, R,, = 1/0og) as a function of magnetic field strength at a fixed
chemical potential undergoes a series of plateaux. There it takes on fractional val-
ues oy € Q, with small denominators, as measured in units of e2/h. This effect is
referred to as the ” quantization” of Hall conductance. Even more remarkable, tak-
ing into account impurities of the samples, is the fact that quantization happens
to a very high degree of accuracy, of the order 1078,

Quantum Hall effect comes in two varieties: integer QHE, where oy € Z,,
and fractional QHE with oy rational and non-integer. On Fig. 1 the integer QHE
plateaux are labelled as 1,2, 3,4 and all other plateaux corresponds the fractional
QHE. The physics of integer and fractional QHE is very different: the former
corresponds to non-interacting fermions, while the latter is a strongly interact-
ing system (we refer to the classical survey Ref. [42] for the introduction to the
physics of QHE). However, there is a degree of similarity in that in both cases the
mechanism behind the quantisation of Hall conductance alludes to Chern classes
of certain vector bundles.

The standard approach to the theory of QHE is to assign a collective multi-
particle electron wave function, or "state” W(zy, ..., zx) to each plateaux, and then
test its various properties against the experiment or numerics. In the integer QHE
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Magnetic Field (T)

Figure 1. Hall resistance Ry, and longitudinal resistance R.; vs. magnetic field B
(borrowed with permission from Ref. [100])

one could argue that the physics is captured by the first several energy levels in
the tower of Landau levels of an electron in a strong magnetic field. The lowest
Landau level (LLL) becomes highly degenerate at strong magnetic fields and is
gapped due to the scale set by the cyclotron energy w. = eB/mec. To satisfy the
Pauli principle, the exact collective wave function of N fermions on the fully filled
LLL is completely antisymmetric and thus is given by the Slater determinant
of one-particle wave functions, see Eq. (3.4). One-particle wave functions are
holomorphic functions on C and so is the integer QH state, apart from the overall
non-holomorphic gaussian factor.

In the fractional QHE the many-body Hamiltonian contains interaction terms
and thus it is hard to find an exact ground state analytically. Usually one proceeds
by making educated guesses for the trial states. The most successful choice is the
celebrated Laughlin state [74], corresponding to the values of Hall conductance
given by simple fractions oy = 1/, f € Z,, see e.g. plateau labelled 1/3 on Fig.
1. This wave function is not made out of one-particle states, although one could
look at it as corresponding to a partially filled LLL (notation v = 1/3 is also
widely used, where v is the "filling fraction” for the LLL). In particular, it is also
a holomorphic function of coordinates times the gaussian factor, see Eq. (4.1).

Another well-known state is Pfaffian state [79], corresponding to oy = 5/2
plateau, which is not pictured on Fig. 1. Other states were proposed to describe
various other plateaux, as an incomplete list of best known examples we refer
to the hierarchy states of Refs. [49, 52|, composite fermion states [57], Read-
Rezayi states [90], but our main focus here is on Laughlin states. Interestingly,
the Laughlin states are also widely used in the contexts other than the FQHE,
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in particular we shall mention d + id-wave superconductors [88] and chiral spin
liquids [59].

The standard approach to the explanation of the quantization of Hall conduc-
tance, put forward in Ref. [97], is inherently geometric (the first explanation of
the quantization is Laughlin’s transport of charge argument, which also invokes
non-trivial geometry of annulus [73]). There the integer QH effect was considered
for a 2d electron gas in a periodic potential. Then the Hall conductance was es-
sentially described as the first Chern number of the line bundle over the Brillouin
zone, which is a torus in the momentum space, see Ref. [5] for this interpretation.
We shall mention that this approach can be generalized to include impurities in
the framework of Chern classes in non-commutative geometry [12].

In these notes we follow a closely related, but not equivalent line of thought,
known as the geometric adiabatic transport, see e.g. Ref. [9] for introduction. One
considers a model 2d electron system either with periodic boundary conditions
or on a compact Riemann surface ¥ [6, 7]. In the latter case the magnetic field
is created by a configuration of £ magnetic monopoles inside the surface and is
described by the line bundle L* of degree k over ¥. When the Riemann surface
has nontrivial topology, i.e., for genus g > 0, one can create magnetic field flux
thought the holes of the surface using solenoids wrapped around the nontrivial
one-cycles of 3. On the surface this leads to the magnetic field acquiring flat
gauge connection part, characterized by Aharonov-Bohm phases, e.g. in the case
of torus, the phases are real numbers ¢;, s € [0,1]2. The space of solenoid
phases is itself a 2g-dimensional torus 7%, which is known to mathematicians as
the moduli space of flat connections, or the Jacobian variety Jac(X). The non-zero
time derivative of phases ¢ gives rise to the electric current along the surface.

The integer QH state is a section of the line bundle, called determinant line
bundle, over Jac(X). With the help of the Kubo’s formulas Hall conductance can
be expressed as the first Chern class of this line bundle, see e.g. [6, 7] for details. In
particular, when the integer QH wave function is transported adiabatically along
a smooth closed contour C € Jac(X), it acquires an adiabatic Berry phase [14].
For contractible contours it is equal to the integral of the Chern curvature of the
canonical Berry connection, known in this context as adiabatic connection and
curvature, over the area enclosed by the process. This argument can be extended
to the Hall conductance in the fractional case [95, 81], where the novel feature
is topological degeneracy of the fractional QH states on the Riemann surfaces of
genus g > 0.

Studying QH states on a Riemann surface can also help uncover hidden proper-
ties of the QH states, such as e.g. the Hall viscosity. Apart from the moduli space
of flat connections, complex structure moduli of Riemann surfaces M, provide
another parameter space as a new arena for the geometric adiabatic transport.
Avron-Seiler-Zograf [8] (see also [76]) considered the integer QH state as a sec-
tion of the line bundle over the moduli space of complex structures of the torus
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M;. The latter is the fundamental domain of the action of PSL(2,Z) on the
complex upper half plane, pictured on Fig. 4. They computed the curvature of
the adiabatic connection on this line bundle over M, which is proportional to
the Poincaré metric on the upper half plane. The coefficient of proportionality
was interpreted as the non-dissipative (anomalous, Hall) viscosity of the quantum
Hall ”electronic liquid”, we refer to [54] for the recent review.

Geometric adiabatic transport was subsequently generalized to integer QH
state on higher genus Riemann surfaces [77]. The Hall viscosity for various frac-
tional QH states was derived Refs. [98, 99, 89, 91, 39], see especially Ref. [89] for
the comprehensive study. In general, the coefficients entering the adiabatic curva-
ture are called adiabatic transport coefficients. In this sense the Hall conductance
oy is a transport coefficient for the adiabatic transport on the moduli space of
flat line bundles. To sum up, mathematically one would like to construct various
QHE states a Riemann surface and describe the vector bundles arising on the
moduli space of Riemann surface, for a large number of particles.

QH states can be also constructed on surfaces with curved metric and inho-
mogeneous magnetic field. This allows to determine the effect of gravitational
anomaly in QHE starting directly from the wave functions. In Ref. [65] the in-
teger QH state was defined on a compact Riemann surface of any genus with an
arbitrary metric g,; and for the constant magnetic field with the integer flux k
through the surface. The main task is to compute the asymptotics for large num-
ber of particles N of the normalization factor of the integer QH state on curved
backgrounds, which also has the meaning of the generating functional for the
density-density correlation functions. The tool for the derivation of the asymp-
totics is the Bergman kernel expansion for large powers of the holomorphic line
bundle L*. Since the number of particles N is of order k, this asymptotics is
equivalent to large N limit in the number of electrons. The gravitational anomaly
appears as the order O(1) term in the 1/k expansion of the generating functional
[65]. This calculation was generalized to the case of inhomogeneous magnetic field
in [66].

The advantage of the Bergman kernel method is that it is mathematically
rigorous, and that its large k expansion is very well understood, see [112, 25, 78,
102]. However, this method does not appear to be generalizable to the fractional
QH case. There exists several physics methods to compute the asymptotics of the
generating functional in this case. In Refs. [21, 22, 71] the generating functional
and the gravitational anomaly for the Laughlin states was derived using the Ward
identity method, developed in the important Ref. [110]. In Ref. [37] an alternative
derivation was given, based on the vertex operator construction of Laughlin states
[79] adapted to curved backgrounds. This derivation, which we review here relies
on path-integral arguments and does not directly refers to the standard ”plasma
screening” argument for large N scaling limit in QH states [74], see also [48, 18].
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Asymptotic expansion of the generating functional for QH states consists of
two parts: the anomalous part, where non-local functionals of the metric and
magnetic field enter, and exact part, which includes an infinite series of local
invariants of scalar curvature and its derivatives. The anomalous part consists of
three terms corresponding to electromagnetic, mixed and gravitational anomalies,
with three independent coefficients, see e.g. Eq. (5.13). The coefficient in front of
the electromagnetic anomaly is the Hall conductance oy = 1/ and the coefficient
¢y in front of the mixed gravitational-electromagnetic anomaly is related to Hall
viscosity (for the Laughlin states on torus the Hall viscosity is ng = Ny/4).
Gravitational anomaly gives rise to a new adiabatic transport coefficient which
was dubbed cy, for "Hall central charge” in [67], and "apparent central charge”
in Ref. [20]. For Laughlin states the Hall central charge is cy = 1 — 3¢?, where
q is background charge, see Eq. (4.22). We shall stress that the theory is not
conformally invariant, since there is a scale associated with the magnetic field
13 = 1/B, and cy is one of infinitely many coefficients appearing in the asymptotic
expansion (in /) of the generating functional. For a closely related point of view
on the gravitational anomaly in QH states we refer to Ref. [20].

In parallel to these developments the gravitational anomaly in QHE was de-
rived from the 2 + 1d picture where 2 stand for the space and 1 for the time
dimensions. Description of the 2 + 1d long distance effective action in QHE in
terms of Chern-Simons action goes back to Refs. [40, 41, 106]. There the non-
relativistic Chern-Simons theory was constructed using 2 + 1d gauge A and spin
w connections and has schematic form [ AdA + Adw, where the first term repre-
sents the electromagnetic anomaly and the second term corresponds to the mixed
anomaly. Recently the gravitational anomaly contribution [ wdw to this effective
was computed starting from 2 + 1d non-relativistic fermions in the integer QHE
[1], see [46] for the fractional case, and also Refs. [94, 44, 45, 19, 24]. These
results are in complete agreement with the 2d generating functional Eq. (5.13),
although the exact meaning of the matching between the terms in 2d and 2 + 1d
actions is not immediately clear. It was understood in Ref. [66] that the geo-
metric part of the adiabatic phase for the integer QH state can be expressed in
Chern-Simons form equivalent to that of Ref. [1], thus connecting 2d and 2 + 1d
approaches to QHE effective action in the integer QHE case. The derivation of
the Chern-Simons action as adiabatic phase is based on Quillen theory [87] and
on the Bismut-Gillet-Soulé formula [17] for the curvature of the Quillen metric
for the holomorphic section of the determinant line bundle, i.e. integer QH state
(Bismut-Gillet-Soulé formula was also invoked in QHE context in Ref. [96]).

In these notes we review these developments and make an attempt to put them
into a broader mathematical physics context. In particular, in the QHE context
we cover such topics as holomorphic line bundles and 9-operator, asymptotic ex-
pansion of the Bergman kernel, regularized spectral determinants and the Quillen
metric, bosonisation formulas on Riemann surfaces, Bismut-Gillet-Soulé anomaly
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formula and Chern-Simons action. In this regard the lectures are aimed at both
theoretical physicists working on QHE and mathematicians interested in learning
about the subject.

We begin in Section 2 with the one-particle states on Riemann surfaces, where
we introduce the holomorphic line bundle, d-operator and describe the one-particle
wave functions on the lowest Landau level as holomorphic sections of the magnetic
monopole line bundle. Our main working example is the torus, where we construct
the wave functions and study geometric adiabatic transport on the moduli space in
detail. In section 3 we introduce the integer QHE wave function and the generat-
ing functional on Riemann surfaces with arbitrary magnetic field and Riemannian
metric. We then use Bergman kernel expansion to compute the generating func-
tional to all orders in 1/k. We relate the non-local terms in the expansion to the
gauge, mixed and gravitational anomalies and the local part of the expansion to
the regularized determinant of the spectral laplacian for the line bundle.

In Section 4 we define the Laughlin states, review their construction on the
round sphere and flat torus. We then review in detail the vertex operator con-
struction of the Laughlin states and explain how it reduces to the bosonisation
formulas on higher genus Riemann surfaces in the integer QHE case. We work
out vertex operator construction on the torus, paying particular attention to the
role of the spin structures and modular transformations. In Section 5 we proceed
to the definition of the generating functional for the Laughlin states and review
its asymptotic expansion for large number of particles. Then we study geometric
adiabatic transport and derive adiabatic curvature for the integer QH and for the
Laughlin states. Finally we review the relation between the geometric part of the
adiabatic phase and Chern-Simons action.

These lectures reflect the point of view on the geometry of Laughlin states
taken in Refs. [65, 34, 37, 67, 66]. In addition to the work already mentioned here,
a number of exciting recent developments in geometry of QHE appeared in recent
years, which regrettably are not surveyed here. These include emergent geometry
approach to Laughlin states [51, 58], Newton-Cartan approach to the geometry
of QHE [94], recently experimentally realized QH states on singular surfaces [92]
and emergent conformal symmetry [72], genons [10, 47], Dehn twist process on
the torus [62, 111], quantum Hall effect on Kéhler manifolds [60, 34, 13, 61, 55],
to mention just a few. We also plan to provide a more detailed account of higher
genus Laughlin states in a separate publication [68]. Apart form that, we do
not, discuss a vast topic of quasi-hole excitations above the Laughlin states and
their non-abelian statistics, although this is something which can be treated by
methods reviewed here. We hope to address some of the aforementioned topics
elsewhere.
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2 Lowest Landau level on Riemann surface

2.1 Background

We consider a compact connected Riemann surface ¥ of genus g, a positive Hermi-
tian holomorphic line bundle (L, k) of degree deg L = 1 and the kth tensor power
(L*, h¥), where h(z,2) is a Hermitian metric. Given some complex structure .J
there exist local complex coordinates z,Z where the Riemannian metric on ¥ is
diagonal ds? = 2g,|dz|?, and the area of ¥ is normalized as fz \/§d22 = 27. The
curvature two-form of the Hermitian metric h¥(z, z),

(2.1) F = Fidz A dz = —(0,0;log h¥)idz A dz,

where i = y/—1, defines the magnetic field strength two-form on X. We will
mainly work with the scalar magnetic field density B, defined as follows

(22) B = gZEFz§~

The total flux Ny of the magnetic field through the surface is an integer

1 1
2.3 Ny=— [ F=— [ BJ/gd
(23) * o /2 27 /E vodz,
and it is equal to the degree deg L* = k of the line bundle L*,
Ny =k.

In this section and in Sec. 3 we will use & for the degree/flux of magnetic field,
and reserve the notation Ny for Sec. 4.
The scalar curvature R of the metric is given by

R =2¢"R,; = —2¢°70,0;log \/g = —A,log \/9,
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where /g = 2¢.> and the scalar Laplacian is Ay = 2¢°°0,0;. The Euler charac-
teristic of ¥ is the integral of the scalar curvature over the surface

1
N=—" [ R 2, —9_ 9¢.
X(%) 47T/2 Vod“z g

We will also introduce the gauge connection for the magnetic field F = dA and
spin connection for the curvature written in components as follows

F.zidz N dz = (0,45 — 0:A.)dz N dZ,
R.zidz N dz = (O,ws — Ozw,)dz A dZ.

Sometimes it will be convenient to use the symmetric gauge, where
1. . 1. i
(2.4) A, = 5182 logh®, As;= 75185 log h",
1. o1 1. o1
W, = 510,108 gz, Wz = —510z1083=.
B g9 B g9

Here A, and A; (id. w, and w;) are complex conjugate and the components of
the connections A,, A, in real coordinates defined as A.dz + Azdz = A dx + Aydy
are real-valued.

We will consider a more general choice of the line bundle which is the tensor
product L = L*@ K°® L, where K is the canonical line bundle and L, is the flat
line bundle, which has degree zero. This choice is motivated by different physical
meaning of the components of L. As we already mentioned, the line bundle L*
corresponds to the magnetic field, created by a distribution of monopole charges
inside the compact surface, with the total flux & through X, Eq. (2.3). If s > 0,
the sections of K* correspond to tensors of weight (s,0), i.e. invariant objects
of the form t,, .(dz)* with s holomorphic indices z (for s < 0 one considers
holomorphic vector fields of weight —s), see e.g. [28, §IL.LE]. The Hermitian norm-
squared |[t(z, 2)||? of a section #(z, z) of L* ® K* reads

l[t(z, 2)I* = [t(2, 2) Ph* (2, )92 (2, 2).

Physically this means that parameter s is the gravitational (or conformal) spin of
the wave function. The curvature of the Hermitian metric on K* is thus isR.zdz A
dz and deg K* = & [ isR.:dz Adz = —sx(Z). Since x(X) is even this allows for
half-integer values of the spin s.

Finally, the flat line bundle L, takes into account the flat connection part of
the gauge field of total flux zero (line bundle of degree zero), which nonetheless
can have non-trivial monodromy around the 1-cycles of the Riemann surface.
Physically this corresponds to the magnetic field, created by the solenoid coils
wrapped around the 1-cycles of the surface and ¢ labels the solenoid phases.
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Namely, let (A,, By) € H1(X,7Z), a,b=1,...,g be a canonical basis of one-cycles
in ¥ and oy, 8, € HY(X,Z) be the dual basis of harmonic one-forms

/ ay = ap, By=0

. A,

/ ap =0, Bb = Oab-
. JB,

The space of phases (¢14, 92) € [0, 1]% span 2¢g dimensional torus T[ig], also known
as the Jacobian variety Jac(X). The flat connections can be explicitly parame-
terized as follows

g
(2.5) A¥ =27 Z((plaaa — ©94)-

a=1

This gauge connection has the monodromy e***%1« around the cycle A, and e~ 7%
around B and so do the wave functions, which we will define in a moment.

It will be useful to write the flat connection (2.5) in terms of the basis of
holomorphic differentials w,, normalized as

/ Wy = Oab, / wy = Qap,
Aa o

where (2 is the period matrix of Riemann surface, which is a g X g complex sym-
metric matrix with ImQ > 0, see e.g. [80, Ch. 2,82] and [2]. Then the harmonic
one-forms are related to the holomorphic differentials by the following linear trans-
formation

a=-0Q-0)wt+0-) s,
B=@-)w- (-0,

where summation over matrix and vector indices is understood. We can now write
the connection (2.5) as

2.6 A% =21p(Q — Q) 'w — 273(Q — Q) w,
¥ ¥

where

(27) Pa = P24 + Qab‘ﬁlb

is the complex coordinate on Jac(X).
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2.2 Lowest Landau level, d-equation and holomorphic sec-
tions

The Hamiltonian for a particle with gravitational spin s on surface (X, ¢) in the
magnetic field B can be written in complex coordinates as

1 2- 9s
2.8 H=—D.D:;
(28) m + 4

chB — ZR +cR,

where g, is the Landé g-factor and in our conventions mass, charge and Planck’s
1

constant will be set to one. The derivative operator here is D; = g2 (i0; — swsz +
A;). The additional term cR, where ¢ is a numerical constant, is sometimes added
to the Hamiltonian depending on the quantization scheme, see e.g. [63] for review.
For the large flux k of the magnetic field, the lowest energy level (lowest Landau
level, LLL) for this hamiltonian is highly degenerate, provided the sum of the last
three terms in (2.8) is constant

(2.9) By=2 49513*ZR+CR:%/€+(C*§) @
and this constant is equal to the ground state energy Ey. Note that the constant
magnetic field B = const corresponds to F,; = kg.s, where g.- is not necessarily
a constant scalar curvature metric. There exist various choices of constants when
Eq. (2.9) holds for inhomogeneous magnetic field and/or non-constant scalar cur-
vature metrics. Since we are interested in the case when LLL is highly degenerate,
we will ignore the curvature and magnetic field terms in (2.8) in what follows. In
this case the LLL wave functions solve the first order PDE:

(2.10) DU = 0.

As we will see in a moment, equation (2.10) is a local version of a globally
defined (on X) 0-equation,

(2.11) drs(z) =0,

for a line bundle L = L* ® K* ® L,,. Here the 0-operator acts from C* sections
of L to (0,1) forms with coefficients in C* sections,

3, : C¥(S,L) — QU3 L).

The global solutions to Eq. (2.11) are called the holomorphic sections of L, and
these will be our LLL wave functions. The vector space of holomorphic sections
of L is usually denoted as H°(X, L).

By the Riemann-Roch theorem, the dimension of the space of holomorphic
sections dim H°(X, L) satisfies the relation

dim H°(2, L) — dim H*(%,L) = deg(L) +1 — g,
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see e.g. [43, p.245-6]. Here H'(X,L) is the first Dolbeaux cohomology group,
which by the Kodaira vanishing theorem [43, p. 154] vanishes H!(X,L) = 0 for k
large enough, and the latter is exactly the large magnetic flux condition relevant
for applications to QHE. The precise technical condition for vanishing is deg L* ®
K*® > degK, ie., k+2(g—1)(s —1) > 0 (using degL, = 0 and degL =
deg L* + deg K* = k + 2s(g — 1)), see [43, p. 215]. Hence, we have for the total
number of LLL wave functions

(2.12) N=N,,=dimH' (S, L) =k + (1 — g)(1 - 2s).

This formula again reminds us that we can allow for half-integer spins s, in which
case the wave function is a spinor on X.

In quantum mechanics the wave functions are always normalized with respect
to the L? norm. The L? inner product of sections reads

1
(213) <81,SQ>L2 = 27/ 5189 hkg;;\/gdzz.
TJs

One could also formally write the wave function in some local coordinate system
as
Uz, 2) = si(2)h*(2,2)g7%(2, 2)

although other inequivalent choices for ¥ will be considered in what follows. Then
the inner product looks like the standard quantum-mechanical one

1
(0| Wy) e = 2—/ U0y, /gd>2.
T Jy

Now, in the symmetric gauge (2.4), the d-equation for the locally defined wave
functions ¥;(z,z) reduces to the local form Eq. (2.10) that we started with,
D,V = 0. The operator D is a twisted version of the global operator dr, in (2.11),
namely

Eo—stl = k£ _1
(2.14) D; =hzg..* 0idy(h 292 o) = g..2(i0; — sw: + Az),
where spin s couples to the spin-connection.

Note that in the discussion above we did not impose any conditions on B
and R, and we can consider holomorphic sections on 3 with an arbitrary metric
and with inhomogeneous magnetic field. Suppose go is constant scalar curvature
metric and By = g§*Fp,: is constant magnetic field. Integrating magnetic field
over X we conclude that the constant equals the total flux By = k. A natural
way to parameterize an arbitrary curved Riemannian metric g and inhomogeneous
magnetic field B is via the Kéhler potential ¢(z, Z) and magnetic potential ¢(z, 2),

(215) 92z = 902z + 8z82¢7
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(2.16) F. = Fy,; + k0.0, h*=hfe ™.

Here ¢ is a scalar function, satisfying 0.0:¢ > —go.z, so that the metric g.s is
everywhere positive on X. In other words, the (1,1) forms F and Fy (2.1) (cf.
g.51dz AdZ and go,zidz AdZ) are in the same Kéhler class. We use lower-case v for
the magnetic potential and and upper-case ¥ for the wave functions throughout
the paper, which shall not be confused.

The area of the surface computed with the metrics go and ¢ is the same, which
is a natural parameterization in view of incompressibility of QH electronic liquid.
It follows from the formulas above and from the definition of magnetic field Eq.
(2.2), that constant magnetic field implies magnetic and Kéhler potentials being
equal up to an irrelevant constant and vice versa,

(2.17) B=Fk < ¢ =1 + const.

We will now consider examples where we explicitly construct some reference or-
thonormal bases of the LLL states, for constant scalar curvature metric and con-
stant magnetic field. We start here with the sphere, and in the next subsections
review LLL on the torus.

Lowest Landau level on sphere. In the complex coordinate z induced from C
by stereographic projection, the round metric on the sphere reads

1
A+ PP
It has constant scalar curvature R(go) = 4 (the subscript 0 will mostly be reserved
for the metric of constant scalar curvature on the surface). For the constant

magnetic field Fo,z = kgo.z, and thus one can choose the Hermitian metric (2.1)
as

(218) 9ozz =

1

1+ =¥

There are no flat connections with nontrivial monodromy since there are no
non-contractible cycles (H!(S% Z) is trivial) and basis of holomorphic sections
of L¥ ® K*® can be constructed from the polynomial-valued (s,0)-forms (dz)?,
2(dz)®, 2*(dz)*,... of the maximal degree N — 1 = k — 2s constrained by the
condition of finiteness of the L2norm Eq. (2.13). Denoting the orthogonal ba-
sis as s;(z) = ¢271(dz)*, we can derive the normalization coefficients ¢; from
orthogonality condition on the basis

< > 6 2 1 / ‘Z|2172 2d2 Cl2 (5
S1,Sm)L2 = O1mC) 5 T oo 2= 77 Oim;
Pom Jo (1 + |2]2)k—25+2 (k—2s+1)CL7L,

(2.19) hh(z,2) =

where C}} is the binomial coefficient. The integral above converges for j < k—2s.
Thus the reference orthonormal basis of sections of L* @ K* on sphere reads

(2.20) si(2) =VEk =25 + 14/CZL 27N d2)s, 1=1,... k—2s+ 1.
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The basis is non-empty when k > 2s. For spin zero particles there are k+ 1 states
on LLL, one extra normalizable state compared to the Landau problem in the
planar domain.

2.3 Moduli spaces and adiabatic curvature

Torus is the first nontrivial example where moduli parameters appear. The flat
torus can be represented as a quotient 72 = C/A of the complex plane by a
lattice A = m +n7, m,n € Z and 7 € H (H is the complex upper-half-plane) is
the complex structure modulus, see picture on Fig. 2 (left).

In addition to 7 there are moduli parameters associated with the moduli space
of flat connections Jac(T?) = Tj, (moduli of the flat line bundle Ly). These are
two “solenoid phases” (¢1,¢2) € [0,1]* = T|,. The corresponding flat connec-
tions, defined in Eq. (2.5), read in this case

TdZ — Tdz dz —dz
(221) A? = 27r(9016¥1 - <P251)-, ap=——-" pi=

T—T

T—7

The normalization is such that [, A? = 27y, [, A? = —2mp, for the 1-
cycles Ay = [0,1], By = [0,7]. We can give the Jacobian torus Tj, a natural
complex structure, defining the complex coordinate on T, according to Eq. (2.7),

(2.22) © =2+ Q1T

In this complex coordinate T}, looks exactly like the coordinate space torus, see
the picture on the right on Fig. 2. Of course, one should remember that these are
two different spaces — one is the physical space where particles live and the other
one is the parameter space.

1z le

0 1

Figure 2. Coordinate space torus T? (left) and Jacobian torus T, = Jac(T?) (right).

Our wave functions on 72 will also depend on the moduli space coordinates,
i.e., on two complex parameters (7, ), while the energy of the ground state is
independent of (7, ). This situation falls into the broader context of Berry phases
[14] and, when the parameter space is the moduli space, this is also known as
geometric adiabatic transport. Before constructing the wave functions on the torus
explicitly, we briefly review adiabatic (Berry) connection and curvature on moduli
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spaces. Suppose the wave functions depend on a point in the moduli space, which
is a complex space Y of complex dimension dimY. In our case the parameter
space will be

(2.23) Y = M, x Jac(%),

where M, is the moduli space of complex structures of genus-g Riemann surface
and Jac(X) is the moduli space of flat connections (2.5). To be more precise, Eq.
(2.23) is not exactly a direct product, but a fibration, since Jac(X) as a complex
manifold varies over M, due to the choice of complex structure (2.22). This will
not be important for us here, but should be kept in mind. We consider some local
coordinates (y*,y"),u =1,..,dim Y, and we will usually suppress the index p for
simplicity. All wave functions we will encounter here have the following schematic
form

E(z
(2:24) W(aly. ) = 1D
Z(y.y)
where Fj(z|y), I = 1,..,n are locally holomorphic functions of y. The wave func-

tions can be one-particle wave functions or multi-particle states, so x schematically
denotes coordinates of one or several particles on ¥. The normalization factor
Z is fixed by the condition that the wave functions are canonically normalized
(¥|¥,,) = Oy, and crucially Z is independent of the index r. The basis of wave
functions on ¥ varies over Y as a frame of certain Hermitian vector bundle E of
rank n over Y. Moreover, in quantum mechanics there is a canonical Hermitian
connection A on E, called Berry, or adiabatic connection [14], given by

(2.25) (Ayim = 1(¥1]0, W) 2,
(2.26) Rim = d A + (AN A

This is a Chern connection [93] since its curvature is a (1, 1)-form on Y. Specif-
ically for the wave functions of the form (2.24) the formulas above simplify and
the connection and curvature can be expressed via the normalization factor as

(227) (Ay)lm = Zay<\111‘\I/m>L2 — Z<8y\1}l|\1}m>[,2 = 6lm§8y 10g Z,
(2.28) Rim = —0im (0,05 log Z) idy A dj.

Adiabatic connection and curvature in Eq. (2.28) are scalar matrices, i.e., A is
the projectively flat connection, and normalization factor Z plays the role of the
Hermitian metric on E. The vector bundle E appears to be very close to being
a direct sum of line bundles for each degenerate state. However this will only
be the case for the integer QH state (which is non degenerate), but not for the
LLL states on the torus and not for the Laughlin states, because these states have
non-abelian monodromy around 1-cycles of Y, as we will see later.
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2.4 Lowest Landau level on the torus

For the discussion of various aspects of quantum mechanics of an electron in the
magnetic field on the torus we refer to [35, 9, 76].
The metric on the flat torus reads

27
2.29 zZ — g}
( ) 90 P

and its area is normalized to be 27. The Hermitian metric on L*, corresponding
to the constant magnetic field can be chosen as

(2.30) hE(z,2) = exp ( LI 2)2> ,
T—T
so that Fy = kgo. The canonical bundle K is a trivial holomorphic line bundle on
the torus, so we set gravitational spin s = 0 in this case.
The transformation rules for the holomorphic parts of the wave functions under
the lattice shifts can be derived from the condition that 5(z)3(z)RE(z, ) transforms
as a scalar. Then the lattice shifts act on s(z) via the automorphy factor

(2.31)
$(z+t +tor) = (_1)2t26+2t1sefwiktgrf%riktzerZﬂ'i(tl4/»‘17t2¢2)§(2) ti,ts € Z.

Here in addition to the solenoid phases ¢1, 2 we introduced the spin structure pa-
rameters €, 9 € {0, %} These label periodic or anti-periodic boundary conditions
for the wave function around the 1-cycles of the torus. The four spin structures
are divided into two classes: (0,0), (0,1), (1,0) are called even and (2,1) is odd.
At first glance introducing spin structures appears to be a redundancy since &, §
correspond to points in the space of phases ¢1, pq, but as we will see later spin
structures and phases transform in a different fashion under modular transforma-
tions, so it is instructive to keep track of the spin structure.

The transformation rules (2.31) are holomorphic in 7, but not in ¢. In order
to stay in accordance with Eq. (2.24) we slightly change the Hermitian metric
(2.30) and consequently the automorphy factors as follows

,'k 2 "
em) s —ew (G- A6 -0
(233) S(Z T+ th) _ (71)2t26+2t156—7rikt§r—27rikt2z—27ritggps(z)7

so that the transformations are holomorphic in ¢. These are the transformation
properties satisfied by theta functions with characteristics, see Eq. (6.1) in the Ap-
pendix and Ref. [80] for their definition and properties. A particularly convenient
choice of the basis of theta functions is

e+l

(2.34) sf’é(z):ﬁ{ k }(k:mw,kf), I=1,..k
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Here we explicitly indicated the choice of spin-structure ¢, . We stress that [ labels
the degenerate LLL states while ¢, § are treated as external quantum numbers, la-
belling the choice of boundary conditions. Thus we have constructed & LLL states,
and in accordance with the Riemann-Roch theorem (2.12), dim H%(T?, L¥) = k.

Taking into account that the complex coordinate depends on the complex
structure as z = x + T, in the basis Eq. (2.34) we can write the wave functions
on the torus as

e+l

1 . 627ri<p12+7l'ik1§7' v |: :; :| (kZ + @, k7)7

2.35 U ()7, ) = —
v, o

which is consistent with the generic abstract form given in Eq. (2.24) since ¢ now
enters holomorphically in the numerator. Computing the L? inner product (2.13)
for the basis (2.34)

i _mi (e=9)?
(236) <5175m>L2 = m ek T-7 5lm

allows us to determine the normalization Z-factor

(2.37) Z(nT,0,0) = 7= e F 7,
cf. Eq. (2.24).

2.5 Modular group and geometric adiabatic transport

In addition to the adiabatic connection and curvature (2.28), which will be deter-
mined momentarily from (2.37), the vector bundle over Y of ground states (2.34)
on X is characterized by the monodromies around non-trivial one-cycles in the
moduli space. The flat connection moduli ¢ belong to the torus Tj,) = C/A, A =
t1 + taT, t1,te € Z and the group Z + Z of lattice shifts ¢ — ¢ +t1 + to7 acts on
the holomorphic wave functions (2.34), Hermitian metric (2.32) and the Z-factor
(2.37). We have

k
sf‘5(2|g0 it +teT,T) = e~ FT I talkaty) Z Uims=2 (2], 7),

m=1
where Upm = fi%(tllﬁ»tlaftzé)&Jﬂ_t27
RE(z, Z|@ + t) + tor, 7) = 22D RE (2 2|0, 7),
Z(p+t+taT, @+t + to7,7,7) = e FEODHRED L Z( 5 7 7).
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We see that group group of lattice transformations on Tj,) acts on the basis of
states in a unitary representation, given by the unitary matrix U, and preserves
the spin structure. Note that while shifts by ¢; act diagonally on the basis, the
action of shift in ¢, is non-diagonal and amounts to relabelling the basis [ — [ +t,.
We will see shortly that the adiabatic curvature is given by scalar matrix (2.43),
yet due to the non-diagonal action of ¢, shifts the vector bundle of LLL states is
not a direct sum of one-dimensional bundles for each wave function.

Next we discuss the monodromies on the complex structure moduli space. The
symmetry group of the lattice A is the modular group PSL(2,7Z), which preserves
the torus. It consists of matrices

(“ b), abe,d € Z, ad—bc=1,
c d

defined up to an overall sign a,b,¢,d — —a,—b, —c,—d. Its action (modular
transformation) on 7, has to be accompanied by the action on z = = + y7 and
© = Y2 + o, since the latter depend on 7. The full action is given by

(T7¢7z)_>(a7+b oz )

ct+d er+d er+d

while ¢ and § do not transform (that is why their role is slightly different from
solenoid phases ¢, as was mentioned after Eq. (2.31)). The group PSL(2,Z) is
generated by two elements T': 7 — 7 + 1 and S : 7 — —1/7, subject to relations
S?=1and (ST)* =1

The action of the modular group on the wave functions (2.34) can be derived
using Eqns. (6.5, 6.6) in the Appendix. We obtain

(2.38) To 92:’ z|(fg7 Z T ged+e— /\ ‘997 7_)7 Ulj;n _ e%(l+s)(l—e+2/\)5lm

ImSm
Tohk(z,2) = ho(z,z),
T © Z(997 @7 7—7 /T-) = Z(w’ @’ T 77—)
(239)  Sos(zlp,T) =v—ir-e¥ el Z US % (2|, 7),

m=1

1

2i
where Ulfn _ e~ - (e0+1( m+25))

SO hO(Z Z) —¢ mk +7rzk“—727rl 2 4 omiZe hk(z Z)
2
SoZ(p,@,1,T) = VT e TS
Here we introduced the parity indicator constant for the degeneracy of LLL states

k k] _ {O, for k € even

2.40 A==——|=
(2.40) 2 [2 %., for k € odd.

ﬁﬁm

- Z(0, @, T, T).
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Figure 3. Modular group action on the states changes their spin-structure.

We see that the action of the modular group is given essentially by the unitary
matrices U® and UT, and all other factors appearing in transformation formulas
cancel out between s(2), hg and Z.

Note that the modular transformations in general mix between different spin
structures, according to the table Fig. 3. While S transformation preserves the
parity of the spin structure (it maps states with odd spin structure to odd, and
even to even), the T transformation in general does not. According to Fig. 3
there exist several possibilities. For even number of particles A = 0 the (0,0)
spin structure is preserved by the full modular group, and for odd number of
particles A = % the odd (% %) spin structure is preserved by full modular group.
For the choices A = 0, (%%) and A = %., (0,0), the invariant subgroup of the
modular group is Ty, generated by (72,S), which appeared before in Refs. [76]
and [67, 23] for Laughlin states, where the situation is completely equivalent, see
§4.5. Finally, if we take into account (0,3) and (3,0) spin structures, then the
minimal subgroup is the normal subgroup I'(2) generated by (T2, ST2S), see e.g.
Ref. [70]. This subgroup is also called the modular group A, see Ref. [104] and its
fundamental domain is pictured in Fig. 4 (right).

Let us focus on the states invariant under the full modular group: (0,0) at
A=0and (3,1) at A = 1. In order to check that the action of PSL(2,Z) is
unitary for these two choices of spin structure, we need to check the action of S?
and (ST)? on the basis. In both cases we obtain

(2.41) (USUT)? = e, (U =C,

where the constant § = %. Matrix C satisfies C? = 1, and for A\ = 0 it has
a particularly simple form Cj, = 0;x—n. Thus the basis of states transform by
the projective unitary representation of SL(2,7Z). For more details on projective
unitary representations and modular tensor categories we refer to [64].

The fundamental domain for the action of PSL(2,Z) on the upper-half plane

is the complex structure moduli space My = H/PSL(2,Z), see Fig. 4 (left). It
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ol
o

Figure 4. Fundamental domains: M; of PSL(2,Z) (left) and Rp(y) of T'(2) (right).

has a cusp (at 7 = ico0) and two orbifold points (at 7 =i and 7 = ¢™/3 ~ 27/3),
The fundamental domain Rp of I'(2) has three cusps at ic0,0 and 1 ~ —1.

Now we recall basic setup of the geometric adiabatic transport on the moduli
space [7, 8]. We choose a smooth closed contour C[t], [0 < ¢ < 1] in the moduli
space Y = Tjy X My, or Y = Tj,) X Rp(z). We consider first the transport on Tj
with the phases ¢,(t) varying along the contour. This creates the electric field
and thus the current [, along the cycle b on the torus, according to

(242) -[b = i@ao'aln

where oy, is the conductance matrix. This is the coefficient matrix of the adiabatic
curvature 2-form, traced over all LLL states Tr R (2.28). Here we take the trace
because we would like to consider k fermionic particles on the LLL, i.e., completely
filled lowest Landau level (this point will become obvious in §5.3, where we make
the same calculation for the integer QH state). On the torus using (2.37) we
immediately obtain
(2.43) Rim = 2£5lmw = 2161m dip1 A dipa,
k T—T k

TrR = 27019 dpy N\ dps = 21015 dpy A dps.
Recall that the latter is actually the first Chern class of the ground state vector
bundle E, defined as ¢;(E) = 3=TrR. Therefore the quantization of the Hall

conductance
og = 012 = 1

in the integer QHE follows from the integrality of ¢;(E). Indeed, we have
(244) OH = / CI(E|T[@]) = 17
i)

where notation El|r, means that we restrict the vector bundle to the Jacobian
torus Tig.
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Using Eq. (2.37) we can derive the adiabatic curvature for the full moduli
space. We obtain,

i

idp A dp +

idT A dT,
T—T 477(7'77")2Z AT

1

(2.45) 27TTr’R =—
and the mixed terms dy A d7 vanish. The second term in the adiabatic curvature
was related in Ref. [8] to the non-dissipative component of the viscosity tensor,
and gives rise to a new adiabatic transport coefficient ny = % called anomalous
or Hall viscosity. By analogy with the Hall conductance calculation above (2.44),
we can identify the coefficient ny computing the integral of the first Chern class
¢1(E) restricting to the moduli space My,

k dT]dTQ k Ne
1(Blmy) = — — L
JuntEbo =g [ 55 = a =

since the volume of M; in Poincaré metric equals 7/3. This Chern number is
a fraction, since M; is an orbifold, but this is still a topological invariant of
the vector bundle of LLL states. Finally, we note that one can get rid of 1/6
by replacing the moduli space M; by Rr(s), which seems appropriate in view of
action of the modular group. Since I'(2) is a congruence subgroup of index 6, the
volume of Rp) in Poincaré metric is six times bigger than the volume of M; and
thus me) c1(ElRrp) =10

3 Integer quantum Hall state

3.1 Free fermions on a Riemann surface

We consider Hermitian line bundle (L*, k%) on a compact Riemann surface (%, go).
The basis of the states on the LLL is given by the holomorphic sections {s;}, I =
L,.,N =dimH"3,L) of L = L* ® K* ® L,. In the integer QHE we have a
system of N free fermions, occupying the lowest Landau level. Such a system is
described by a multi-particle wave function, which is a completely antisymmetric
combination of the one-particle ground states. Thus the (holomorphic part of)
integer quantum Hall wave function on ¥ (more precisely on /Sy since the
particles are identical) is given by the Slater determinant

(3.1) Szt on) = ﬁdet[sz(mnﬁnzr

Similar to the one-particle case, the mod squared of the actual wave function is
given by point-wise Hermitian norm of (3.1),

N

! = —s

(U (z1, s 20)| = 1S (21, e 20) P = ﬁ|d6t[31(2m>]|2Hh’g(zlvZl)QOzz-
' =1
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Now, if the basis {s;} is chosen to be orthonormal with respect to L? norm,

1

(3.2) =

51(2)sm(2)hg (2, 2)90:5V/90*% = O,
)
then the integer quantum Hall state is automatically normalized (with respect to
the L? norm on ©V)

1 2 u 2
(3.3) W/ZNW(ZI,...,ZNN jl:[l\/gd z =

N
1 ;
= m/z |det[sl(zm)]|21_‘[}#5(2:17 2) 9o/ od> 2 = det(sy, $,u)p2 = 1,
H N -1

where in the last line we used a straightforward combinatorial identity, expressing
the multiple integral as the determinant of one-particle L? norms (2.13).

Plane. On the complex plane C and for the constant perpendicular magnetic
field B the number of states on the LLL is infinite, so we take the first IV states s; =
2711 =1,..., N, imposing a cut-off on the angular momentum r™e?™™® m < N.
Since the metric is flat, we can set the gravitational spin s to zero. Using the
Vandermonde determinant formula det 2"~' = [J, <m(z — zm), the integer QH
state can be written as

(3.4)

V(21,0 28) = \/J\L(letél (zm) Hho (21,2) H e’%Blez’P,

l<m

up to an overall normalization constant A
Sphere. On the sphere with uniform constant magnetic field we can write the
wave function (3.1) explicitly, using the basis (2.20) and the Vandermonde identity

]. 5 s
ol det[s;(zm)] = 111(’1 ll;[L 2 — 2m) - (dz1)° ® (dz2)* ® - - - ® (dzn)°,

where number of particles N = k—2s+1 and normalization constants ¢; are given
in Eq. (2.20).

Torus. On the torus the analog of the Vandermonde formula above is known
as the "bosonisation formula”, see e.g. [36, Eq. 5.33]. For the constant magnetic
field and flat metric the orthonormal basis of sections was constructed in (2.34)
and the number of particles is N = k. The following identity holds,

S(z1, .., z) = det[s7 (20)]

k
(35) = emen(rp 1o [ 2| ) T 22T

a1
0=t I<m T](T)
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where € is a constant depending only on ¢,§ and k, A is the parity indicator for
k Eq. (2.40), and n(7) is the Dedekind eta function. Also we introduced the
following notation

k
(36) Zem = Z 21y
=1

for the so called center-of-mass coordinate. For the proof of this identity we first
note that both sides are sections of L* for each coordinate z,,. This can be checked
by comparing automorphy factors under lattice shifts, which on the lhs can be
read off immediately from Eq. (2.33), and on the rhs can be worked out from Equs.
(6.2, 6.3) in the Appendix. Then we check that the zeroes on both sides coincide.
For each z,, there are manifestly k& — 1 zeroes at z,, = 21, .-, Zm—1, Zm+t1, -2k O
both sides: on the lhs because determinant vanishes due to coincident rows, and
on the rhs because 6;(0) = 0. Since lhs is a section of LF® Ly, for z,, there is an
extra hidden zero, which is located exactly where the center-of-mass piece on the
rhs vanishes. The indirect argument for the extra zero on the lhs relies upon the
general correspondence between the line bundles and divisors [43, 36]. After that
the overall z-independent factor can be fixed by computing the PSL(2,Z) action
on both sides with the help of Eqns. (6.5-6.10) and concluding that it must be a
modular form with a prescribed behavior at infinity, i.e., a certain power of the
Dedekind eta function.

The action of the T and S transformation preserves the spin structure, when
e=d=A=0o0re=4=A\=1, according to the table Fig. 3. Since the integer
QH state is not degenerate, in both cases the action is given by the phase factors,

ToS=eBMH)S  §o8=¢ TH kg

which follows immediately from (2.38, 2.39).

3.2 Generating functional

In quantum mechanics the main objects are wave functions, which have to be
L? normalized. Usually one can explicitly find normalization constants for one-
particle LLL states and for the IQHE state on the surface with constant scalar
curvature metric, like e.g. in the examples of plane, sphere and torus above. How-
ever our goal is to define IQHE state for an arbitrary metric g and inhomogeneous
magnetic field B. Thus we have two sets of geometric data: background metric go
and Hermitian metric k% on L* defining background magnetic field By (e.g. con-
stant scalar curvature metric and constant magnetic field) and an arbitrary metric
g = go + 00¢ and Hermitian metric h* = hfe~*" related to the background data
exactly as in (2.15) and (2.16), so that go and g and Fy and F are in the same
Kahler class. The surface ¥ and the line bundle L* is the same in both cases,
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only the corresponding metrics are changed, so the number of LLL states does
not change.

Now, in order to construct the IQHE state for arbitrary g and B we start with
a basis of one-particle states, normalized with respect to the background metrics,
as in (3.2). Then we write the norm-squared of the IQHE state as

1
2 7 N'\det[sl Zm ]|2Hh (21, 21) 922/ 921,

=1

3.7) [Wlg, B](z1, - 2n)|" =

where the point-wise Hermitian norm of Slater determinant is taken with respect
to the curved metric (2.15) and the potential (2.16). In order to make this state
L? normalized (¥, ¥);> = 1, we included the normalization factor Zj, given by
the following integral

N
1
(3.8) 7 = (27T)NN|/ | det[s;(zm)] H (21, 2) 9.2 /9d% 1,

which we will call the partition function. This is a functional of Z;, = Zj[ho, g0, ¥, ¢),
or equivalently Zy, = Zg[Bo, go, B, g]. However we note that the normalized IQHE
state |¥[g, B](21, ..., 2v)|> depends only on the metrics g and inhomogeneous B
and not on g and By. Indeed, under the change of the background metric go — ¢j
the basis of sections transforms linearly s — s’ = As, where A € GL(N,C). It
follows immediately that dependence on A cancels out between the numerator
and denominator in (3.7), hence the normalized IQHE state is independent of the
choice of background metrics and of the choice of the basis of sections.

The logarithm of partition function log Z; is called the generating functional
and is the main object of our interest, since it contains a wealth of information.
For example, it generates the density-density connected correlation functions, pro-
duced by variations wrt 1,

0

B9 S twra) S (wmin)

log Zk = (_k)m<P(w17 wl)-wp(wrru w"’/)>conn7

where the density of states operator reads p(z, z) Ez 10(z, 21).

The remarkable property of the generating functional is the existence of the
asymptotic expansion for large magnetic field, i.e., large k expansion. This expan-
sion can be derived as follows [65, 66]. First, we write (3.8) in the determinant
form

(3.10) Z = det / 512 sm( )W (2, 2) g2 VG,
2

by the same combinatorial identity used previously in Eq. (3.3). Next, we use
the following variational method (suggested in Ref. [33] in a different context).
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Denoting the matrix inside det in (3.10) as Gy, we can write for the variational
derivative of log Z; with respect to d¢ and 91,

(3.11) dlog Z = 6 Tr log Gy,
R N / (E(Agw) + mw) SismhF g2 /gd2z
2m — D) 2
1 s—1 _ - 2
=5 g T(AgBk(z,z)) 06 + kBy(z,2) 0v | \/gd" .

The function By(z, Z) here

(3.12) Bi(z,2) = Z(Gil)mlél(é)sm(z)hk(z, 2)g.2 (2, %),

Im

is called the Bergman kernel, which is a well known object in the theory of holo-
morphic line bundles. Its physical meaning becomes apparent when with the help
of (3.9),(3.11) we obtain

(0(z,2)) = 5= Belz,2).

Hence the Bergman kernel is the average density of particles. The asymptotic
expansion of log Z; will follow from the asymptotic expansion of the Bergman
kernel. Thus we now review the Bergman kernel expansion and then resume from
Eq. (3.11) the derivation of the asymptotic expansion of log Zj, in §3.4.

3.3 Bergman kernel and density of states

Bergman kernel on the diagonal for the line bundle L* ® K has a straightforward
interpretation as the density of states function on the LLL. Indeed, we write
the Hermitian matrix in Eq. (3.12) as G™! = AAT for A € GL(N,C), the basis
s) = Apusm (up to U(N) rotation) becomes orthonormal with respect to h*, g, and
we can write the Bergman kernel as the sum over the orthonormal LLL ground
states

N
Bi(z,2) = Y _ 5i(2)s1(2)h* (2, 2)9.2 (=, 2).
=1
They key fact about the Bergman kernel is the existence of the complete asymp-
totic expansion for large degree of the line bundle k£ on Kéhler manifold of any
dimension, which was proven in [112, 25]. In complex dimension, i.e. for the

Riemann surfaces, the first few terms in the expansion can be read off from [66,
Eq. (44)],

1—2s
4

2 —3s

1
(3.13) Bi(z,2) =B+ Rt 10 log B+ A,(B'R)
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1
+ 57 0(B78, log B) + O(1/k?)..

The expansion involves only magnetic field and curvature invariants and their
covariant derivatives. It goes in the inverse powers of the magnetic field B. For
this reason we formally should require B > 0 everywhere on ¥ and also that B is
of order k. Also the potentials ¢, 1) here are C*°(X) functions on . In particular,
the expansion in the form of Eq. (3.13) in general breaks down near singularities
of the curvature and the magnetic field.

The asymptotic expansion Eq. (3.13) can be derived by quantum mechanical
methods [34]. The density of states on the LLL can be represented as the path
integral

wM=z ay A b
Bi(z,%) = lim e Jo (0" T+ At H AT (1)
T—oo z(0)=2
for a particle in the magnetic field ' = dA on ¥ (more generally, on a Kéhler
manifold of complex dimension n > 1), here at spin s = 0. The T' — oo limit
projects the density of states to the lowest Landau level. The large k& expansion
can be derived via perturbation theory techniques [34], and the Planck constant
ki enters as the order-counting parameter in (3.13).

There exists a closed formula for the coefficients of the Bergman kernel to
all orders in k in any complex dimension n, see Ref. [102]. Let us illustrate this
formula for the case when s = 0 and magnetic field is constant B = k. We consider
a local normal coordinate system around a point z, where

gij(zo) = 5137 9i51.Gm — Girjis..iim — 0.
The mth term a,, in the expansion of the Bergman kernel
Bi(z,2) = ag(2)k™ + a1 ()K" + .am(2)k"™ + ..

involves exactly 2m derivatives of the metric g5 in the local coordinate system. For
example the order 4 term will involve the structures as e.g. g9 g2/ g’“lf2 g’”i1 Gisjrkahy
Gisjakaly- 1D general one can associate a directed graph G to the structures of this
kind, where the positions of g; j 1,7, and g;,j,k,7, are represented by vertices and
contractions with respect to g''72, etc., are represented by directed arrows between
the vertices. At each vertex the number of incoming and outgoing vertices is at
least 2. The local coefficient a,, is then given by the sum

am(z) = Y 2(G)-G

GeG(m)

over the set of all such not necessarily connected graphs G(m) at level m. The
remarkable fact is that coefficients z(G) are given by easily computable formulas.
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For strongly connected graphs (when there exists a directed path from each vertex
in G to every other vertex)

det(A—1)

A9 =@

where A is the adjacency matrix of the graph. For connected but not strongly
connected graphs z(G) = 0 and for disconnected sum of p subgraphs G; the
coefficient is given by

P
Hz )/ ISym(Gy, ..., Gp)l,

J=1

where Sym(Gy, ..., G,) is the permutation group of these subgraphs. The hard
part of the calculation (at high orders of m) is to transfer the expressions of the
type ghizghiighitghalig, - o g, sokef, in the normal coordinate system back to the
invariant form involving scalar curvature, Ricci and Riemann tensors and their
derivatives, see Ref. [103] for the state of the art.

3.4 Anomalies and geometric functionals

Going back to the variational formula (3.11) and plugging the expansion Eq. (3.13)
we can now integrate it, imposing the boundary condition log Zy[¢ = 0,v = 0] =
0. The calculation was performed for the constant magnetic field in Ref. [65] and
generalized to inhomogeneous magnetic fields in Ref. [66, Thm. 1]. We refer to
these papers for more details and here we only state the result. The asymptotic
expansion has the following general form

(3.14) log Zy, = 1og — +F = Fo,
ZHn

where log Zp is the ”anomalous part” of the expansion and F is the ”exact part”.
The former consists of only three terms

1— 2«
(3.15) log Zir — log Zio = — k*Ss(go, Bo, ¢) + k 3 951(907 By, ¢, 1))
1 (1-2s)2

where the following functionals appear
1 1 1 )
(3.16) S2(go, Bo, V) = = ~ YA + —Botp | \/g0d"z,
21 Jyx \4 k

B0 SianBoo) =5 [ (~50R0
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1
F

(3.18) S1(g0,¢) = %/2 (fi log(l + %Aoqb) Ay 1og(l + %AO@

(1 Bo+ 5 g0) log(1 + %Aw)) N

1 1
+§R0 log(l + 5A0¢)> Vaod?z.

These are geometric functionals, which do not have a local expression in terms of
the metric and magnetic field, and thus physically they correspond to anomaly
terms, as we explain below. The last functional is the Liouville action Sp,, and the
first two are certain energy functionals well-known in Kéhler geometry, see below.

The exact part F = Flg, B] and Fy = Flgo, Bo] consists of infinitely many
terms, which are local integrals of the magnetic field and curvature and their
derivatives. Terms up to the order O(1) in 1/k read

2—3s B
log —
1 Ttloe o

Flg,B] = 7%/2 {%Blog% +
(3.19) +2fl4(10g B)A,(log B)} Vad*z + O(1/k).

Written in the form (3.16-3.18) the meaning of the anomalous action is not
completely manifest. In order to make it transparent we now rewrite it in two
equivalent forms. First, as the following double integral

T Joxs

1 1-—2s _ 1-—2s
log Zy = — > (B + 1 R) |ZAgl(z,y) (B + 1 R) ’y\/gdzz\/ﬁ(lZy

1
(320 +o— [ RE)A ) RE)VIEGEy,
967 Jy 5

where the operator A;l is formally defined as the inverse Laplacian AzAg’l(z7 y) =
0(z,y). The second term here is the gravitational anomaly in the form of the
Polyakov effective action [5 o RA™'R, see Ref. [86].

Yet another form uses the symmetric gauge (2.4), where by integration by
parts we can rewrite log Zy as

(3.21)
2 1— 2 1 1—25)? .
log Zy = f/ AA; + 78(A2w5 +w,As)— | = — A=2) wows | d?z.
T Js 2 12 4
Here we see, that the first term corresponds to 2d U(1) gauge anomaly, the last
term is the gravitational anomaly and the middle term is the mixed anomaly,

known as Wen-Zee term [106], see also [26]. This form of the generating functional
is a 2d avatar of the Chern-Simons action which will appear later §5.5.
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Two interesting special cases of Eq. (3.14) correspond to the two natural
choices of magnetic field B on ¥: B =const and B = const - R.

Conformal regime. For any ¥ of genus g # 1 we can choose magnetic field
to be proportional to the scalar curvature B = e g>R For non-constant R, in
order to keep B positive we should require R > 0 everywhere on ¥ for the ¥ = S?
and R < 0 everywhere on Y for higher genus surfaces g > 1. In this case the

anomalous part combines into one term
1
log Z =g5-(1-30) | ROA, () R)Vid= iy,
967 xy

This formally corresponds to gravitational anomaly in a CFT with central charge
¢ =1-3Q? with a very large background charge Q = lfkg +1—2s.

Kdbhler regime. This is the case of constant magnetic field B = k and arbitrary
metric g. As was pointed out in Eq. (2.17) this means the Kahler and magnetic
potentials are equal ¢ = 1, possibly up to an irrelevant constant. This case was
considered in Ref. [65]. In this case the first two terms in the expansion of the
anomalous part

(3.22)  log Zy —log Zuo =

_ _ 2
— KNSy (g0,0) + K oS00, 6) ~ (i - %) S1(d0, 0),

12

reduce to the Aubin-Yau and Mabuchi functionals, ubiquitous in Kéahler geometry
see e.g. [84] for review. These are defined by their variational formulas

1
(3:23) Sav(on,0) = 5= [ B0Vt
35w (g0, ¢) = /5<Z> 2x(%) — R)\/gd*z,
and explicit formulas can be given

(3.24) Say (90, @) = S2(90, kg0, ),
Su(g0, 8) = x(2)S2(g0, kgo, &, ) + S1(90, kgo, &, ¢),

in terms of functionals defined in Eq. (3.16) and (3.17).

3.5 Regularized spectral determinant

Breaking up the generating functional into the anomalous and exact parts (3.14)
has an interesting interpretation in terms of regularized determinants of spectral
laplacian and Quillen metric, which we now recall following [66].
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We consider the dy, operator (2.11) and its adjoint & : Q% (2, L) — C®(%, L)
under the L? inner product (2.13). Thus we can define the laplacian acting on
sections of the line bundle L (Dolbeault laplacian):

(3.25) AL =88, : C°(,L) — C®(3,L).

This operator, which is just the kinetic term in the one-particle hamiltonian (2.8),
is sometimes called the "magnetic laplacian”. The regularized spectral determi-
nant of this laplacian can be defined in the usual way. We consider the non-
zero eigenvalues A of Ap taken with multiplicities and define the zeta-function
C(u) =3, A7 Then det’ Ay, = exp(—¢'(0)).

The relation to our setup is as follows. The holomorphic part of the integer
QH state (3.1) is a section S of the determinant line bundle £ = det H*(Z, L* ®
K*) over the parameter space Y = M, x Jac(X), Eq. (2.23). Quillen defined a
Hermitian metric on sections S of £ as follows
n det’ AL ’

Using the determinantal formula Eq. (3.10) the previous formula can also be
written as

(3.26) 1S11?

det(s;, Sm) 12

det’ AL
Note that the Quillen metric (3.26) is defined with respect to a choice of 2* and
g. Now we ask how ||S||? varies under the variations (2.15) and (2.16) of these
metrics. The following exact formula holds

. lIS|? _ Ogﬁ
[1S113 Zno’

ISI1* =

(3.27) lo

where ||S||2 is defined for (hf, go). In other words, the anomalous part (3.15) of
the transformation formula for the partition function (3.14) is entirely due to the
ratio of Z; and determinant of laplacian that enters the Quillen metric (3.26). As
an immediate consequence we see that the exact part F (3.19) corresponds to the
regularized determinant of laplacian

det' AL

det’ ALO ’

where Ay, is defined wrt (h*,g) and Arg wrt (hf, go). The proof of (3.27) and
(3.28) is a standard heat kernel calculation, see [66, Thm. 2] for details. On the
compact Riemann surfaces the regularized determinants are known explicitly. On

the round sphere with the metric (2.18) and magnetic potential (2.19) we have an
exact formula,

(3.28) F —Foy=log

k
(3.29) logdet'Ape =2 (k= j)log(j + 1) — (k + 1) log(k + 1)!

Jj=1
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k+1)? k k2
(k+17 :—7log——§log/€-&-(’)(l)7

—A=D+ 2 2 %or

see [66, §4] and references therein. This is in perfect agreement with Eq. (3.19)
at s = 0. On the flat torus with constant magnetic field we have

k

27’

valid for any k£ > 0, see [15]. This is also consistent with Eq. (3.19). In §5.3 we
will consider the case of higher-genus surfaces, and the Quillen metric will turn
out to be a useful tool for the study of the geometric adiabatic transport on the
moduli space.

(3.30) logdet’' Apx = fg log

4 Laughlin states on Riemann surfaces

4.1 Definition of the Laughlin state

We consider N particles, labelled by their positions z1, ..., 2y, confined to the plane
in the perpendicular constant magnetic field B. The Laughlin state in this setup
was introduced in Ref. [74],
(41) \I,(Zlv"",ZN) ~ H(Zlizm)ﬁ'eiilgziillz”i ﬁ €Z+7

l<m

up to a normalization factor. These states are associated with the Quantum Hall
plateaux with the values of the Hall conductance oy = 1/R,, = 1/3. The graph
Fig. 1 includes only one such state, labelled 1/3. In this section we will define and
construct the Laughlin state (4.1) on Riemann surfaces, and in the next section
we come back to the relation between the Hall conductance and 3 via geometric
adiabatic transport.

At 5 = 1 the Laughlin state (4.1) reduces to the integer QH state (3.4),
which corresponds to free fermions. For § > 1 the Laughlin state takes into
account Coulomb interactions between the electrons. However, it is not an exact
ground state of the full interacting Hamiltonian. Nevertheless, there exists a
model Hamiltonian with the short-range interaction potential, see e.g. Refs. [49]
and [42, 107], for which the state (4.1) is an exact ground state with zero energy,

N B—-1
(4.2) H=> DD+ Vilzr—zm), Va(z) =Y (—1)v,005%(2)2,
=1 Im p=1

where v, are arbitrary positive constants and kinetic term is the sum over one
particle operators (2.8).

In order to define the Laughlin state on a compact Riemann surface, we first
note that (4.2) is already written in a covariant fashion, applicable to Riemann
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surfaces with arbitrary metric and magnetic field. The most important features
of (4.1) is that it consists of the holomorphic function of coordinates F(z1, ..., zy)
and overall gaussian factor, depending on magnetic field. In order to minimize the
kinetic energy in (4.2) written on a compact Riemann surface, for each coordinate
zm the function F(..., 2y, ...) should transform as a holomorphic section of the line
bundle LY of degree N, on X, where N, is the total flux of the magnetic field,
as follows from Eq. (2.10) and discussion in §2.2. Also due to compactness the
number of particles and total flux are related,

(4.3) N, ~ BN.

Indeed, on a compact surface Ny is integer and the allowed number of LLL states
(dim H(X, LN#)) is of order N, (2.12). Therefore the number of points in Eq.
(4.1) equals to 1/ times the number of allowed LLL states, while in the integer
QH state (3.4) the number N of particles was exactly equal to the number of
LLL states. Thus one could say that only a 1/8 fraction of all available LLL
states is activated in the Laughlin state (”fractional” Quantum Hall effect). This
interpretation is not a precise statement, but only an analogy, since in general the
Laughlin state cannot be constructed from one-particle LLL states.

The magnetic field flux on a compact surface is quantized N, € Z (2.3), and
without loss of generality we can write Ny = Bk +p, k€ Z;, p=10,....,5 — 1,
where p is the remainder of division of Ny by . The Laughlin state will be
defined specifically at p = 0. The wave functions corresponding to p > 0 describe
quasi-hole excitations over the Laughlin state [74], which are extremely important
in physics of QHE, but we here we will focus only on Laughlin states p = 0.

Now we have to choose the number of particles N (of order ~ N4/f), thus
fixing the exact relation between k and N. At this point in the discussion we can
also turn on the power of canonical line bundle K7, which we take to be quantized
asj=pfs, s € %Z. To make the formulas consistent with the integer QH case we
will choose the number of particles exactly as before (2.12) at 8 =1 (and ¢ = 0),

(4.4) N=dmH (S, LF@K*)=k+(1—g)(1—2s), s= 3
Thus on the Riemann surface the relation between the flux and number of particles
is

(4.5) Ny =N —S, where S=(1-g)(8—2j),

generalizing the planar relation (4.3). Here S is usually called the shift in the
QHE literature [106].

Given this data we can now define a Laughlin state on a compact Riemann
surface 3.



Geometry and large N limits in Laughlin states 95

Definition 4.1. Consider the holomorphic line bundle L = LN @ KI ® L, on a
compact Riemann surface X. Let Ny = fk and j = Bs as in Eq. (4.4). Take N
points z1,...,zn on X, where N is given by Eq. (4.4) and Ny and N are related
as in Bq. (4.5). Then the (holomorphic part of the) Laughlin state on LV is
F(z1,..., 2n), satisfying the following conditions

1. F(..., Zm, ...) with all coordinates, except z,, fived, transforms as a holomor-
phic section of LN¢ ® K ® Ly,.

2. When all 2,’s are near the diagonal in ¥V at a generic point on X, F(zy, ..., 2n)
satisfies the vanishing condition

N

(4.6) F(z1, o 2n) ~ [ (20— 2m)”.

I<m

As we have already mentioned, the first condition ensures the vanishing of the
kinetic term, while the second condition guarantees minimization of the short-
range pseudopotential in (4.2). The Laughlin states on ¥ are degenerate for
g > 0. This fact is usually referred to as the topological degeneracy.

So far Def. 4.1 defines only the holomorphic part of the wave function. Thus
we need to define the Hermitian norm, which is induced from the choice of the
Hermitian metric on the line bundle. As in Eq. (2.1), let h¥¢(z, 2) be an Hermitian
metric on LY so that the magnetic field is given by

_ 1
FzE = 7(8282 IOg hN¢)7 B = gZZFZE7 N¢ = %/ B\/§d22
=

The natural Hermitian metric for the holomorphic part of the Laughlin state is
the point-wise product of hV?(z, 2) on BV,

(4.7) |F(21, ooy 2|2 = | F (21, .0y 2 |2Hh¢zl7z1 Az, 7).

This is a scalar function on ¥V and we can thus compute the L? norm and write
the normalized Laughlin state ¥ as follows

[0t 2) P = P Gt )P
11 ) 3
@8 (e = gy [ PG qud a=1.

The normalization factor A/ is a functional of the geometric data: the metric
g, magnetic field B, complex structure moduli J of ¥ and line bundle moduli

p € Jac(X), N = Nlg, B, J, .
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4.2 Examples

Sphere. The spherical Laughlin state was constructed in Ref. [49]. On the sphere
the Laughlin state is unique. This is easy to see since, [],_,.(z — zn)” is the
only combination, which meets both conditions in Def. 4.1. As we have already
emphasized, the definition of the Laughlin state does not make any reference to
the lowest Landau level wave functions. However, specifically for the sphere we
can express the Laughlin state as a power of the Slater determinant, for the basis
of LLL states Eq. (2.20), as

F(z1,.2y) = (det si(zm))?,

(4.9) [W(21, .., 23)]* = |det51 Zm)| ’BHh (z1,2)95° (21, 2)
=1
| X
28
=11 2 — Zm

where the number of particles is N = k + 1 — 2s, ¢ is given in Eq. (2.20) and
constant A is such that the L? norm is one: (¥|W);2 = 1.

Torus. Laughlin states on the torus were constructed in Ref. [50]. We also
refer to [75, 62, 89, 107] for other excellent accounts. On the torus the canonical
line bundle is trivial and for this reason we set j = 0. The first condition in Def.
4.1 implies that under the lattice shifts the wave function transforms with the
same factors of automorphy as in Eq. (2.33) for each coordinate z,,,

(4.10) F(z1, .oy 2m +t1 + o7, ..., 2N)

:( 1)2t26+2115 —2miNgtozm —miNy tQT 27itop F(

€ 217"'7Zm7'“7ZN)~

Here ¢, € {0, %} label the choice of spin structures, which are independent of m
since the particles are identical. To fulfil the second condition Eq. (4.6), without
any loss of generality we can assume the ansatz

N

F(z1, o n) ~ fGr e an) [[ 01020 = 2, 7)7

I<m

since ¥ (z) has only one simple zero at z = 0. From the lattice shift transformation
formula Eq. (6.3) for the product of theta functions in the previous equation
it follows that in order to be consistent with Eq. (4.10), the function f should
transform as

(411) f(Zl,,..‘,Zmﬂ’tl“rtzT,ZN)

_ (_1)L2(25—N¢+5)+Ll(25—N¢+B)e—z‘wﬂn§—27rizzﬁzcm—2mw N TCTR )
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Comparing with Eq. (2.33) this condition essentially means that f(z1,...,2y) =
f(Zem). Moreover, with respect to the center-of-mass coordinate z., the function
f transforms as a section of the line bundle L?. Since dim H°(X, L?) = 3 the
degeneracy of the center-of-mass factor equals 5. Thus we can write down the
basis of solutions f.,7 = 1,.., 8 to (4.11) explicitly using e.g. the basis of sections
in Eq. (2.34). We consider first odd values of 3 and, by analogy with (2.40), we
shall introduce the parity indicator parameter for the number of particles:

N N for N
(4.12) A= 2 {7} _ (1)7 or N € even
3, for N € odd.

Then the following basis solves the condition (4.11)

r+e 1
A

7 ]
S—BA+5

6 € odd: fr(zcm) =1 |: :| (ﬁzcm +o, 57—)7 r=1, B

Then the basis of Laughlin states reads

(413)  F*9(zy, ..., 2y) =¥ [ T } (Bzem + 0, 87) [T (9121 = 2ms 7)),

S—BA+E
2 <m

where [ € odd.

Here index r = 1, ..., 8 labels the topological degeneracy and ¢, d label the spin
structure constants, i.e., the choice of boundary conditions Eq. (4.10). As a con-
sistency check, note that for 5 = 1 we recover the integer QH state on the torus
Eq. (3.5), up to a normalization constant, to which we will come back further
down the road.

For B € even (and thus Nyg € even) the state is bosonic, i.e., completely
symmetric under exchange of the coordinates, and spin structures are redundant.
In this case we set

/j € even : fr(zcm) =4 |:

o w

:| (52c111+<,0757)7 TZL"%B'

We will mostly focus here on odd values of §. In order to see that the states
Eq. (4.13) indeed form an orthogonal basis we consider flat torus and constant
magnetic field, and rewrite the point-wise Hermitian norm on F, (4.7) as follows

N
(4.14)  (E|? = |Fo(zry e 2n) P 10 (o, 2)
=1

N
3 _ miB L, (3 _5 \)2
= |fr(2cm)‘2hg(zcnn Zcm) : H |191(Zl — Zm, T)‘Qﬂ : eTi?(Zl 2m=(A1=2m)) )

I<m
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where we used the Hermitian metric hy corresponding to the constant magnetic
field (2.32). The L? inner product for the flat metric go (2.29) then reads

1

<FT7 Fr’> - (27T)N0 '/X‘Vfl'r(gcm)fr’(Zcm)hg(zcma Zcm)

N N
. H 191(21 — 2, T)|2ﬂ . efﬁ(nfsz(zﬁém))z H J%dQZl.
=1

l<m =

Note that the dependence on the center-of-mass coordinate in the integrand de-
couples from the relative distances z; — z,, between the points. Thus, we can pass
to the integration over z., and z; — z,, m = 2,..., N, and note that the latter
is independent of z.,. Now, as we already noticed, f.(zem) is an orthonormal
basis of holomorphic sections of the line bundle L? over the center-of-mass, as can
be seen from (2.34), formally replacing k — 8 and z — z.y. Since this basis is

orthogonal (2.36), we conclude that the overlap matrix of L? norms
(415) <F1"7F7"> :NO(T77__799795)67'7"7

is a scalar matrix, where the constant N is independent of the index r and is a
function of only 7 and ¢. This is the normalization factor in Eq. (4.8) specified
to the flat torus with the constant magnetic field Ny = N[go, Bo, T, ¢]-

Higher genus. The number of degenerate Laughlin states on a higher genus
surface is ng, = (% [105]. For more details on higher genus states we refer to
[27, 56] and [68].

4.3 Vertex operator construction

Vertex operator construction of Laughlin states was originally proposed in Ref.
[79]. Here we review the construction of Laughlin states on a Riemann surface
(32, g) of genus g following Refs. [37, 67], and consider the example on sphere and
torus in full detail. We start with the gaussian free field o(z, Z), compactified on
a circle o ~ o + 27 R,, with radius R, = v/ (“compactified boson”). The action
functional has the form

- o4 2 ;/
(4.16) S(g,B,0) = QW/E(&ZJ@ZU—% 40'R\/§)d Z+271-\/[7 2A/\dcf7

where we will specify the constant ¢ later in Eq. (4.22). The second term here
is the coupling of the field to the Riemannian metric on ¥ and the last term is
the coupling to the magnetic field. The latter is written in this form to take into
account a possible contribution from nontrivial flat connection part A%, see Eq.
(2.5), of the gauge connection on surfaces of genus g > 0. We can write this
contribution explicitly, writing the gauge connection as A+ A¥ and using product
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rule for derivative
(4.17)

S(g,B,a):%/(aaao—&- O'R\/>+\/70'B\/7)d22+7/14¢/\d0'

For inhomogeneous magnetic field and curved metric this action was proposed in
QHE context in Refs. [69, 37, 67]. We emphasize that, while at the zero magnetic
field this theory is a conformal field theory with background charge ¢ and central
charge ¢ = 1—3¢?, the coupling to the magnetic field breaks conformal invariance,
since it introduces the magnetic length scale {3 ~ 1/B to the theory.

We consider now the (unnormalized) correlation function of a N vertex oper-
ators at points zq, ..., 2N

(418) V(g, B, {Zl}) _ /ei\/ﬁa(zl) .. ei\/[?a(zN)(ifS(g,B,a)Dgo_'

Its integral over the coordinates will be denoted as
(4.19)

oo =L / / VBT ot / V) oty S@BAD g
(2m) ) =

The key observation is that the correlation function (4.18) gives the sum over
all normalized degenerate Laughlin states W& r = 1,...,ng, and over all 2%
choices of spin structures £,4 € {0, %}g on the Riemann surface X,

ng,g

26562‘\1}56 )|2 :ei}—ﬁ(ng)V(ngv{Zl}%

4.2
(4.20) T

where the constant c. s = +1 depending on the parity of spin structure!

-

5= GAmies _ {Jrl, for (&, g) € even
’ —1, for (£,4) € odd.
The number of even spin structures 2671(28 + 1) minus the number of odd spin
structures 2671(28 — 1) equals 28, which explains the overall normalization factor
in (4.20). The formula above also holds on the sphere where ng, = 1 and spin
structures are absent.
We now follow the standard prescription for computing bosonic path integrals,
see e.g. [101, 28]. The field o has a constant zero mode oy, defined as

(2, 7) = 00+ 5(2, 2), /aﬁd% 0.

! This holds for odd number of particles, for even number of particles the constant is slightly
different, see Eq. (4.35)
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Then integration over the zero mode yields the relation between the number of
particles N and the coefficients in the action

(4.21) N = N¢+2f X(2).

Hence to be in accordance with (4.5) we fix the parameter ¢ as

(4.22) q=pB- %

Since the number of particles is always an integer, it follows that %(No —jx(®))
should be an integer. Therefore we assume %Na €Zandje gZ.

We consider now the path integral (4.18) on the sphere, where we can drop the
flat connection part and compactification of the field does not play any role since
all 1-cycles are contractible and there are no non-trivial winding configurations
of the field. Then the integral over ¢ can be computed according to standard
rules for gaussian integrals. We introduce the standard Green function for scalar
laplacian

(4.23) ANGI(z,y) = —270(z,y) + 1,
(4.24) / GY(z,y)/9d’y = 0,

M
and the regularized Green function at coincident point,

(4.25) Giop(2) = hm (Gg(z y) +logdy(z, y))
where dy(z,y) is the geodesic distance between the points in the metric g.

Next, we can make a linear shift of & without changing the measure of inte-
gration

7 (z) —>Jz)+/G9(zz (2)/gd*7,

() = 20/FY (e 5) — () - B0

Then the integral (4.18) becomes purely gaussian and can be written as

120 VB = |2

(e 35 o (G ),

NGz \fgd* )
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exp< Z/G@ 2,2 ( +%B>| Vod*z
—ﬁZGg(Zth) - 5;05%(21)) :

l#m

Here the regularized Green function GZ,(z) replaces G9(z;, ;) on the diagonal,
where the latter is infinite.

Let us consider now the round sphere Ry = 4 and constant magnetic field
By = Nyg. The round metric is given by Eq. (2.18) and the corresponding Green

function reads

reg (

!
— 1
G*(z,2') = —log 2= 2 -
T+ 1P+ [P) 2

The regularized Green function is just a constant G%,(z) = —3. Due to the

property Eq. (4.24) the integrals over 3 in Eq. (4.26) vanish and we arrive at

N
2¢'(-1)-1-1pN? 2 1
V(go. B, {z}) = X044 H\Zz—%‘ﬁﬂwv
l<m =1

where we used the value of the regularized determinant of the laplacian on the
1 ’

round sphere det’ Ag/27 = ez~4'(=1) [83]. Comparing this equation to (4.9), we

conclude that the normalized Laughlin state can be expressed as

|\I’(Zl7 - ZN)|2 = e*]‘"{i(yo;Bo)]}(907BU7 {Zz})

and it has norm one by definition (4.19). We also see that the normalization
constant in Eq. (4.9) is controlled by e#(90:50) up to numerical factors.

Finally, let us comment on the S = 1 case of the formula (4.20). At 5 =1 this
construction reduces to the bosonisation formula on Riemann surfaces [3, 101].
Bosonisation formula is the statement that the correlation function (4.18) equals
to the correlator of N insertions of bb-operators in the theory of free fermions
b, ¢ with spins j,1 — j, see Eq. [3, Eq. (3.1)']. The construction of Refs. [3, 101]
applies to the case of the canonical line bundle and no magnetic field, but it can
be straightforwardly generalized to the case of line bundle L = L* ® K* (recall
that at # =1, j=s, Ny = k). The main statement is that

det’ A L

Va-1(9. B.{z}) = (b(z1)b(21)---b(zn)b(2n)) = | det sy (zn)|1%,

cf. [3, Eq. (4.15)], where on the right hand side we recognize the Hermitian norm
of the integer QH state (3.1) and the Quillen metric (3.26). Then from (4.20) we
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it follows that Fg at 8 = 1 reduces to the logarithm of the spectral determinant
of laplacian (3.25) for the line bundle L,

(427) F -1 = IOg dCt,AL‘
B

In this sense, the formula (4.20) for the Laughlin states can be thought of as a
[-deformation of bosonisation formulas on Riemann surfaces.

4.4 Laughlin states on the torus from free fields

The computation of the correlation function Eq. (4.18) on the torus is a version
of the standard computation in CFT [30, Ch. 10], slightly modified to include
the magnetic field. We go over this calculation here in order to account for non-
homogeneous magnetic field and curved metric. For CFT-type calculation for the
Laughlin states on the flat torus and in constant magnetic field, we also refer to
[27, 23] and excellent recent accounts [53, 39, 32], where also QH hierarchy states
are constructed.

There are two nontrivial 1-cycles on the torus, hence there exist classical con-
figurations o, of the compactified boson, labelled by the integers m,m’ € Z,

(428) o =00+ Umm’(z) + &(2)7
(4.29) Uan’(Z +ar + b) = amm/(z) + QTFRC(TILI) + 77;’(1)7

winding m, m’ times around each of the cycles, with &(z) being a single-valued
scalar function. The last equation can be solved by

m' —m7T m —m
(4.30)  Gp(2) = 27R, (7,7(2 ) - s 20)) 7
T—T -
where zj is so far an arbitrary point on the torus. After the zero-mode integra-
tion, which fixes the number of particles Eq. (4.21), the integral decomposes into
the product of the classical part Zy due to oy, and quantum part Zg, due to
integration over o

(431) V= ZCIun-

Here Z, is the sum over the sectors with different m,m/'.

In order to define Z; we need to compute the action Eq. (4.17) on the field
configuration (4.30). There is a certain subtlety arising from multi-valuedness of
the compactified boson, which manifests itself in ambiguity in the choice of base-
point zp in Eq. (4.30). This has no effect on the first and the last terms in the
action (4.17), but the second and third term need to be defined more carefully.
Proper definition should ensure modular invariance of the correlation functions.
For our purposes it suffices to choose the base-point as zy = (7 + 1)/2, for which
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the second and third terms in the action (4.17) vanish. However, we shall note
that various other prescriptions are possible for the terms of this type, on the torus
[31] and on higher-genus surfaces [101], that also preserve the modular invariance.

Then the value of the action Eq. (4.17) on the configuration (4.30) is easily
computed

m’Rf 2R,
S(90, No, Oy ) = mhﬂl —mr|* — /B (mps +m'p1),

where the first term comes form the kinetic term and the second term is the con-
tribution of the flat connections Eq. (2.21). Taking into account the contribution
from the vertex operators 62\/30"1,”/(@)7 7 reads

R, TiR? 2miR,
Zo = exp (77";|m/ —mr]*+ (g +m' 1)
CV2 2. (r=7) VZ]

m,m'€Z
/ = !
. m' —m7T m' —mT _
+2mRC\/E ( P Zem — — zcm>) .

T—T

Now we apply Poisson summation formula Eq. (6.4) to the sum over m’

wiB (o o )2 n mR n mR.\ 2
7. =4/1 . /Z(Zcm_zcm) S i ¢ _ <
a=+VIm7 e Z exp (7777' (R(: 5 ) T (Rc + 5 )

m,n€”
n mR, n mR
_ . C Lp . — 0 C —LP
(4.32) omin/Br (RC 3 ) 28+ 2min/ BT (Rc t— ) zcm) ,

where we introduced the short-hand notation

me = Zem + %7 me = Zem + B
Now we set R, = /B and change the summation indices m,n — p,r, e according
to:n=pp+r,peZ r=1,.0, m=2q+¢e), € Z, e = {0,%}. Then the
sum over m,n in Eq. (4.32) reads

2
Z ZZZexp(m&-( —q—i-[ 6) +27Ti( +B—5)5zﬁn

mneZ e= Ulr 1 p,g€Z

B B

Next we redefine the summation variables as follows, n = p—q, m = p+¢q, n,m €
Z, which implies the constraint on n + m being even,

B 2
Z = Z Z Z exp (mm (n—&—%—s) + 2mi (n—‘r%—s) Bzt

m,ne’ g:()é r=1 m,n€z

. 2
yinpT (p+q+1+s) . (p+q+5+s) ﬂzfm>.
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9 )
1 wi(n+m)
+im BT (m + % + a) — 27 (m + % + a) Bzfm> (%) ,

where the last term enforces this constraint. Writing
(1 + €7rl(n.+m) Z €2w15 n+m)
5={0,3}

we can finally recast Z in the form of the sum of absolute values squared of theta
functions

(4.33)
1 i
Lo = 5\/Im7’ e (zem—

2

z i 647”66

,6={0,1} r=1

{ } (Bzem + @, BT)

The sum over ¢, is nothing but the sum over four different spin structures, by
analogy with Eq. (2.34). However, we note that for 8 even the sum over ,d
collapses into one term:

d

From now on we will only consider odd values of 5. In order to be consistent with
Eq. (4.13) we rewrite the expression Eq. (4.33) in the equivalent form, using the
parity indicator A (4.12) for the number of particles,

ZC] :%m P:u’i(zt‘m Zom+ £ (p)l

B
e
1

2

Ll
Beeven: Zg=+VImr-er 2 (zom—Zem+£52) Z

r=1

o Wl

} (ﬁZCrﬂ + @7 ﬂT)

2

H

9 [ + } (Bzem + 0. 57)

o— B)\Jr

Ami(e— )\+ V(-1 3)

£,0= {0;}7"

Next we compute the quantum part Zy, in Eq. (4.31). This is given by Eq. (4.26),
where the Green function (4.23) and regularized Green function (4.25) on the flat

torus read
1 m

01(z— 2, 7)
n(r)

G (z,7') = (z—2—(2— 2’))2 + log

)

27 — 7

G5, (2) = — log(vV2rTm 7 [ (7)[?).

reg

Plugging this to (4.26), and observing that the integrals over ¥ vanish due to
(4.24), we obtain

det’' A, 17? al al
(4.34)  Zp= {Tg} - exp (ﬁz G2, 2m) — BY Gfeg(zl)>
=1

l#m
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91(21 — Zm, T) 2

n(7)

-1 miNg Sy2_ wif Y
| I e 2(m=a) = 225 (zem —Zem)
b

<m

— Var (2mTmrn(r)|") >

where we used the formula for the regularized determinant of laplacian on the
torus
det’A,, = 27|n(7)[* Im 7,

see e.g. Ref. [30]. Putting together Z, and Z,, we arrive at

N.
a o (0—9)?

1 Ny ﬂ
1% =§(27rhn7’|7](7’)|4) 2 et

Z Z 64772(5 )\+ V(-1 3)
6={0,3}

r=1

2

U { T } (Bzewm + 0, B7)

5-BA+E
£,

N 283 :
I 01(z1 — 2m, )| H o2 (=2 + 25 (- ) (9 9)
l<m 17(7-) =1

This is the final result for the correlation function of vertex operators Eqns. (4.18,
4.31) on the torus.

4.5 Holomorphic structure and modular group action

Comparing with the (holomorphic parts) of the Laughlin state given in Eq. (4.13),
and taking into account Eq. (4.14) we see that the sum above is in the form of
Eq. (4.20),

e—Fs(90,B0)

£,02
(4.35) Z cg(;z\qf | 777%0)

56{0} r=1

Z 2055|F5‘5\ Hho 21, 21)s

£,6={0,4} =1

with c. 5 = eimi(e=2+3)0=2+3)  Here we introduced the the Z-factor and redefined
the holomorphic part of the Laughlin state to include the n functions exactly as
they appear from the path integral calculation

(4.36)
F=0 = No=1y9 HE-Atg al 01(21 — 2m, T) A
(OO }(mw,m)g (A}

Ny

(4.37) Zs(1, 7,0, @) = (2nIm7) 2 e AR,
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Comparing Eqns. (4.15) and (4.20) we can write the relation between the
normalization factors Zz and N as follows

%[907 B07 T, 99} = c]'-/i(yo,Bo) ° Z/i(Tv 77—7 ®, @)

Remark. There is some ambiguity in the choice of the holomorphic part and of
the Zg-factor. Namely, one can redefine Zs — |f(7,¢)|>Z5 and correspondingly
F, — f(7,)F, by a holomorphic function of the moduli. Since Jac(X) is compact
£ is a function of 7 only. We can also take f(7) to be non-vanishing on an open set
of Mj. In particular, f(7) can be a power of 1(7), since the latter is non-vanishing
in the upper half plane 7 € H with a zero as 7 — ico, where (1) ~ ¢'/?4, ¢ = €™,
This will modify the adiabatic connection (2.27) and add the delta-function term,
localized at ioco, to the adiabatic curvature, but also modify the monodromies of
the Laughlin states on the moduli space (which we review below), while preserving
the adiabatic phases. In general, it should be possible to study the behavior of
the normalized Laughlin states near the boundary of the moduli space of complex
structures, by applying techniques of Ref. [11].

Next we note that the wave functions ¥5° have the same general form as
(2.24), so the relations (2.27) and (2.28) apply to the Laughlin states, with the
substitution Z(y, ) = e’# - Z. In particular, the adiabatic connection is projec-
tively flat and adiabatic curvature is a scalar matrix. The factor e”# is given by
a nontrivial path integral expression Eq. (4.19) and we will study it in the next
section.

Let us now discuss the action of lattice shifts in the Jacobian Tj, and the
modular transformations. This is completely analogous to the action on one-
particle states, worked out in §2.5. The group of lattice shifts p — ¢ 4+t + 7
acts in the unitary representation

i 2mi

8
FTEYJ({ZZ}‘SD Tty to, T) _ e—?tgf—/—itz(ﬁzcuﬁrw) . Z Urr’F:f&({Zl}‘(,Z T)7

r'=1

2mi - 1_3))_ 1_ o
where U, _ o (r+taer8G-0) -0+ /\»)Or,r’—tz»

N N

N = Tit2 (Zem — Zem N, =
H ho (21, Zl@ + ) + tor, 7) = €22l ) H hy (21, 21|, 7),
=1 =1

Zs(p+ by + a7, @+ 1y + b7, 7, 7) = & BBCTITHCRED) L 700 6.1, 7),

and, as was already the case for the LLL states on the torus, ¢;-shifts act diagonally
and ty-shift action is non-diagonal.

The formulas for the action of the modular group, for # € odd, are listed in
the Appendix. The action of the modular group on the basis of Laughlin states
is very similar the action on the basis of one particle states (2.38, 2.39), formally
interchanging # and k. In particular the action on spin-structures is the same as
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in Fig. 3. For even number of particles A = 0 the (0,0) spin structure is conserved
and for A = % the (%% spin structure is conserved. In these cases we have

(USUTY? = 2mi®NeC, (US)? = C,

where C? =1 and 0 = §7 and thus Laughlin states transform in projective unitary
representation of the modular group.

5 Geometric adiabatic transport and anomaly
formulas

5.1 Generating functional for Laughlin states

The generating functional, which was defined for integer QH state (3.8), can be
defined for the Laughlin states as well. The definition is analogous to the one
given in (3.8). We start with the background configuration (X, go) and (L™, hévd’)
and choose the corresponding L2 normalized basis of holomorphic states Fy* (4.7),
(4.8),

N
(51) HFS;-(E(Zlv-“v )H2 ‘F()gr(i(zh'“vZN)‘Qthé(zlvgl)g(;élé(zlv21)7
=1
I = 3 e [ I T vt = 1
Or Oor or 5 ey { =1,
No 2m)N Jsn P

where the normalization factor Nj is r-independent, which is the case e.g., for
the flat torus with constant magnetic field (4.15). Next, we consider the curved
metric (%, g) and magnetic field (L™, h¥¢) where the g and F are in the same
Kéhler class

(5.2) 9 = go + 0:0:0,
(5.3) Ve = hévd’e’N“’w7
(5.4) F.z = Fo.z + Ny0.0:0.

The partition function is then defined as

1 1 1
5.5 z Bo,g,Bl= v | = csllFl (21, 2
65 Znlao Bous B = 3r i |, Fongy 2 AN 20

Hh (21, 21)9:22 (21, 2)\/9d* .
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In other words, we change the Hermitian metric on the line bundle and the metric
on the surface, staying in the same Kéhler class, and compute the sum of the
norms of the wave functions in the new metric. It follows that the partition
function is normalized as

7,90, Bo, 9o, Bo] = 1.

The expression (5.5) is written on the surface of genus g > 0 and includes
sum over all degenerate Laughlin states and also over the spin-structures. On
the sphere this formula simplifies, since there is only one Laughlin state. In the
notations of Eq. (4.9), we can write on the sphere
(5.6)

N
1 1 _j _
Zn,190, Bo, 9, B] = A /(SZ)N | det s1(zm)[** T Ve (21, 21)922 (21, 21) /g0

0 (2m)" o

Taking into account (4.20), we can rewrite (5.5) via the correlator of vertex oper-
ators

1 1 .
(5.7) ZN¢[90’B0’9’B]:(27T)N/E ZCS,5|\I}O’T‘6(Z17'“7ZN)|

N 28ng,

2

7,6,0

N (Now ez +itos Y21, - 2
e 1=1 b 1,21 Vo 41 H\/Edzl
=1

_ 1 1 V(e B — S (Ngwa,m)+log 321, ) - P2
_6}-@(90,3@ (27T)N - (907 0,{2}1})6 H\/§ 2.

=1

As usual the logarithm of the partition function is called the generating functional.
In this section we show that log Zy, admits an expansion for large magnetic field,
which is analogous to the expansion of the generating functional for the integer
QH state

log ZN¢[907 By, g, B] = log ZZHﬁ + ]:5[97 B] - ]:5[907 BU]7
HO,8

where Fj is local functional of g and B and log Zy s is non-local functional rep-
resenting anomaly, where all the terms depend nontrivially on /3.

In the integer QHE case we were able to compute the asymptotic expansion
of log Z, due to the determinantal representation of partition function (3.10),
which allowed us to reduce the computation to the Bergman kernel expansion for
high powers of line bundle. However, the partition function (5.5) does not admit
the determinantal representation and novel methods are required. Here we review
the path integral derivation of the asymptotic expansion following [37]; another
derivation of this result can be found in [21, 22], where the Ward identity method
of Refs. [108, 110, 109] was employed.
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5.2 Effective action and gravitational anomaly

The calculation of asymptotic expansion of Zy, is performed in two steps. At
the first step we start from the path integral expression for V(g, B, {z}) in Eq.
(4.18) and compute its transformation formula under the change of metrics (g, h)
to (go, ho) in the same Kéhler class, Eqns. (5.2, 5.3). As we have seen in Eq. (4.31),
for the surfaces of genus g > 0 the path integral is the product of the classical
and quantum parts V = Z,Zg,, where the classical part Z. essentially depends
only on the Kéahler class of the metric and not on a particular choice of the metric
in that class. Therefore it suffices to derive the transformation formulas for the
change of metrics in the quantum part of the path integral Zj,. The latter is given
by the same formal expression Eq. (4.26) for the surfaces of any genus, including
sphere. It remains to compute the transformation rules for different objects in
that expression. The scalar curvatures and magnetic fields in background and
curved metrics are related as

r R,
(5.8) Ry/g = Rov/g0 J%Aolg\/%,

1
B\/g = Bg\/gT)+ §N0\/!% Ao’d).

For the metrics g = gy + 00¢ in the same Kihler class the regularized determi-
nant of the laplacian transforms according to the Polyakov gravitational anomaly
formula [85],

det’ A,
det' AO N

(5.9) e*éSL(goxb)7
where S1,(go, ¢) is the Liouville action Eq. (3.18).

The transformation formulas for other terms in (4.26) can be found using the
identities for the transformation of Green functions and their integrals, derived in
[38, §3] and [37, §4]. After a tedious but straightforward calculation, we arrive at

(5.10)  log VV((Q? i;{f;}}?) = —NQZT//(%Z) —jZIOgT\/gg;OLI

1 ) 1
+ BNf)Sz(go-, Bo, ) = ﬁ]\%sl (90, Bo, ¥, ) + E(l - 3¢%)S1(g0, ).

Recall that the constant ¢ = /B — 2j/+/B here is defined in Eq. (4.22), and the
functionals S; and S, are defined exactly as in Eqns. (3.16), (3.17) with k& — N,
namely

1 1 1
Sa(g0, Bo,v) = %/ (ﬁ)A(ﬂ/) + FBN/)) Vaod’z,
S ¢
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100, Bor6,9) = o /E (f%wRO 4 (Ni¢Bo + %Aow) log(1 + %Ar@)) Vaod.

Using Eq. (5.10) we can express the generating functional Eq. (5.7) as follows

(5.11)  log Z, (g0, Bo, 9, B] = — %N§52(907Bo7¢) + ﬁNngl(gOv By, v, ¢)
1

- ﬁ(l —3¢%)SL(90, 0) + Fs(g, B) — Fa(go, Bo)-
The exact terms Fp are formally defined by the path integral Eq. (4.19) and we
will come back to them shortly. The first three terms on the rhs in Eq. (5.11)
contribute to the anomalous part of the generating functional log Zz. By analogy
with Eqns. (3.20, 3.21) for the integer QH state, these can be written in two
equivalent forms: as a double integral,

(5.12)  log Zup =

b B—2j » 5o -
278 Joxx <B+ 4 R) |ZA9 (9) <B+ 4 R ‘u\/!jd 2y/g9d”y

1

+£ R(z)A;l(z, y)R(y)/9d*z\/9d%y,
T Jexs

and as a quadratic form in gauge and spin connections,

2 1
(5.13) log Zy g = 7/ |:O'HAZA5 + 2 (Aws + w, Az) — Ecszwg} d*z,
: eyl

where we introduced the following constants

1 -4
,87 <H74\/B7

and ¢ = /B — 2j/+/B. Recall that Eq. (5.13) assumes symmetric gauge Eq. (2.4)
for the gauge and spin connections. As a consistency check, at § = 1 we have
j=sand ¢ =1 — 2s and the expressions above agree with Eqns. (3.20, 3.21).

At the moment Eq. (5.11) is a formal expression, valid for any N, > 0. It
turns out that the terms Fz (4.19) can be better understood for N, large. We
can already see that the first three terms in Eq. (5.11) are written in the form of
the large N, expansion, similar to anomalous terms (3.15) in the integer case. We
argue that Fg admits asymptotic expansion for large N, with coefficients given
by local functional of the metric and the magnetic field, which is similar to Eq.
(3.19) in the integer case, but now S-deformed. The argument is as follows [37].
Starting from the representation (4.19) we can rewrite the remainder term in the
form

(5.14) oy = cr =1-3¢%,

q 1
eT59.B) — /675(5;,13,¢7)+N1ogﬂfE el‘/ﬁg(z)\/ﬁdQZDgo,.
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This is the path integral of the interacting scalar field, where the number of
particles N plays the role of a large parameter. Therefore one can apply the
stationary phase method. The standard analysis of perturbation theory in 1/N
reveals [37] that the contributions from the Feynman diagrams reduce to local
integrals of polynomials in curvature and magnetic field and their derivatives. In
particular, the leading term in the large magnetic field expansion of F3 has the
form [68],

5—2/ B\ .,

1 5= B | log — d log B).

(5.15) Fs g ), 08 5 V9d*z + O(log B)

At f = 1 this coincides with the integer QH result for F, cf. first term in Eq.
(3.19).

5.3 Quillen metric and geometric adiabatic transport

First we discuss the geometric adiabatic transport in the integer QH state and then
turn to the Laughlin states. We consider how the wave functions vary over the
parameter space Y = M, X Jac(X). Following the discussion in §2.3 it is especially
convenient to put the wave function in the form Eq. (2.24), which emphasizes the
holomorphic structure. For the integer QH state we can always choose the basis
51(z]y) in the space of holomorphic sections Hy(Z, L¥ ® K*), so that it depends
holomorphically on local complex coordinate y € Y. Then the integer QH state
S (3.1) transforms as a holomorphic section of the Quillen’s determinant line
bundle £ = det H*(S,, LF ® K;) over Y. The point-wise Hermitian norm of the
section det s;(2,,) and the L? norm is defined as before in Eq. (3.8). The adiabatic
connection and adiabatic curvature are then given by Eqns. (2.25), (2.26) and thus
the adiabatic curvature can be expressed in terms of the L? norm of the IQHE
state as

(5.16) R = —(0,0y1og Zy)idy A dy.

Here R carries no indices, since the integer QH state is not degenerate and is
a section of the line bundle. We can now compute (5.16) using the following
observation originally due to Avron-Seiler-Zograf [7]. We rewrite R as

Z
(5.17) R=— (ayag log WICAL) idy A dj — (0,05 log det’Ay) idy A dy,

and note that the first term here is the curvature R* of the Quillen metric on
L, where the latter is defined in Eq. (3.26). The formula for the curvature of
the Quillen metric is known in physics literature as the Quillen anomaly formula,
and it was first computed as part of the proof of the holomorphic factorisation of
string theory integration measure in Ref. [11], see also [87, 113] for mathematical
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references. For the Riemann surfaces the curvature of Quillen metric can be
written explicitly,

_ k 1
(5.18) RE = 2ndpn(Q—Q)Ldp— (Z(l —2s) — E(l -3(1- 25)2)X(2)> Qwp.
The first term here is the 2-form on Jac(X) written in complex coordinates (2.7)
and summation over indices labelling 1-cycles is understood. In real coordinates
on the Jacobian (2.5) the first term reads

g
2mdip A (Q - Q)7'dp =21 dig A g,
a=1

and thus corresponds to the flat Euclidean metric on the 2g dimensional torus.
The Weil-Petersson form Qu p on the moduli space of complex structures M,, for
constant scalar curvature metrics on X, enters the second term in Eq. (5.18) and
is defined as follows. The deformations of the metric, preserving the area of X,
along the moduli space have the form

0(g.zdzdz) = |dz + ofidz|* — g.zdzdz,

1
1_16u2 e Gzz
where dp = §u*.dz(dz)~! is the Beltrami differential with the weight (—1,1).
There exists [28] 3g — 3 independent holomorphic quadratic differentials n on
a surface of a genus g > 1 and the corresponding Beltrami differential du =
g ng:? f,dy, is characterized by 3g — 3 local complex coordinates y,. The
Kéhler (1,1) form on M, corresponding to the Weil-Petersson metric can be
written as

1 1 _
Qwp = — /(iéu AOfi)/gd*z = — / G nud®z idy” A di*.
21 Js T Js

We note that in the standard definition the scalar curvature R enters the inte-
grand, which is constant in our case R = 2x(2), and the factor of x(X) is already
present in the formula (5.18). On the sphere there are no solenoid phases and
the choice of complex structure is unique, so the corresponding moduli space is
just a point. On the torus Eq. (5.18) is still valid with the replacement of Weil-
Petersson form Qup by the Poincaré metric on M;, and setting s = 0. Indeed,
using the determinantal formula (3.10) we immediately obtain for the flat torus
and constant magnetic field,
Zy = (2)F,

where Z = Z(7,7, ¢, @) is the normalization Z-factor for one particle LLL states
on the torus Eq. (2.37). Next, the determinant of the laplacian for the line bun-
dle L* is moduli-independent constant (3.30), so the adiabatic curvature R and
Quillen curvature (5.18) coincide. Hence in the case of torus we obtain
doNdg  k2idr NdT

T—T 4 (1—7)2"

Rpe = Rbe = (—0,0;log Zy) idy A dj = 27
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in complete agreement with (2.45).

On higher genus surfaces the determinant of the laplacian depends on the
moduli in a nontrivial way. Namely for the constant scalar curvature metric on
¥, with g > 1 and for canonical line bundle L = K we have, according to Refs.
[29, 7],

[o¢]
(5.19) det’' A, = e=x(E) H H[l _ eiziilsanna<w>e—(j+k>zm)],
v oJ=1

Here the surface X is realized as an orbit space for a discrete subgroup I' of
SL(2,R) acting on upper half plane and v € I are primitive hyperbolic elements
of I representing conjugacy classes corresponding to closed geodesics on 3. Next,
n, counts the number of times the closed geodesic goes around the ath funda-
mental loop, [(7) is the length of geodesic, and ¢, is a constant. In the large k
limit the leading term (apart form the constant, irrelevant for the computation
of curvature) in logdet’Apx decays exponentially as e~#(min) wwhere Y, is the
length of the shortest geodesic. When the latter is bounded from zero, i.e., away
from the boundary of the moduli space, the second term in (5.16) represents small
fluctuations and R ~ R~ + O (e ¥ (min)) with exponential precision. However, the
exponential asymptotic of determinant changes to polynomial near the boundary
of the moduli space, see [28, §V.F|, where the second term in (5.16) starts to
play a more prominent role. This regime, where the Riemann surface becomes
singular, deserves to be understood in more detail. For recent work in QH states
on singular surfaces we refer to [72, 47, see also [4].

The formula (5.18) is can be read off directly from the anomalous part of the
generating functional written as the quadratic form (3.21). We write the variation
of the gauge connection along the moduli space as

§(A.dz) = 210p(Q — ) '@, §(AzdZ) = —270p(Q — Q) w,

and the second variation of the spin connection (the first variation vanishes) as
- 1 - 1
0N O(w.dz) = 5()z(éu Adf), A d(wsdz)dz = —Eag(w Adj)dz.

Computing the second variation of log Zg and plugging the above result is another
way to obtain Eq. (5.18),
(5.20) — (0,05 log Zg )idy A dy
1 . (1—2s) < _
== 0(A.dz) N 0(AzdZ) + g (A.dz 6 A S(wsd?) + c.c.)
s

™

1 _

fﬁ(l —3(1 — 25)%) (w2dz 6 A §(w:d?) + c.c.)) =R~

Here in the second and third term we applied integration by parts and then
projected the result onto the constant magnetic field and constant scalar curvature
metric.
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5.4 Geometric adiabatic transport for Laughlin states

Now we turn to the adiabatic curvature for the Laughlin states. On a Riemann
surface ¥ of genus g > 0 the number of Laughlin states is ng, = (%, as was
mentioned in §4.2. Thus Laughlin states transform as the sections of a vector
bundle of degree ng, over the parameter space Y. The adiabatic connection
on this vector bundle is projectively flat (2.27), which was demonstrated for the
Laughlin states on the torus in §4.2 (this is assumed to be the case for the higher-
genus surfaces as well). Then the adiabatic curvature can be determined from the
norm of the wave functions as in Eq. (2.28), or by analogy with the integer case,
from the generating functional

(5.21) Ry = Ry = —0py0 (0,05 log Zy, )idy A dj.

Now we can determine adiabatic curvature R applying the variational method
of Eq. (5.20) to the anomalous part of the generating functional (5.13). We
immediately obtain

(5.22) R =2mopdp A (2 — Q)" ldgp

— (§HN¢ — TIQCHX(Z)> QWP — (Oyay]-'ﬂ) 1dy A d]j,
where the constants oy, <y, cy are given in Eq. (5.14). The first two terms here
differ from Eq. (5.18) only in overall coefficients. The last term in (5.22) reduces
to the logarithm of the regularized determinant Fs—; = logdet’Ar, due to the
bosonisation formula, as was discussed before Eq. (4.27). The quantization ar-
gument for the Hall conductance in the integer case Eq. (2.44) will go through
for the Laughlin states if we can show that the last term is an exact (1, 1) from,
corresponding to small fluctuations at large Ny. We have already seen from the
1/N perturbation theory arguments [37] that F5 admits asymptotic expansion in
large magnetic field with coefficients given by local curvature invariants (5.15).
Since local terms are moduli-independent, 0,0;F3 is zero perturbatively, i.e., for
all terms in asymptotic 1/N, expansion. However exponential corrections of the
form e~N+/ are possible, where f can be a nontrivial function of the moduli (in
fact they appear already at § = 1 in the log determinant on higher-genus sur-
faces(5.19)). Since f is a function 0,0;F3 is exact, and the exponential suppression
means that the last term in (5.22) represents exponentially small fluctuations of
the adiabatic curvature. It would be interesting to check this indirect argument,
e.g. by computing Fz from its path integral representation (4.19).

We can now apply the general formula Eq. (5.22) to the torus, where we worked
out explicit expression for Zs in Eq. (4.37). Plugging Zy, = ¢”#Z5 in (5.21) we
obtain

do Ndp N, 2idr Nd7

5.2 =2
(5.23) R =270y - + 1 (=7

(0,05F5) idy A dy,
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in agreement with (5.22) at x(X) = 0 and j = 0. Now, by analogy with (2.44) the
first Chern class of the vector bundle of Laughlin states restricted to the Jacobian
Elr,, equals one,

1
(524) /1 CI(E‘TM) = /T[ ] gTrRrr’ = ﬂJH =1,
3

[#]

and thus the Hall conductance o = 1/ is a fraction in this case. This argument
in the fractional QHE was suggested in [95, 81].

As before in the integer case, the adiabatic transport on the moduli space
of complex structure of the torus gives rise to the anomalous viscosity and the
Hall viscosity coefficient is also proportional to the magnetic field flux ng = N, /4
(5.23), see Refs. [98, 99] and [89]. On the surfaces of genus g > 1 the corresponding
coefficient acquires the finite-size correction (5.22), proportional to ¢y, for ”Hall
central charge”, since it appears also as the coefficient in front of the Liouville
action (5.11).

5.5 Adiabatic phase and Chern-Simons action

We have already noticed the resemblance of the generating functional for the in-
teger QH state in the form Eq. (3.21) to the 2+1d Chern-Simons action. Effective
long-distance description of the quantum Hall effect in terms of Chern-Simons
theory goes back to [106, 40, 41]. The gravitational Chern-Simons term in 2+1d,
corresponding to the 2d gravitational anomaly term in Eq. (3.21), was derived only
recently [1, 44, 46]. Following Ref. [66] we recall how Chern-Simons functional
arises from the adiabatic curvature (5.16), and more precisely from the Quillen
anomaly part of the adiabatic curvature R (5.18).

We shall now consider the family of surfaces ¥, parameterized by y € Y and
the space M which is the union of all ¥, over Y (sometimes M is called "the
universal curve”). In particular, the dimension of M equals dim M = dimY + 2
where 2 is the dimension of the Riemann surface. We consider also the family of
line bundles LI; ® K, — %y, y € Y. The union of all such line bundles extends
to the holomorphic line bundle E over M, and Hermitian metric h* extends to
the Hermitian metric A% on E. We denote the curvature of the metric hf as F'E.
We also consider the extension of the union of tangent bundles T'Y,, to the bundle
TM|Y, which is still a line bundle (as opposed to the usual tangent bundle T'M).
Let ¢™1Y be a smooth Hermitian metric on TM|Y and Ry be its curvature
2-form.

The following formula for the curvature of the Quillen determinant line bundle
R is due to Bismut-Gillet-Soulé [17, Thm. 1.27], see also [16],

(5.25) RF = —2mi /A - [Ch(E)Td(TM|Y)] -
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The notation M|Y means that the integration goes over the fibers in the fibration
o : M — Y, ie., over the spaces ¥, at y fixed. The expression in the brackets
is a form of mixed degree on M, Ch is the Chern character an Td is the Todd
class, see e.g. [43] for standard definitions. The subscript (4) means that only the
4-form component of the integrand is retained, and after the integration we end
up with the 2-form on Y. In order to apply the results of Ref. [17] in our context
we need to check that the fibration o : M — Y is locally Kéahler, which turns out
to be the case, as explained in Ref. [66].

Next, we choose an adiabatic process, which is a smooth closed contour C € Y.
When the wave function (in this context we are talking only about the integer QH
state) is transported around the contour, we can compute the geometric part of
the adiabatic phase (corresponding to RX) as /i e A, where the connection 1-form
AF on L can be computed using the formula (5.25) locally as R* = d.A.

First, we need to write down the integrand in Eq. (5.25) explicitly in our case.
Since we are interested only in the 4-form part in the integrand, we expand the
Chern character form Ch(E) and the Todd form Td(T'M|Y) up to the 4-form
order and restrict to the line bundle case (i.e., setting co(E) = co(TM|Y) = 0),

Ch(E) =1+ cl(E) + %cf(E) +

1
TATMY) =1+ (’1 (TM|Y) + —rl(TM\Y)
where the forms representing first Chern classes read
((B) = T FE, ey(TM) = Ty RTM
2 2

Also we split the curvature 2-form of the bundle £ as: F¥ = F — SRy where
F now refers to the part of the curvature 2-form corresponding to the line bundle
L* — M, which is the union of all bundles Lt — %,. Using the composition
property Ch(E ® E') = Ch(E) - Ch(£") for the product of two bundles E, E', we
obtain

Ch(L* ® K*) =1+ ¢|(L*) — sc,(TM|Y) — scy (LF) e (TM[Y)
1
+ §(cf(Lk) + G (TMY)) +
Then the curvature formula (5.25) specified to our case reads

L/ [F/\F+(1—2$)F/\RTM‘Y
MY

2 £—

(5.26) R i
1—2s 1

+ (Q ) Rramy ARrumpy | -

4 12
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Now we introduce notations for the one forms F' = dAy and Rryy = dwy)
on M. Locally we can write the integrand as the derivative of the Chern-Simons
term )
o
T dn

RE / dnCS(Awny, wan),
MY

and use the formula for the commutation of the exterior derivative with the inte-
gral along the fiber [43, Eq. (1.17)], dy fM|Y a = dya, in order to show that

1
(5.27) /.AE = CS(A(M),Q)(M))
c 4m Jo-1(c)
1 1-2s 1-2s)? 1
= ANdA+ ——(ANdw+dAN —_— = dw .
e ANdA+ 5 (AN dw + w) + ( 1 12>wA w

The notation o~!(C) means that the integration goes over the 2 + 1d space with
one dimension along the contour and two dimensions along the fiber ¥, at the
point y € Y. Here A and w are 2 4+ 1d connection 1-forms with components
along the fiber retained and third component Ay is the projection on the contour
Apdt = Aydy + Azdy where ¢ is a parameter along the contour.

Thus Eq. (5.27) is a formal derivation of the Chern-Simons action, which here
has the meaning of the adiabatic phase acquired upon the transport of integer
QH state along a contour C € in the parameter space. We note that the full
formula for adiabatic curvature Eq. (5.17) has also the exact form contribution
due to determinant, which will also lead to a contribution to the phase, which is
not reflected in Eq. (5.27) (by analogy with the discussion around Eq. (5.19), we
can argue that this part is exponentially small for large magnetic fields).

6 Appendix

Out notations for theta functions follow Mumford [80]. Theta function with char-
acteristics

(6.1) ¥ { Z } (z2,7) = Zexp (mi(n+ a)’t + 2mi(n + a)(z + b)),

nez

where a,b € R. Their transformation property under the lattice shifts
(62) 9 |: Z :| (Z—‘rtl + 197, 7') = c*iﬂt%7'727rit22+2ﬂ'i(at1*btﬂg)ﬁ |: Z :| (277_)7 t,ts € 7.

We use the standard notation

91 (2,7) :19{

(ST

} (2,7).
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Another useful lattice shift formula

N
B
H(ﬂl(zf - Z“T)) |zm~>zm+t1+t27
j<l
N
(6.3) — mimTEB(N=1)+mi(t1-+t2) BN+1) —2mit2 BN 2+ 2mits Bzem H Oy (2 — Zl’T))B
j<l

Poisson summation formula

(64) \/~ Z 7% m+2m 2 _ Ze—wAnz-f—Bn.

m/'€L nez

Modular transformation formulas:

05 0| | mamiren) - *"“’L‘“"*”ﬂ[bm?ﬁi)}vaﬂv

btc—1

a E _ l Z 7r2m +27r2ab m
(6.6) o |: b } (mT, mT) =\ 219 (mz,mr),

(6.7)  n(r+1)=enn(r),

N
6.9 J](0(z = 2.7 +1))" =¥V 1>H (9(z — z,7))’,

g<i <l
N

 fioe )

<l

N(N—l) N

T Wz — )

<l

Modular group action on Laughlin states (4.35-4.37),
T o F({a}le.7) = Up B (o, 7)

TN Ng—1)+ T (r4e—BA+E) (r—e+(2-B)A+4
where Ug;/ _ 5”/612( = 1)+ (rte—BA+5) (r—e+( ‘)/\+2)7

N N

To Hh(];[°(zl,21) = Hhév‘b(zhél),
=1 =1

To ZB(QO, P, T, 77—) = ZB(@v @, 7—777—)7

wiN, 2 ; i 2
So F({a}e, ) = (V—=it)Ne . o Tt A T et Z US, F2* ({z}|, 1),

r'=1
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where  US Le—%‘zvo(zv_n_% (e+8(3-0) (s+8(3-3) B (r2e)

el \/B
i wiNg

N N
N, _ _miNg 2 52 2mi 2mi s~ N, _
So | I ho®(z,2) =e = YAt 5 rempt 2 Zem @ I I hYe (2, 2),
=1 =1

,152
SoZs(e,@,7,7) = (VTT)Vo €5 7 5 T - Zg(p, 5,7, 7).
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Companion cluster algebras to
a generalized cluster algebra

by Tomoki Nakanishi and Dylan Rupel

Abstract

We study the c-vectors, g-vectors, and F-polynomials for generalized
cluster algebras satisfying a normalization condition and a power condition
recovering classical recursions and separation of additions formulas. We es-
tablish a relationship between the c-vectors, g-vectors, and F-polynomials
of such a generalized cluster algebra and its (left- and right-) companion
cluster algebras. Our main result states that the cluster variables and coef-
ficients of the (left- and right-) companion cluster algebras can be recovered
via a specialization of the F-polynomials.

1 Introduction

Cluster algebras have risen to prominence as the correct algebraic/combinatorial
language for describing a certain class of recursive calculations. These recursions
appear in many forms across various disciplines including Poisson geometry [GSV],
combinatorics [MP], hyperbolic geometry [FG, FST, MSW], representation theory
of associative algebras [CC, CK, BMRRT, R1, Q, R2], mathematical physics [EF],
and quantum groups [K, GLS, KQ, BR]. In the current standard theory a product
of cluster variables, one known and one unknown, is equal to a binomial in other
known quantities. Recently examples have emerged in the context of hyperbolic
orbifolds [CS], exact WKB analysis [IN], and quantum groups [G, BGR] that
require a more general setup: these binomial exchange relations should be replaced
by polynomial exchange relations.

The general study of such generalized cluster algebras was initiated by Chekhov
and Shapiro [CS] where an analogue of the classical Laurent Phenomenon was
established. Following these developments, the first author [N] studied the ana-
logues of c-vectors, g-vectors, and F-polynomials for a class of generalized cluster
algebras satisfying a normalization condition and a reciprocity condition. In that
work, relationships between these ¢- and g-vectors with the corresponding quan-
tities for certain companion cluster algebras were established. Our goal in the
present paper is to extend these results to the case when the reciprocity condition



130 Tomoki Nakanishi and Dylan Rupel

is replaced by a weaker power condition and to clarify the corresponding relation-
ships between F-polynomials, z-variables, and y-variables. The main message of
this note, continuing from [NJ, is as follows: the generalized cluster algebras are as
good and natural as ordinary cluster algebras. Also in this direction, analogues of
the classical greedy bases from [LLZ] have been constructed for rank 2 generalized
cluster algebras by the second author [R3].

In order to state our main theorem we will need to fix some notation. A
cluster algebra A(x,y,B) C F is defined recursively from the initial data of a
seed (x,y, B) where y = (y1,...,¥,) is a collection of elements from a semifield P,
x = (x1,...,x,) is a collection of algebraically independent elements in a degree
n purely transcendental extension F of QP (in particular, we may identify F with
the rational function field QP(x)) where QP is the field of fractions of the group
ring ZP, and B = (b;) is a skew-symmetrizable n x n matrix. A generalized
cluster algebra A = A(x,y, B,Z) C F requires the additional data of a collection
of exchange polynomials Z = (Z1, ..., Z,) where

d
Zi(u) = zip + zipu+ -+ Zg1u a=l g AT

with each z;, € P and 29 = 24, = 1. Write z = (2;5) (1 <i<n,0<s<d;).

Write D = (d;d;;) for the diagonal n x n matrix. Denote by x'/4 the collection
(z/™ .. 2¥/™) in the extension field QP(x"/9) of F. Define the left-companion
cluster algcbm ZA of A to be the cluster algebra A(xY/4y, DB) C QP(x/).
Write (xt, Ly?, IB*) for the seed associated to vertex t € T, in the construction
of “A and denote by 'c}, 'g!, and “F} the c-vectors, g-vectors, and F-polynomials
of A.

Let 2" = (2P1") where 2P = (). Then we write 2! ), m € Fandyt| _ . €
P for the variables obtained by applying equations (3 15) and (3.14) respec-
tively using the specialized F-polynomials F ]t(y7 z"") in place of the generic F-
polynomials F’ ]'-f(y7 z). Our first main result is the following.

i

Theorem 1.1. We have zf| _ ;. = (th) and yt|_ . ="t

Denote by y9 for the collection (y, ..., yd) in P. Define the right-companion
cluster algebra TA of A to be the cluster algebra A(x,y9, BD) C QP(x). Write
(Bxt, Byt EB!) for the seed associated to vertex ¢t € T, in the construction of 4
(see Section 2 for details).

Write xf|z:0 € F and y;|z:0 € P for the variables obtained by applying equa-
tions (3.15) and (3.14) respectively using the specialized F-polynomials F}(y, 0)
in place of the generic F-polynomials F}(y,z)A Our second main result is the
following.

)d7:Rt,

Theorem 1.2. We have at|,_ = "at and (y! Yt

J1z=0
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2 Cluster Algebras

A semifield is a multiplicative abelian group (P,-) together with an auxiliary
addition @ : P x P — P which is associative, commutative and satisfies the usual
distributivity with the multiplication of P. Write ZP for the group ring of P.
Since PP is necessarily torsion-free (see e.g. [FZ1, Sec. 5]), ZP is a domain [FZ1,
Sec. 2] and we write QP for its field of fractions. There are two main examples
of semifields that will be most relevant for our purposes.

Example 2.1.

1. The universal semifield Qg (y1,- .., yn) is the set of rational functions in the
variables ¥, .. .,y, which can be written in a subtraction-free form. Addi-
tion and multiplication in the universal semifield are the ordinary operations
on rational functions. The semifield Qg (y1, ..., ¥,) is universal in the fol-
lowing sense. Each element of Qg (y1,...,y,) can be written as a ratio of
positive polynomials in Zso[y1, . - . , Y»] so that for any other semifield P there
is a specialization homomorphism Qg (y1, - . ., yn) — P, given by y; — p; and
1+ 1, which respects the semifield structure for any choice of py, ..., p, € P.

2. The tropical semifield Trop(yi,...,y,) is the free (multiplicative) abelian
group generated by v, ..., y, with auxiliary addition & defined by

n

n n

a b min(a;,b;)
[Tvye [Tw =TTv™""
=1 =1

J=1

The group ring of P = Trop(yi,...,¥,) is the Laurent polynomial ring
Zlyi',. - yx'] while QP = Q1 - -, yn).-

Fix a semifield P and write F = QP(wy, ..., w,) for the field of rational func-
tions in algebraically independent variables wy, ..., w,. A (labeled) seed (x,y, B)
over P consists of the following data:

e an algebraically independent collection x = (z1,...,2,), called a cluster,
consisting of elements from F called cluster variables or x-variables;

e a collection y = (yi1,...,y,) of elements from P called coefficients or y-
variables;

e an n X n skew-symmetrizable matrix B = (b;;) called the exchange matriz.

The main ingredient in the definition of a cluster algebra is the notion of
mutation for seeds. For notational convenience we abbreviate [b]. = max(b,0).

Definition 2.2. For 1 < k < n we define the seed mutation in direction k by
p(x,y, B) = (x',y', B') where
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1¥n

mined using the ezchange relation:

ol Y1 E G o
(2.1) Tk = (HLE blk“)iﬂ e = ui | [ =0
169 Yk i=1

=1

e the cluster x' = (zf,..., ) is given by z; = x; for ¢ # k and z}, is deter-

o the coefficient tuple y' = (y,....4,) is given by y = y; ' and for j # k we
set

b, —b,
(2.2) vy =y (o)

o the matrix B’ = (bj;) is given by

(2.3) b = —bi; it = ko j =k
bij + [bik]4brs + b [—brj]l+  otherwise.

Write T, for the n-regular tree with edges labeled by the set {1,...,n} so that

the n edges emanating from each vertex receive different labels. We write ¢ Foy
to denote two vertices ¢ and ¢’ of T,, connected by an edge labeled by k. A cluster
pattern ¥ over IP is an assignment of a seed ! to each vertex ¢ € T,, such that
whenever ¢ = ' we have wpXt = XY that is X* and X are related by the seed
mutation in direction k whenever ¢ and ¢’ are adjoined by an edge labeled by k.
Fix a choice of initial vertex to, we will write X' = (x,y, B) while for an arbitrary
vertex t € T,, we write Xt = (x,y?, BY) where

x'=(y.am), Y =), BY=(0))

Note that every seed Xt for ¢ € T, is uniquely determined once we have spec-
ified ¥, Moreover, it is important to note that the exchange matrices B! are
independent of the initial choice of x and y.

Definition 2.3. The cluster algebra A(x,y, B) is the ZP-subalgebra of F gener-
ated by all cluster variables from seeds appearing in the cluster pattern X, more
precisely

A(x,y,B) =ZPlz}: t € T,,1 <i<n]CF.

A priori the most one can say about these constructions is that the cluster
variables z! admit a description as subtraction-free rational expressions in the
cluster variables of x with coefficients in ZP and that the coefficients yj- admit a
description as subtraction-free rational expressions in Qg (y). More precisely, to
see this claim for z! we may, for each initial seed (x,y, B),

e replace the z- and y-variables by formal indeterminants (which by abuse of
notation we denote by the same symbols);
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e replace the semifield P by the tropical semifield Trop(y);

e replace F by Q(x,y) and opt to perform all calculations here.

Since no subtraction occurs in the recursions (2.1), we obtain in this way X-

functions X! € Qu(x,y). Alternatively performing the y-mutations (2.2) inside

Qut(y) we obtain Y -functions th € Qu(y). By the universality of the semifield

Qst(y) we may recover the original coefficient y; by the specialization Yﬂp. Taking

n t

this specialization where P = Trop(y) we obtain monomials Yf|Tmp(y) =11 yic”
’ i=1

where we write C! for the resulting matrix whose columns ¢ € Z" are called
c-vectors. Note that the c-vectors only depend on the initial exchange matrix B
and not on the choice of initial cluster x.

Proposition 2.4. [FZ}, Eq. 5.9] The c-vectors satisfy the following recurrence
relation for t LR
. ifj =k
(2.4) cﬁj =9, k . R
cij + Clbigls + [=cil+biy i 5 # k-

Obtaining the cluster variable z! from X} is more interesting and will be dis-
cussed further below. As a first step toward this goal, we note that the cluster
algebra A admits the following remarkable “Laurent Phenomenon”.

Theorem 2.5. [FZ1, Th. 3.1] Fiz an initial seed (x,y, B) over a semifield P. For
any vertex t € T, each cluster variable z} can be expressed as a Laurent polynomial
in X with coefficients in ZP.

For a seed (x,y, B) over P = Trop(y) we may apply Theorem 2.5 to write

each X-function as an element of Z[x*!, y*!]. Moreover, y-variables never appear

in the denominators of the X-functions.
Proposition 2.6. [FZ/, Prop. 3.6] Each X -function X} is contained in Z[x*",y].

In fact, the X-functions are homogeneous with respect to a certain Z"-grading
on Z[x*!,y]. Write b; € Z" for the j*" column of B.

Proposition 2.7. [FZj, Prop. 6.1, Prop. 6.6] Under the Z"-grading
deg(z;) = e; and deg(y;) = —b;,
each X-function is homogeneous and we write deg (X!) = g} = Xn:lgfjei. More-
over, these g-vectors satisfy the following recurrence relation for tii t':
95 ifj#k;
— g + égfz[_bikh - i Vigl—cil+ if j =k

(2.5) ij =
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Following Proposition 2.6 we may define F'-polynomials F!(y) € Zly] via the
specialization F{(y) = X}(1,y), i.e. by setting all initial cluster variables z; to 1.
The F-polynomials satisfy a recurrence relation analogous to (2.1).
Proposition 2.8. [FZj, Prop. 5.1] The F-polynomials satisfy the following re-

currence relation for t L t':
, F} if j#k:
2. F = c - C 3 po.
20 5 ( H g (EnT ) <1+ IT s (Ff)b“') ifj =k
i=1

Notice that each F-polynomial admits an expression as a subtraction-free ra-
tional expression and thus may be considered as an element of Q«(y), in particular
the specialization Fi‘}P makes sense for any semifield P. With this we may obtain
a description of the y-variables in terms of the c-vectors and the specializations
of the F-polynomials.

Theorem 2.9. [FZ/, Prop. 3.13] Fiz an initial seed (x,y, B) over a semifield P.
For any vertex t € T, each coefficient y} of A(x,y, B) can be computed as

:(Hﬁ)ﬂﬁmwf
i=1 i=1

Finally, we obtain a “separation of additions” formula for the cluster variables
z! in terms of the g-vectors and the F-polynomials.

Theorem 2.10. [FZ/, Cor. 6.3] Fiz an initial seed (x,y, B) over a semifield P.
For any vertex t € T,, each cluster variable x; of A(x,y, B) can be computed as

o\ FH )
ot o 9ij JI\F
”‘(H”)@mw'

i=1

3 Generalized Cluster Algebras

Let (x,y, B) be a seed over the semifield P. Fix a collection Z = (Z1,...,Z,) of
positive degree exchange polynomials

Zi(u) = zio+ zigu+ -+ Zig, a4 g d; u € 7P[u)

such that z;, € P for 0 < s < d; and 2,0 = 2;4, = 1. It will often be convenient
to write z = (z;,) with 1 <4 < nand 0 < s < d; for the coefficients of the
polynomials Z;. Write Z;(u) = u%Z;(u™") for the exchange polynomial with
coefficients reversed. Together we call ¥ = (x,y, B,Z) a generalized seed over
P. The additional data of the polynomials Z allows to generalize the notion of
seed mutation in such a way that all nice properties and constructions related to
cluster algebras in section 2 carry over to the new setting.
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Definition 3.1. For 1 < k < n we define the generalized seed mutation in direc-
tion k by pr(x,y, B,Z) = (x',y’, B',Z') where

e the cluster x’ = (zf,...,2}) is given by @} = x; for i # k and z), is deter-

mined using the exchange relation:

Z
(3.1) xﬁcxk:(nx[ bl ) ﬂ7 yk_kafU

| (yx)

e the coefficient tuple y' = (v}, ...,y,) is given by vy} = y,* and for j # k we
set

(3.2) v =y (ydk) bl 7 Re W)t

o the matrix B’ = (bj;) is given by

(3.3) b, = —by; if i = k or § = k;
bij + [bik]+ drbrj + birdi[—by;]+  otherwise.

e the exchange polynomials Z' = (Z1,..., 7)) are given by Z! = Z; for i # k

n

and Z], = Z, writing this relation purely in terms of coefficients gives

/o ; . A
Zis = Zis for i 7£ k and Zks = Rhdp—s-

One may easily check that the g-variables mutate in the same way as the
y-variables, namely ¢, = ;' and for j # k we have

(3.4) i = 0 )™ 2™

As a first indication that this definition is correct we verify that ;i3 = 3.
Proposition 3.2. The generalized seed mutation juy, is involutive.
Proof. Consider the generalized seed mutations

(x,y,B,Z) = m(x,y,B,Z) and (x",y",B",Z")=u.(x,y' B ,Z).
To begin note that !/ = 2} = z; for i # k and (92)7 = . Then 7} is given by

n , Z n d’s /\_de ~ )
R x%(H(l.g)[—bikh) R = (H‘L ) Zﬁcd’ ik (9x)

i=1 Zk}]? yk i=1 Y ka|JP’(yk)

= i - [_bik-]+*b,k> Zk yk _ < - 2 ’)u]+)dk Zk(gk) =
JLZ(H% Z| oy 1;[ ’ AR o

i=1
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Also yl = (y;)™! = yx, while for j # k we have

A\ [V ]+ 7= v
Y =y () ™)™ Z (i) "
bkj

= 5 () " Z | ()0 () T <y,§ dek‘p(?/’C)) =y

To see that the matrix mutation is involutive notice that we may apply the
classical matrix mutation (2.3) to obtain exchange matrices (DB)" and (BD)
where D = (d;d;;). Then it is immediate from (3.3) that we have DB’ = (DB)’
and B'D = (BD)', the involutivity of matrix mutation (3.3) follows. Finally the
equality Z” = Z is immediate from the definitions. O

The generalized seeds and their mutations we have defined here are a special-
ization of the setup in [CS]. There a generalized seed over P is a triple (x, p, B)
where x is a cluster, B is an exchange matrix, and p = (p; ), where 1 <7 <n and
0 < s < d;, is a collection of elements of P. The mutation pu(x, p, B) = (x',p’, B)
is given by replacing (3.1) with

n dy, di n
(3.5) oy, = (H d—b,kn) S g, wp= [
=1 5=0 i—1
and by replacing (3.2) with
[brj]+
/ p;s DPj,s (pk,dk ) B sbyj
Dhs = Phdp—s and ——= === —=% P
b £ Pio  Pio \ Pro k0

Our generalized seed mutations can be related to the more general setting of
[CS] by defining

s
Z’i,syi

Zi| o (2)

(3.6) PDis =

where we note the identities

d;
Pri.=1 and Dk _
5=0 Di

Proposition 3.3. Generalized seeds of the form (x,y, B,Z) are in bijection with
generalized seeds of the form (x,p, B) satisfying

d;

1. (normalization condition) @ p;s = 1;
s=0

P,

2. (power condition) ﬁ =y% for some y; € P.
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Moreover, this bijection is compatible with mutations.

Remark 3.4. Such y; as in (2) is unique since PP is torsion-free, i.e. if (y)% = y&

then (1)d =1 and so i =1.
Proof. For a generalized seed (x,y, B, Z) define p; ; asin (3.6). Write (x,y’, B, Z') =
pe(x,y, B, Z) and again use (3.6) to define p;  in terms of this seed. Then we
have

, 2,5 (U3)°  Zhde-sYr© Zk,drsyﬁ“s

Prs = = = = = Pk,dp—s
Zel,(Wh) v ™2 »(Yk) Zi|p () *

while for j # k we have

. 2 (yh)s 7 ! s . X slbws]+
o L SV TR _ ()0 i) = B (2 )

Pio  Zi.)  Zo Pjo \ Do

as desired.

Conversely, let (x, p, B) be a generalized seed satisfying (1) and (2) where we
define y; using (2). Set z;5 = y; S;f =2, Notice that the definitions immediately
imply 2,0 = 24, = 1. Since p; s = éi,syfpi’o, by the normalization condition we
have p;(]l = Zi|p(y;) where we write Z; = 20 + ziqu + -+ + 2iq,_1ub 7t + 2 gou.
Write (%', p’, B') = ux(x,p, B) so that we may define y; and 2z, as above using
this generalized seed. Then we have '

/
( /)dk ~ Pra,  Pro  _a
Yk ) - -
Pko Dk.dy,

while for j # k we have

Pia, D (Pra \ " an, o [bws] o \%
(y;)dj = ﬁ = ﬁ pTO’C pkj,o}kj =y (ykk) kj +Zk|P(yk) br; ,
J 75 )

so the coefficients mutate as desired. Similarly we have

Dy Phdj— Pk,dy—s Pk,0 - -

1 oaN—stks _ sPkdp—s _  sPkdi—s 0 s dp—s di _

s = W) T = =R SRS hde-sY = Phdi—s
Pro Pkdy, Pko  Pk.dy

and for j # k we have

b N o\ s (Pra )
Z, — y/' —s2s (y Yy k) ki +Zk n - k]) ﬁ( B Ic) p-“kj =z
Jrs ( ]) Yo ]( k ) |1}>( ) Pio \ Dro k,0 s

75

as desired. |
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A generalized cluster pattern ¥ over P is in assignment of a generalized seed

¢ to each vertex t € T, such that whenever t — ¢ we have Xt = X As for
cluster algebras, the entire generalized cluster pattern X is uniquely determined
from any choice of initial seed X = (x,y,B,Z). We maintain the notation
¥t = (x',y?, BY, Z") from above where we write Z* = (Z%,..., Z}).

Definition 3.5. The generalized cluster algebra A = A(x,y,B,Z) is the ZP-
subalgebra of F generated by all cluster variables from seeds appearing in the
generalized cluster pattern 3, more precisely

A(x,y,B,Z) =ZP[z! :t € T,,1 <i<n]C F.

The main feature of cluster algebras to which one might attribute their ubiq-
uity is the Laurent Phenomenon, a first indication that generalized cluster algebras
will find themselves as useful is the following consequence of Proposition 3.3 and
[CS, Th. 2.5].

Corollary 3.6. Fiz an initial generalized seed (x,y, B,Z) over a semifield P. For
any vertex t € T,, each cluster variable zt can be expressed as a Laurent polynomial
of x with coefficients in ZP.

Example 3.7. Consider the rank 2 generalized seed (x,y, B,Z) over P where
x = (oo y = now) B = | 3 ] a2 = (21,20 where 21(0) =
1+ 2zu + 2u? +u? and Zy(u) = 1 + u. In this case we have §; = y175 and
G = yory . Write X(1) = (x(1),y(1), B(1), Z(1)) for the initial generalized seed
(x,y,B,Z) and define seeds X(t) for ¢t = 2,...,9 inductively via the alternating
mutation sequence below:
(3.7)
Y1) &5 5(2) £ 2(3) £ 2(4) £5 0(5) £ 2(6) £ 2(7) &5 2(8) £ 2(9).
Then the exchange matrices and exchange polynomials of these generalized seeds
are given by
Zy if t is odd;
B(t)=(—1)"*'B,  Zy(t) =2, and Z(t)={2" P
Zy if t is even.
The resulting cluster variables and coefficients are presented in Table 1.

Following the same formal procedure as in section 2, we may define X -functions
X! € Qy(x,y,2) and Y-functions Y} € Qy(y, z) by computing x} and y;, respec-
tively, in the field Q(x, y, z) where x, y, and z represent collections of formal inde-
terminants. Using that z;0 = 2;4, = 1, the specialization of the Y-functions in the

n t
tropical semifield P = Trop(y, z) again produces monomials Y} | Trop(y.2) :'1_[1 Y
-

where we write C* for the resulting matrix whose columns c§ € Z™ we continue to
call c-vectors.
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z1(1) = a1 yi(1) =m
y2(1) = y2

_ o —1ldmin e+t _ -1
#1(2) = 2, 1&z1y1 82201 Y37 vi1(2) =, -
y2(2) = y2(1 ® 2191 © 2297 S yf)

L -
29(3) = @y | 1r2 kA 0102t 2ad  BatIys 12B) =y ' (1& 21y & 2oy S yd) !
1By2Bz1y1y2P 2207 Y2DYT Y2
14302+393 +93+221 9192 +421 9193 +221 0198 +2207 G2+ 2707 93 +32207 93 +27 0793 +22297 93
21(4) = 2ya5® +317fy;?+23122@fy2+217f175+22212217?17‘522117‘1‘1@+2zlg{121752+2217‘1‘1725+222221’123331761’175 -
2 103y2©3y3Oy3 D221 y1y2 0421 Y193 B221 Y193 ©22yT y2©27 T y3 B320yT y3 B2 yT vs B220u7 v3

2,43 5,3

- 724 23
I e Y e 4 .
13) =27 5. ematand y1(3) =y (1@ y2 ® 215192 © 2003 y2 D 3 yo)
" e st
ebBy‘}y%@n;zy?y%@y?y%@QH zyfyiezivivs o2ty o3yl vi o220yl vl eyl
2a(4) = gL 02 t210102 42251 92493 52
2 1@y2®21v1v2B2205v2DY v2

y1(4) =y1(1®y2 @ 219192 © z2ydys ® yiy2) 7!

-3, —1
y2(4) = y7 2y (1 By2 @ 3y3 ® ¥ @ 2219192 ® 4z1y193 B 2215193
2 2,22 2,2 2,2,3 W23
Bz2y1y2 © 21Y1Y3 © 3220705 D 21Y1Vs B 2224115
3,2 3.3 @ 2
©r12297y3 © 22122933 © 3yl @ 2ufyS
4,2 03 0y 52,43 5,3 6,3
©21y1y3 D 22191Y5 D 23Y1Y5 D 2220795 D YT Y3)
14372 +395 +95 +221 91 92 +421 91 93 +2219195 + 2207 Jo+27 97 93 +32207 93 +27 97 93 +2=
95352 4352 5s3 .3 | 2353 0452 o, 437 2:4.8 "o 05537 263
+397 95 +212297 95 +297 95 +2212297 95 +2191 95 +22197 95 +2597 95 +22297 95 +97 I
163y2 ®3y3 By3 ©221y1v20421y1¥3 6221 y1 V5 92291 y2 927 ¥ ¥3 B322y7 ¥3 B2 Y1 V5 ©222U7 U3
3,2 3,2 3,3 3,3 4,2 4,3 2,4,3 5,3 6,3
€>3y12y;@21Z2y1y2®2y21y2632’;1222y Y5 Dz1Y1Y3 9221y Y5 P25y ¥5 B22297 Y5 By vh
20(5) = wywy 2 20208 k10100210103 +2203 03 4075
2 1€92y2@vg@21y1v2@21y1y2@22y1u2@yfy§

2223
9105

z1(5) = xw;s

=2, —1 2 2 2,2 2
y1(5) = y1 2y5 (1 ® 22 ® y3 ® z1y1y2 ® z1y192 @ 2292y3 B yPy2)
y2(5) = yiy2(1 @ 3y2 @ 3y2 B Y3 & 2219192 ® 4210193 © 2210193
@220 Y2 & 23yivd @ 3z003y3 @ 23yTus @ 2220703
2 2
®3yTys @ 21220315 © 2093 ® 221200703
D21y1y3 © 221913 ® 233 @ 22003 B yfu3) 7!
21(6) = a2q; 3 L3I BIH G211 90+ 20 01 05t 2191 0 +00] 08 200 0840} 0
172 193y2B3y3Dy3 B21y1¥20221V1V3 02113 ©2203 Y3 B22y Y3 DY U3
29(6) = 1oy 2 L2005 210002 421510+ 200 934010
. 1%2 1B2y2 By5Pz1v1Y2B21Y1¥5P22y7 Y5 DYy v:

y1(6) = y3y2(1© 202 ® Y3 B 219192 & 219193 © 22y3y3 S yiy3) ™!
y2(6) = y1 2y5 2(1 @ 3y2 @ 3y3 @ 3 @ 219192 © 2219193 © 21193
©z2yiys © 2247Y3 D yiy3)

21(7) = a2a3® 14302 +393 +93 +21 0192 +221 9193 +2191 95 +2207 93 +2297 93 +97 93
1%2 iéBii:l/zGB'dygéByS@Qy1y2®221y1u2@21y1y%@22y1!/26922'!/11/2@!/{:1/2

1143

22(7) = z175 +02

18y2
n(M =yl (18 )
y2(7) = y3y3 (1 @ 3y2 D 3y3 D Y3 @ 21y1y2 ® 2219193 © 21Y193
Br21iy3 ® 2207Y5 © yiys)
z1(8) = =1 . y1(8) = y1y2(1®y2) ™!
©2(8) = mray L 1L v2(8) = v
21(9) = 21 (9= 0
@2(9) = 2 y2(9) = v2

Table 1: Cluster variables and coefficients for the mutation sequence (3.7).
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Proposition 3.8. (¢f. [N, Prop. 3.8]) The c-vectors satisfy the following recur-
rence relation fort L

[ ifj = ki
(3:8) Céj Y\ . ¢ ¢ ¢ t e
iy chldibiy)y + el dibl;  if 5 # k.

Remark 3.9. It immediately follows that the c-vectors of A(x,y, B,Z) do not
depend on the choice of exchange polynomials Z, only their degrees.

As in section 2 the X-functions become particularly nice.

Proposition 3.10. (¢f. [N, Prop. 3.3]) Each X-function X} is contained in
Zix* )y, z).

Using essentially the same Z"-grading these X-functions will once again be
homogeneous.

Proposition 3.11. (¢f. [N, Prop. 3.15]) Under the Z"-grading

deg(z;) = ey, deg(y;) = —b;, and deg(z;5) = 0,

each X -function is homogeneous and we write deg (X!) = gl = Z:] gi;ei. More-
over, these g-vectors satisfy the following recurrence relation for t LR
95 ifj #k;
g’L — n n . .
! —gi + ZZ Giol =Vl — > Vigl—ciudil+  if j=F.
=1

Remark 3.12. It immediately follows that the g-vectors of A(x,y, B, Z) also do
not depend on the choice of exchange polynomials Z, only their degrees.

Continuing to follow the developments of section 2 we may define F-polynomials
Fl(y,z) € Zly,z] by specializing all cluster variables z; to 1 in the X-functions,
ie. Fl(y,z) = X!(1,y,2).

Proposition 3.13. (¢f. [N, Prop. 3.12]) The F-polynomials satisfy the following
recurrence relation for t L t:
! itk

v n t d n it
(3:9) £ = (F,ﬁ)‘l(Hyﬁ”*“(ﬂf)[‘b?k“) z( Hy;*(ﬂ‘)bik) yi=kh.
i=1

i=1

The coefficients y§- can still be computed using the c-vectors and F-polynomials.
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Theorem 3.14. (¢f. [N, Th. 3.23]) Fiz an initial generalized seed (x,y,B,Z)
over a semifield P. For any vertex t € T,, each coefficient y; of A(x,y, B,Z) can
be computed as

(3.10) = (116" ) I Pty
i=1 i=1

Finally the separation of additions formula still holds for cluster variables of

‘A(X7Y7 B7 Z)

Theorem 3.15. (¢f. [N, Th. 3.24]) Fiz an initial generalized seed (x,y,B,Z)
over a semifield P. For any vertex t € T,, each cluster variable ’I‘; of A(x,y,B,Z)
can be computed as

T\ Bl 2)
(3.11) ot = ( 197>L
~( Fifo(y.2)

i=1

n
where Y = Y H xf’k‘
i=1

Example 3.16. Following Theorems 3.14 and 3.15 we may immediately extract
the C-matrix, G-matrix, and F-polynomials associated to each of the seeds X (¢)
in Example 3.7. Writing C(¢t), G(t), and F(t) for these quantities associated to
the generalized seed X(t) we obtain Table 2.

4 Companion Cluster Algebras

Fix an initial generalized seed (x,y, B, Z) over a semifield P. Write D = (d;0,;)
where d; is the degree of the exchange polynomial Z;.

Denote by “x := x4 the collection (‘zy,---,",) = (xi/dl,...,x}/d") in
the extension field QP(x"/4) of QP(x). For clarity we also write “y =y, i.e.
Ly; = y;. Define the left-companion cluster algebra LA of A to be A(*x, Ly, DB) C
QP(x'/4). Write (xt, Lyt LBt for the seed associated to vertex ¢ € T, in the
construction of %4 and denote by “cf, ‘gl and “F} the c-vectors, g-vectors, and
F-polynomials of ZA4.

rite fx = x, i.e. Fr; = z;, and denote the collection (Fy,...,Ry,) =
(yd, ..., yd) by By = yd. Define the right-companion cluster algebra BA of
A to be A(fx,fy, BD) C QP(x). Write (fx!, Fy* EB!) for the seed associated
to vertex t € T, in the construction of %4 and denote by Rc;, Rg;, and #F T the
c-vectors, g-vectors, and F-polynomials of 7A.

We immediately obtain the following result as a consequence of Proposition 2.4
and Proposition 3.8 (cf. [N, Props. 3.9 and 3.10]).
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Fi(1) =1
Fa(1) =1

Fi1(2) =1+ z1y1 + 2203 + 3
Fy(2) =1

Fi1(3) = 1+ z1y1 + 2292 + 3

-1 0 -1
c@B3) = . GB3) = ;
® ( 0 *1> ® ( 0 - F>(3) = 1+ y2 + 219192 + 2293y + 4502

) o=(5 9) |
Fi(4) = 1+ 3y + 3y3 + 43 + 221192 + 4219193 + 2219193
+2203y2 + 27U7v3 + 32203y3 + 23uTus + 2220703
21227 y5 + 221220303 + 3uiy3 + 203
+21y1y5 + 2219103 + 23uiys + 2225703 + 5 y3
Fy(4) =1+ y2 + 219192 + 2292y2 + yiy2

[F1(5) =1+ 3y2 +3y2 + y3 + 2219192 + 421192 + 221198

1
1 -3 1 0

can=(p 1), ew=(14

+z2ytye + 27UTy3 + 322yTu5 + 2TYTvs + 220073

9 21220793 + 221209303 + 3u73 + 2u703
+2191y3 + 2219713 + 23yiyE + 2209593 + y0y3

F2(5) = 14 2y2 + ¥3 + 219192 + 210193 + 220303 + viy3

Fi(6) = 1+ 3y2 + 3y2 + y3 + 219192 + 2219193 + 210195
220393 + 22u33 + viv3

Fy(6) = 1+ 2y2 + 3 + 219192 + 219193 + 229793 + viv3

2 1
3 —

F1(7T) =1+ 3y2 + 3y3 + v3 + 210102 + 2210193 + 219193
+2297y3 + 220793 + yiv3
(7)) =1+y2

0
cor= (73 7). eo=(1 |
2
1

1
-3 —
1 Fi(8) =1

F(8) =142
{FI(Q) =1

F(9) =1

s

s
’
’

s

)
)
)
)
)
)
1)

1
0
1
0

Table 2: C-matrices, G-matrices, and F-polynomials for the mutation sequence

(3.7).
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Corollary 4.1. The c-vectors of the generalized cluster algebra A(x,y, B,Z) co-
incide with the c-vectors of its left-companion cluster algebra A(xY4y, DB) while
the c-vectors of its right-companion cluster algebra A(x,y%, BD) can be obtained
from those of A(x,y, B,Z) by the transformation "c} = d; ' cld;.

Similarly the following result is an immediate consequence of Proposition 2.7
and Proposition 3.11 (cf. [N, Props. 3.16 and 3.17]).

Corollary 4.2. The g-vectors of the generalized cluster algebra A(x,y, B,Z) co-
incide with the g-vectors of its right-companion cluster algebra A(x,y%, BD) while
the g-vectors of its left-companion cluster algebra A(xY4,y, DB) can be obtained
from those of A(x,y, B,Z) by the transformation Lg; = digj; ]_1

We see from Corollary 4.1 and Corollary 4.2 that the ¢- and g-vectors of the
generalized cluster algebra A(x,y,B,Z) are intimately related to those of its
left- and right-companion cluster algebras. The same is true for F-polynomials,
however the precise relationship for left- and right-companions are very different.

We begin with the left-companion. For 1 < i <n and 0 < s < d; we will write

bi b bin _ (di
2" = (2P") where 2P = (1) € Z.

Proposition 4.3. Let (x,y, B,Z) be a generalized seed over P. For any t € T,
and any 1 < j < n we have the following equalities in Qu(y) and Qs (x,y)
respectively:

(4'1) F;(y, me) _ LF; (Ly)dy and F]]f(y7 Zbin) _ LF} (Ly)dj

where 4y; = y; and H; = ;.
Proof. We will proceed by induction on the distance from tg to ¢ in T,. To

begin, note that by definition we have (L z“)d = (x;/d])d’ =5 = x? so that

Fj* =1 = "F°, in particular F}° = (LF;“) . Consider t ™ # with ¢ further
from ¢y than ¢ and suppose F]t = (LF]’?)d’ for all j. Then by Proposition 2.8 and
Proposition 3.13 we see for j # k that Ff =F= (LF]?)dj = (LFf)dj while taking
7 =k we have

n n dy,
LR (fy) % = ((LF@)*( I At e (e b ) (1 T (LF:VL”%)) A
i=1 i=1
i\~ T L =Bty o di\ [Fbhel+ e G dj. T AN A
= (Cr) (T (™)) S (O (T (0r™)™)
i=1 5=0 i=1
=y (Lo =) 5 () (T )’
i=1 s=0 57 NSl
— Ff (),

where we used Corollary 4.1 in the third equality above. It follows by mductlon

that F(y, zPn) = LF]t ([y) Jforallt € T, and 1 < j < n. Note that §; = y; 1:[1
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n

2l = Y H] Lyt — L), so that substituting the variables §; into this identity
=

gives Fi (¥, zPn) = LF} ([Sl)d] forallt € T, and 1 < j < n. O

Write | _pn € F and vt € P for the variables obtained by apply-
ing equations (3.15) and (3.14) respectively using the specialized F-polynomials
Fi(y, zP") in place of the generic F-polynomials Fi(y,z).

—gbin

Theorem 4.4. We have zf| __,;, = (Lxﬁ)di and yt| . ="t

Proof. For coefficients we apply Theorem 2.9 and Theorem 3.14 along with Corol-
lary 4.1 to get

n n n n
Ly; _ <H L,y;cij) H LFit|DD(Ly)din _ (H y:—%) H Fvit’]P(y7zbin)b§j _ y;
i=1 i=1 i=1 i=1

To finish, we may apply Theorem 2.10 and Theorem 3.15 along with Corol-
lary 4.2 to get

(1) = (( 1 ) ? }}; ((f;)) " ( H ) ()"

- ’ =1 1, (ty)”
- (11 (Wya)w _ H)M _a
s F!l (y,z"™) el D) j

O

Example 4.5. As an illustration of Corollaries 4.1 and 4.2 as well as Theorem 4.4
we now present the C-matrices, G-matrices, and F-polynomials for the left com-
panion cluster algebra “4 in Table 3 from which we invite the reader to directly
verify these results.

To state a relationship between a generalized cluster algebra and its right-
companion we need the following analogue of Proposition 4.3.

Proposition 4.6. Let (x,y, B, Z) be a generalized seed over P. For any t € T,
and any 1 < j < n we have the following equalities in Qu(y) and Qs(x,y)
respectively:

(4.2) Fi(y.0) ="F/("y) and Fj(y,0) ="F;("y),

where Ty, = y,fl‘ and B; = g)fl"
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Table 3: C-matrices, G-matrices, and F-polynomials for the same mutation se-
quence (3.7) applied to the seeds of “A.
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Proof. We will proceed by induction on the distance from ¢y to ¢ in T,,. To begin,

note that by definition we have F'fn =1= RF'fn Consider ¢t ™ ¢ with ¢ further

from to than ¢ and suppose Fj = RF ¢ for all j. Then by Proposition 2.8 and
¢ _ ot _ Rpt _ Ryt

Proposition 3.13 we see for j 75 k that Fj = F; ="F; = "F; while taking j = k

we have

RFI:’ (Ry) (RFt ( H R [=Tclil+ (RFt) —bly.dil+ ) <1+ ﬁ Ryfci‘k (Rﬂt)b:kdk)
i=1

i=1

_ (F,:)_l ( f[ yl[—czkdk]Jr (Et)[—bfkdk]+> (1_,’_ ﬁ y;::)cdk (Flf)b:kdk‘>

i1 )
n dy, n . dy,

= (Fﬁ)fl( [T (E‘)[fbﬁk”) (1 + ( [Tv" (Fit)bzk) )
i=1 =1

= F{(y,0).

It follows by induction that Ft(y7 0) = frt (Ry) forallt € T, and 1 < j < n.
Finally notice that &j; = By, H By b”d] = yd] H ’I‘b”d] = ﬁd] so that substituting
the variables g; into this 1dent1ty gives F‘(y, 0) = RF; (Ry) for all t € T, and
1<j<n U

Write xf|z:0 € F and y;|z:0 € P for the variables obtained by applying equa-
tions (3.15) and (3.14) respectively using the specialized F-polynomials F}(y,0)
in place of the generic F-polynomials F}(y,z).

Theorem 4.7. We have zf| _ = "z! and (yﬂzzo)dj =Tyt

Proof. To see the claim for coefficients we apply Theorem 2.9 and Theorem 3.14
along with Corollary 4.1 and Proposition 4.6 to get

— HR %)HRFt bfdJ:(H )HFz bd]:(yt_)dj
J
( i=1
Finally to see the claim for cluster variables we apply Theorem 2.10 and Theo-
rem 3.15 along with Corollary 4.2 and Proposition 4.6 to get

NFL) (oo Bl
x7<HR g)RF{L (H f)FL};% :xz-.

O

Example 4.8. As an illustration of Corollaries 4.1 and 4.2 as well as Theorem 4.7
we now present the C-matrices, G-matrices, and F-polynomials for the right com-
panion cluster algebra %4 in Table 4 from which we invite the reader to directly
verify these results.
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Table 4: C-matrices, G-matrices, and F-polynomials for the same mutation se-
quence (3.7) applied to the seeds of #A.
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On the Torelli theorem for
Deligne-Hitchin moduli spaces

by David Alfaya and Tomas L. Gomez

Abstract

We prove a Torelli theorem for the parabolic Deligne-Hitchin moduli
space, and compare it with previous Torelli theorems for non-parabolic
Deligne-Hitchin moduli spaces.

1 Introduction

Let X be a smooth projective complex curve. The classical Torelli theorem says
that we can recover the isomorphism class of the curve from the isomorphism class
of the Jacobian J(X) (which we think of as the moduli space of degree 0 line bun-
dles on X) with the standard polarization ©(X). In other words, if (J(X), ©(X))
is isomorphic to (J(X'),0(X’)) as polarized varieties, then there is an isomor-
phism between X and X’. This has been generalized for other moduli spaces.
A theorem which asserts that we can recover the curve X from the isomorphism
class of some moduli space is called a Torelli theorem.

For instance, a Torelli theorem is known for the moduli space of semistable
vector bundles with fixed determinant on X [Tj, NR, MN, KP]. For the moduli
space of Higgs bundles, the Torelli theorem was proved in [BG]. In the case of
the moduli space of parabolic bundles and parabolic Higgs bundles we recover the
curve with the parabolic points [BBB, BHK, GL, BGL].

Deligne [De] has given a glueing construction of the twistor space of the moduli
space of Higgs bundles [Hi2, §9], and this complex analytic space is called the
Deligne-Hitchin moduli space (see [Si3] for the description).

In [BGHL)] a Torelli theorem for the Deligne-Hitchin moduli space is proved (it
should be noted that in [BGHL] we fix the determinant of the underlying vector
bundle to be trivial, so the structure group is SL(r, C), but in [Si3] only the degree
is fixed, so the structure group is GL(r, C)).

In [BGH], Deligne glueing is used to construct a Deligne-Hitchin moduli space
for a semisimple structure group and a Torelli type theorem is proved for it.

In this talk we report on the work [AG], where we prove a Torelli theorem
for the Deligne-Hitchin moduli space for parabolic vector bundles, which is con-
structed using Deligne glueing. The detailed constructions and proofs (sometimes
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with more generality) can be found in the original paper [AG]. The aim here is
to highlight the main ideas and to explain the similarities and differences with
[BGHL] and [BGH].

The theorem we are going to prove is (see next section for the definition of the
Deligne-Hitchin moduli space)

Theorem 1.1. Fix a genus g > 3, a number of points n > 1, and a rank r > 2.
Let X and X' be smooth complex projective curves of genus g, and D C X,
D' C X' divisors consisting of n distinct points. Let o and o be systems of weights
satisfying the conditions in Remark 2.1. Assume Y ., B(x) and ) ., B'(2') are
coprime to 1.

If r = 2 and the parabolic Deligne-Hitchin moduli spaces are isomorphic as
analytic varieties

Mpu(X,r,a) & Mpg(X',r,d)
then (X', D') is isomorphic to either (X, D) or (X, D).

We remark that the condition r = 2 is imposed because we use [BBB]. The
situation is the following: the moduli spaces of parabolic Higgs bundles

M(X,r0,8) and M(X,r, —a,§)

with £ = Ox (=, cp f(x) - ) embed into the parabolic Deligne-Hitchin moduli
space. We show (for arbitrary r) that we can recover the images of these em-
beddings just from the isomorphism class of the parabolic Deligne-Hitchin moduli
space. Then we apply the Torelli theorem for parabolic vector bundles [BBB|
(which requires 7 = 2) to obtain our Torelli theorem. Therefore, if the result
of [BBB| were generalized to arbitrary r, we would automatically get a Torelli
theorem for parabolic Deligne-Hitchin moduli spaces for arbitrary rank r.
Acknowledgments. Besides GEOQUANT 2015, this work was also presented
in the conference “NS@50: Fifty Years of the Narasimhan-Seshadri Theorem”
(Chennai Mathematical Institute, October 2015). We thank the organizers and
participants of both conferences, for the invitation to present our work, and for
the stimulating atmosphere. We thank Indranil Biswas for discussions. This re-
search was funded by MINECO (grant MTM2013-42135-P and ICMAT Severo
Ochoa project SEV-2015-0554) and the 7th European Union Framework Pro-
gramme (Marie Curie IRSES grant 612534 project MODULI). The first author
was also supported by a predoctoral grant from Fundacién La Caixa — Severo
Ochoa International Ph.D. Program.

2 Parabolic Deligne-Hitchin moduli space

In this section we recall some basic definitions and the constructions of the moduli
spaces involved. Let X be a smooth projective complex curve, and let D be a
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divisor consisting of n > 1 distinct points (these are called the parabolic points). A
parabolic vector bundle on X is a holomorphic vector bundle E or rank r endowed
with a weighted filtration of the fiber E, over each parabolic point x € D:

E, = Ezyl 2 Ez,2 22 Ez,lz 2 Ez,lﬁrl =0

0<a(z) <ag(z) < - <a,(z)<l.

We say that o;(z) is the weight associated to E, ;. In this article we will assume
that the filtrations are full flags, i.e., I, = r for all parabolic points z.
Let (E, E,) be a parabolic vector bundle. We define its parabolic degree to be

(2.1) pardeg(E, E,) = deg(E) + Y > ai(x) .

zeD i=1

Let F' C E be a subbundle. There is a parabolic structure induced on F as follows.
For each parabolic point z € X we obtain a filtration F,; of F, by looking at the
intersections F, N E, ; for all j. The weight §;(x) of F,; is defined as

Bi(z) = max{a;(z) : F,NE,; = Fy,}.
J
We say that a parabolic bundle (E, E,) is stable (respectively, semistable) if for
all proper parabolic subbundles F' C E| with the induced parabolic structure,
pardeg(F, F,) < pardeg(FE, E,) (respectively, <) .

Let M(X,r, o, &) (or M(r,a,§), or just M, if the rest of the data is clear from
the context) be the moduli space of semistable parabolic vector bundles on X of
rank r, weights a and fixed determinant isomorphic to the line bundle £. It is
projective of dimension

MO 08 = 2 1) 1)+ )

Remark 2.1. We will assume the following conditions throughout the article

1. The weights are generic (see [AG] for the explicit meaning of generic in our
situation), and the filtrations are full flags.

2. The weights are “concentrated”, meaning that o, (z) — ay(z) < =% for all
parabolic points = € D.

3. For each parabolic point the sum of the weights is an integer, i.e., for all
parabolic points © € D

B(z) := Za’(T) €.
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4. The degree of £ (the determinant of the vector bundles E) and the rank r
are coprime.

Proposition 2.2. Under the above assumptions, there are no strictly semistable
parabolic vector bundles with respect the the weights o, the moduli space

M(X7 /r7 a7 5)

is smooth, projective and parameterizes stable parabolic bundles. Furthermore, if
(E, E,) is a parabolic vector bundle, then it is stable as a vector bundle if and only
if it is stable as a parabolic vector bundle.

For the proof, see [AG]. Recall that, as the rank and degree are coprime, no
vector bundle is strictly semistable as a vector bundle.

A strongly parabolic Higgs bundle is a parabolic vector bundle (E, F,) together
with a homomorphism, called Higgs field,

®:E— E®K(D)

such that, for all parabolic points x € D, the homomorphism induced in the fiber
satisfies

<D(Ez,z) C E:l:,i+1 ® K(D)|z
where K is the canonical line bundle of the curve X. A weakly parabolic Higgs
bundle is defined analogously, but requiring the weaker condition

®(E,;) C E.; ® K(D)|, .

Unless otherwise stated, all Higgs fields will be strongly parabolic.

A subbundle F' C F is called ®-invariant if ®(F) € F @ K(D). We say
that a parabolic Higgs bundle (E, E,, @) is stable (respectively, semistable) if the
inequality (2.1) holds for all proper ®-invariant subbundles.

Let Muiggs (X, 7, §) (or just Muggs if the rest of the data is clear from the
context) be the moduli space of semistable parabolic Higgs bundles on X of rank
r, weights «, fixed determinant isomorphic to the line bundle &, and tr® = 0.
Recall that we are assuming that the weights are generic. This implies that there
are no strictly semistable parabolic Higgs bundles, and that this moduli space is
smooth. Its dimension is

dimMHiggs(Xv T,a,f) = 2(7”2 - 1)(9 - 1) + n(r2 - T) .
The cotangent space of M(r, a, ) sits inside this moduli space as an open subset
(2.2) T*M(X,r,0,&) C Mpiges(X, 1, 0,6) .

This open subset consists of the parabolic Higgs bundles whose underlying para-
bolic bundle is stable. The complement consists of parabolic Higgs bundles which
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are stable as a parabolic Higgs bundle, but whose underlying parabolic bundle is
unstable.
To see (2.2), note that the tangent space to a point (E, E,) is

HY(X,ParEnd’(E, E,)) ,

the first cohomology of the sheaf of traceless weakly parabolic endomorphisms
(the traceless condition comes from the fact that the determinant is fixed). By
Serre duality

HY(X,ParEnd’(E, E,))* = H°(X,SParEnd’(E, E,) ® K(D)) ,

the space of strongly parabolic Higgs fields with tr & = 0, and any such Higgs
bundle is stable because the underlying parabolic vector bundle is stable. This
explains why it is natural to require that the Higgs field is traceless and strongly
parabolic (as opposed to weakly parabolic).

The moduli space of parabolic Higgs bundles is endowed with a C*-action
which, for each t € C*, sends (E, E,, ®) to (F, E,, t®). This is compatible, using
(2.2), with scalar multiplication on the cotangent bundle of M(X,r, a,§).

We now recall the definition of the Hitchin map and spectral curves in this
setting. Denote by S the total space of the line bundle K (D), let

p: S = SpecSym*(K(D))" — X

be the projection and let = € H°(S, p* K (D)) be the tautological section. Taking
the characteristic polynomial of a Higgs field

det(z -id — p*®) = 2" + 512" + 500" 2 4 + 5,

we obtain sections 3; € H°(S, p* K'D?) and it can be shown that these come from
sections on X, i.e., there are sections s; € H°(X, K*D?) such that p*s; = 5;.

Recall that we are assuming that @ is strongly parabolic. Then the residue at
each parabolic point is nilpotent and hence the eigenvalues of ® vanish at the divi-
sor D. Therefore, for each i the section s; belongs to the subspace HO(X, K'D™!),
where we use the shorthand K'D7 = K* @ Ox (D).

Furthermore, we are assuming that the trace of ® is identically zero, so s; = 0.
We then define the Hitchin space as

(2.3) Ho=H'(X,K*D)® - © H'(X,K"D"™1) .

The Hitchin map is defined by taking the characteristic polynomial of the Higgs
field, i.e., to each Higgs field & we associate the point in the Hitchin space defined
by the elements s;, 2 < i < r defined above

H : Mygiggs(r,0,&) — Ho .
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This map is projective with connected fibers.
From now on we will assume

¢=0x( =Y B)-x)

zeD

so that the parabolic degree of our vector bundles will be zero (recall that §(z) is
an integer because of the assumptions in Remark 2.1).

Deligne introduced the notion of A-connection (A € C) which interpolates
between Higgs bundles and usual connections: if A = 0 we get a Higgs bundle,
and if A =1 we get a usual connection.

Definition 2.3. Let (E, E,) be a parabolic bundle with an isomorphism det(E) =
&. A A-connection, for the group SL(r,C), on X is a triple (E, E,, V) where V is
a C-linear homomorphism

V:E— E® K(D)
such that

1. (Leibniz) If f is a holomorphic function and s is a holomorphic section of F
(both over some open set of X),

V(fs)=fV(s)+Asxdf .
2. For each parabolic point € D the residue satisfies

Res, (V) (Ey;) C Ey;

3. For each parabolic point € D, the action of the residue of V on E, ;/E, ;41
is multiplication by Aa;(z) (this is well defined because the residue preserves
the filtration by the previous property).

4. The operator tr(V) : det(E) — det(E) ® K (D) induced by V coincides
with AV¢ 5 (defined below).

A parabolic vector bundle (F, F,) induces a parabolic structure on the deter-
minant ¢ = det(E), with weights 8(z) = >.._, a;(z), and using the correspon-
dence between parabolic bundles of parabolic degree 0 and connections, this gives
a connection on § (with poles along D) which we denote Vi .

A subbundle F' C E is called V-invariant if V(F) C F @ K(D). We say that
a A-connection is stable (respectively, semistable) if the inequality (2.1) holds for
all proper V-invariant parabolic subbundles.

Let Muoage(X, 7, v, &) (or just Mupoage if the rest of the data is clear from the
context) be the moduli space of tuples (A, E, E,, V) where V is a semistable \-
connection (these objects are called parabolic Hodge bundles). It has a projection

(24) Pry - MHodge(X7 T, (175) —C.
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Note that, if A = 0, then a A-connection is just a Higgs bundle, so we have
pril(o) = MHiggs(X7 raQ, g) .

The Hodge moduli space is endowed with a C*-action which, for each t € C*,
sends

(2.5) (A E,E.,V) — (t\, E, E.,tV) .

This extends the standard C*-action on the moduli space of parabolic Higgs bun-
dles, and the projection pr) is equivariant, using the standard scalar multiplication
on C.

On the other hand, if A = 1, then a A-connection is a holomorphic flat con-
nection on a parabolic vector bundle, i.e., a logarithmic connection such that the
residue over each parabolic point « acts on E,;/E, ;41 as a;(x). Therefore, the
fiber over A =1 is the moduli space of parabolic SL(r, C) connections

prxl(l) = Mcorm(X,T, «, f) .

If V is a A-connection with A # 0, then (1/A)V is a usual connection, so the fiber
of pry over any A # 0 is isomorphic to the moduli space of parabolic connections
(i.e., meromorphic connections which respect the parabolic filtration). Therefore,
the Hodge moduli space shows that the moduli space of Higgs bundles is a degen-
eration of the moduli space of connections (or, equivalently, the moduli space of
connections is a deformation of the moduli space of Higgs bundles).

Now we are going to describe Deligne’s glueing in the parabolic setting. Let Xg
be the real manifold underlying X with the orientation induced by the complex
structure. Fix a base point xy and a positively oriented simple loop

Y c 7T1(XR \ D7 l‘o)

around each parabolic point x € D. Let M,e,(Xg, 7, @) be the set of irreducible
representations
p:m(Xr\ D,zo) — SL(r,C)

of the fundamental group, up to conjugation by SL(r,C), such that, for each
parabolic point = € D, the eigenvalues of p(7,) are {27} Note that, since
the sum of the weights for each parabolic point is an integer, the determinant of
p(Ye) is 1.

Simpson [Sil] has given a Riemann-Hilbert correspondence between stable
parabolic connections of parabolic degree 0 and stable filtered local systems of
degree 0 for the general linear group GL(n, C). It has a version for our setting (the
group is SL(r,C) and the eigenvalues of the monodromies around the parabolic
points are fixed by the weights «a as above) which gives a biholomorphism

(2.6) RHx : Myep(Xg, 7, @) — Meonn (X, 7, 0,€) .
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Using this biholomorphism and the action (2.5) we obtain a holomorphic open
embedding

(2.7) C" X Myep(XRr,7,0) = Muodge(X, 7,0, &)
(t.p) > (.t RHx(p))

onto the open locus pry' (C*) C Muodge(X, 7, @, ).

Let Jg be the almost complex structure on Xg coming from X. Then —Jg
is also an almost complex structure on Xg whose corresponding Riemann surface
will be denoted by X. Let £ be the line bundle on X given by the complex
structure conjugate to &. As a topological line bundle, it is isomorphic to £71.
Note that the underlying manifold X to X is the same as Xg but the induced
orientation is the opposite. Therefore, if we consider the same loops 7, defined
above, we can identify

Miep(Xg, 7, 0) = Muep(Xr, 7, —) .
We will also use the Riemann-Hilbert isomorphism for X
RHy : Miep(Xg, 7, =) —> Meou(X, 7, —0, ) .
The parabolic Deligne-Hitchin moduli space is defined by glueing
Mpu(X, 7, @) 1= Miodge(X, 7, @, &) U Mitoage(X, 7, —a, )

along the image of C* X Mep(Xg,7, @) = C* X Mep(Xg, 7, —) using RHy and
RHy, identifying
(A A -RHx(p)) € Muoag(X, 7, @, §)
with
(A5 A7 RHx(p) € Muoage(X, 7, —, €) .

The projection pr, in (2.4) extends to a morphism to P! which we denote by the
same letter
pry : Mpu(X,r,a) — P! .

This moduli space will be denoted Mpy if the rest of the data is clear from
the context. It is clear, staring at the definition, that there is a holomorphic
isomorphism,

(2.8) Mpu(X,r,a) 2 Mpu(X,r, —a)

covering the antipodal map on P'. Because of this isomorphism, we cannot ex-
pect to recover the isomorphism class of (X, D), but only the unordered pair
{(X,D),(X,D)}.
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3 Torelli theorem

Taking the Higgs field to be zero, we have an embedding of the moduli space of
parabolic vector bundles in the moduli space of parabolic Higgs bundles. Fur-
thermore, a Higgs bundle is the same thing as a 0-connection, so we also have an
embedding into the Hodge moduli space. Finally, the Hodge moduli space is an
open subset of the Deligne-Hitchin moduli space, so we have an embedding

(3.1) M(X,r,a, &) C Mpu(X,r, )

Note that the image of this embedding sits on the fiber over A = 0. By definition,
Mutodge(X, 7, —a, €) is also an open subset of Mpu(X,r,a), so we also have an
embedding

(3.2) M(X,r,—a,€) C Mpu(X,r,a)

and the image of this embedding sits over A = oo € PL.

The strategy of the proof is the following. Given the isomorphism class of
Mbpu (X, r, a) as an analytic variety, we want to identify the image of M (X, r, o, &)
under the first embedding. Then we have the isomorphism class of M(X,r, a, &),
and we can apply the Torelli theorem [BBB] for the moduli space of parabolic
bundles, in order to recover the isomorphism class of the pointed curve. Unfor-
tunately, the Torelli theorem for parabolic bundles is only known for r» = 2, and
this is why we have to restrict our attention to rank 2.

Because of the isomorphism (2.8), we will not be able to distinguish between
the images of (3.1) and (3.2).

The idea of the proof is to look at all vector fields on Mpy(X,r, ), ie.,
sections of its tangent bundle. We look at the analytic subset of this moduli space
defined as the simultanecous zeroes of all vector fields. More precisely, we will
prove the following

Proposition 3.1. Let Z be an irreducible component of
{z € Mpu(X,r,a):n(z) =0 for alln € H(Mpy, TMpn)}

such that
dim Z = dim M(X,r, o, §) .

Then Z is the image of one of the embeddings (3.1) and (3.2).
We start by showing that, at most, these two subsets satisfy the condition:

Proposition 3.2. Let Z be an irreducible component of My, the fived locus of
the standard C*-action. Then

dim Z < dim M(X, 7, a, €)

with equality only for Z the image of the embedding (3.1) or (3.2).
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Proof. Here we use the standard C*-action. This produces a vector field which
vanishes at the fixed point locus. The projection pr, is equivariant with respect
to the standard C*-action, so the irreducible components of the fixed point locus
of the C*-action have to sit in the fibers of A equal to 0 or co. We will first
consider the case A = 0, so the fixed locus sits in the moduli space of parabolic
Higgs bundles. The Hitchin map is equivariant with respect to the C*-action on
the parabolic Higgs moduli, so the fixed locus has to sit in H~1(0), which is called
the nilpotent cone.

The nilpotent cone is equidimensional of dimension dim M (X, r, a, §). Exactly
one of its components is the moduli space of parabolic bundles M(X,r, a, €), and
this is a fixed locus of the standard C*-action. The standard C*-action is nontrivial
on the other components (by an argument similar to [Si2, Lemma 11.9]). We
remark that the other fixed locus subvarieties correspond to variations of Hodge
structures.

The case A = oo is the same, but looking at the moduli space of parabolic
Higgs bundles on X. O

In [BGHL] the same proof was used. In [BGH] we do not have at our dis-
posal an analogue of [Si2, Lemma 11.9], and the proof is based on a study of the
infinitesimal deformations of the points fixed by the standard C*-action.

Now we show the opposite direction, i.e., we show that the images of these
embeddings do satisfy the condition. We would like to show that all global vector
fields vanish at M, and we will do this by showing the stronger condition

HOM(X, 7, &), TMpu(X,r, )| mxrag) =0
This will be proved in several steps.
Lemma 3.3. The holomorphic cotangent bundle
T"M(X,r,a,§) — M(X,r a,f)
does not admit any nonzero holomorphic section.

Proof. Since we are assuming full flags, it is known that M(X,r, «, €) is rational
[BY, Theorem 6.1], and it is well-known that a smooth rational projective variety
does not admit nonzero holomorphic 1-forms. O

In [BGHL)] this is Lemma 2.1, and it was proved using the Hecke transform.
The point is that, in the setting of [BGHL], we are looking at differentials (1-
forms) on the moduli space of vector bundles with trivial determinant, which
is not smooth. By doing a Hecke transform, we relate it to the moduli space
of vector bundles with fixed determinant Ox () for a fixed point xy. This is a
smooth unirational projective variety [Se, p. 53], so it does not admit any nonzero
holomorphic 1-form. An argument using the Hecke correspondence shows that the
same holds for the moduli space of vector bundles with trivial determinant.
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In [BGH] this is Proposition 4.2, and it was proved using “abelianization”.
By fixing a spectral curve, we obtained a dominant rational map from an abelian
variety to the moduli space of bundles. Using this map, a holomorphic 1-form w
on the moduli space would give a rational 1-form on the abelian variety which,
by a codimension argument, is shown to be defined on the whole abelian variety.
Any 1-form on an abelian variety is closed, so w is closed, but the first cohomology
of the moduli space is zero [AB, Ch. 10], so w = df for a holomorphic function
on the moduli space, but since this is projective, f is constant, so w = 0.

Lemma 3.4. The holomorphic tangent bundle
TM(X7 T, a, 6) — M(X7 rQ, 5)
does not admit any nonzero holomorphic section

Proof. We adapt an argument of Hitchin [Hi2, Theorem 6.2]. A section s of the
tangent bundle gives, by contraction, a function on the total space of the cotangent
bundle

ST M(X,r0,8) — C

which is linear on the fibers. The total space of the cotangent bundle is an open
subset of the moduli of parabolic Higgs bundles, and the codimension of the
complement is greater than two (here we use a calculation of Faltings [F, Lemma
I1.6 and V.(iii), p. 561]), so it extends to a function on the moduli of parabolic
Higgs bundles. This descends, using the Hitchin map, to a function on the Hitchin
space, which is homogeneous of degree 1 with respect to the standard C*-action
(because s* is linear on the fibers). But the Hitchin space (2.3) has no linear part,
so this function has to be zero, and hence s = 0. O

In [BGHL] this is Lemma 2.2, and the proof is the same. In [BGH] this is
Proposition 4.1, and we use a result of Faltings [F, Corollary II1.3].

Corollary 3.5. The tangent bundle to the parabolic Higgs moduli space, restricted
to the moduli space of parabolic bundles, has no nonzero section, i.e.

HY(M, T Myiggs|p) = 0.
Proof. There is a short exact sequence on M
0 — TM — T Mujggs|pa — N — 0

where N is the normal of the embedding of M in Mg, but N =2 T*M because
we have a closed embedding (the zero section) and an open embedding

M C T*M (- MHiggs .

Now we use Lemmas 3.3 and 3.4.
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s—par s— c
Let /\/lHOdge and M P2 be the subsets of Myoqge and Mooy, where the under-

lying parabolic bundle is stable as a parabolic bundle. Recall that we are assuming
generic weights, so that M*7P2" = M.

Proposition 3.6. The projection
prp s Moo — M

sending a connection to the underlying parabolic bundle, admits no holomorphic
section.

Proof. Let s be such a section. The parabolic version of the Riemann-Hilbert
correspondence (2.6) gives a biholomorphism between the moduli space of stable
parabolic connections and the moduli space of irreducible representations of the
fundamental group of the open curve, and this moduli space is an affine variety.
Then the section s would give a holomorphic map from the projective variety
M to an affine variety, but this map has to be constant, so the map s does not
exist. O

In [BGHL] this is Proposition 3.2. There we remark that the projection prp
is a torsor under the cotangent bundle. A section of pry then gives a nonzero
cohomology class in the first cohomology class of the cotangent bundle, but in the
setting of [BGHL] it is proved that this cohomology group is zero.

In [BGH] this is Proposition 4.4. We remark that the projection pry is isomor-
phic to the torsor of holomorphic connections on certain determinant line bundle,
but this line bundle is ample, so it does not admit holomorphic connections.

Corollary 3.7. Let

Pry - Mijogee — M
be the projection which sends each Hodge bundle to the underlying parabolic bundle.
The only section s of this projection is the standard embedding of M in Muedge-

Proof. The composition of the section s with the projection pr, is a regular func-
tion on the projective variety M, hence it is constant which, after scaling with
the C*-action, we may assume it is 1 or 0.

It cannot be 1, because the fiber of pry over 1 is the moduli space of connec-
tions, and it would contradict Proposition 3.6.

If it is O then, since the fiber of pry over 0 is the moduli space of parabolic
Higgs bundles, the section s factors through My P, but this is isomorphic to the
total space of T*M. Then s is a section of this vector bundle and, by Lemma 3.3,
it has to be the zero section. O

Corollary 3.8.

HO(M(X> T, Q, 5)7 TMHodge(X7 T, a, g)lM(X,r,a,E)) =0
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Proof. Using the short exact sequence on M
0— TM — TMyplm — N —0

and Lemma 3.4, it suffices to show that N has no nonzero sections. Note that N is
isomorphic to My ik as varieties over M, sending (A, E, E., V) to the derivative

s—par

at t = 0 of the map C — My g, given by
t— (t\, E, E,,tV)
so by Corollary 3.7 we conclude that N has no nonzero section. O

We are now ready to prove the main Theorem 1.1.

Corollary 3.8 implies that the images of the embeddings (3.1) and (3.2) are
in the fixed point locus of any C*-action on the parabolic Deligne-Hitchin moduli
space (if they were not, the derivative of the action would give vector field whose
restriction to these images is nonzero). This together with Proposition 3.2, shows
that these are the only irreducible components Z with this property having

dim Z = dim M

hence proving Proposition 3.1.

Finally, using Proposition 3.1, from the isomorphism class of the parabolic
Deligne-Hitchin moduli space we recover the isomorphism class of M(X,r, a,¢)
or M(X,r,—a,€). Therefore, assuming r = 2 we can apply [BBB] to finish the
proof of the main Theorem.

The same ideas also give Torelli theorems for Mpjges and Migoage. Indeed, in
these cases we again have an embedding of M, and the image is characterized
as the only irreducible component, with dimension dim M, of the simultaneous
zeroes of the sections of the tangent bundle. See [AG] for details.
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Yang-Mills-Higgs connections on Calabi-Yau manifolds, II
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Abstract

In this paper we study Higgs and co—Higgs G—bundles on compact
Kéhler manifolds X. Our main results are:

1. If X is Calabi-Yau (i.e., it has vanishing first Chern class), and (E, )
is a semistable Higgs or co-Higgs G-bundle on X, then the principal
G-bundle F is semistable. In particular, there is a deformation retract
of My (G) onto M(G), where M(QG) is the moduli space of semistable
principal G-bundles with vanishing rational Chern classes on X, and
analogously, My (G) is the moduli space of semistable principal Higgs
G-bundles with vanishing rational Chern classes.

2. Calabi—Yau manifolds are characterized as those compact Kéahler man-
ifolds whose tangent bundle is semistable for every Kéhler class, and
have the following property: if (F, ) is a semistable Higgs or co-Higgs
vector bundle, then FE is semistable.

1 Introduction

In our previous paper [BBGL] we showed that the existence of semistable Higgs
bundles with a nontrivial Higgs field on a compact Kahler manifold X constrains
the geometry of X. In particular, it was shown that if X is Kéhler-Einstein
with ¢;(TX) > 0, then it is necessarily Calabi-Yau, i.e., ¢;(TX) = 0. In this
paper we extend the analysis of the interplay between the existence of semistable
Higgs bundles and the geometry of the underlying manifold (actually, we shall
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also consider co-Higgs bundles, and allow the structure group of the bundle to
be any reductive linear algebraic group). Thus, if X is Calabi-Yau and (E, 0) is
a semistable Higgs or co-Higgs G-bundle on X, it is proved that the underlying
principal G-bundle E is semistable (Lemma 5.1). This has a consequence on the
topology of the moduli spaces of principal (Higgs) G-bundles having vanishing
rational Chern classes. We can indeed prove that there is a deformation retract
of My (G) onto M(G), where M(G) is the moduli space of semistable principal
G-bundles with vanishing rational Chern classes, and analogously, My (G) is the
moduli space of semistable principal Higgs G-bundles with vanishing rational
Chern classes (cf. [BF, FL] for similar deformation retract results).

As a further application, we can prove a characterization of Calabi—Yau man-
ifolds in terms of Higgs and co-Higgs bundles; the characterization in question
says that if X is a compact Kéahler manifold with semistable tangent bundle with
respect to every Kéhler class, having the following property: for any semistable
Higgs or co-Higgs vector bundle (E, #) on X, the vector bundle E is semistable,
then X is Calabi-Yau (Theorem 5.2).

In Section 4 We give a result about the behavior of semistable Higgs bundles
under pullback by finite morphisms of Kéhler manifolds. Let (X, w) be a Ricci—
flat compact Kéhler manifold, M a compact connected Kahler manifold, and

fiM— X

a surjective holomorphic map such that each fiber of f is a finite subset of M.
Let (Eg, 6) be a Higgs G-bundle on X such that the pulled back Higgs G-bundle
(f*Eq, f*0) on M is semistable (respectively, stable). Then the principal G-
bundle f*E is semistable (respectively, polystable).

2 Preliminaries

Let X be a compact connected Kahler manifold equipped with a Kéhler form w.
Using w, the degree of torsion-free coherent analytic sheaves on X is defined as
follows:

degree(F) := / cl(F)/\wd’1 € R,
X

where d = dim¢ X. The holomorphic cotangent bundle of X will be denoted by
Qx.

Let G be a connected reductive affine algebraic group defined over C. The
connected component of the center of G containing the identity element will be
denoted by Zy(G). The Lie algebra of G will be denoted by g. A Zariski closed
connected subgroup P C G is called a parabolic subgroup of G if G/ P is a projec-
tive variety. The unipotent radical of a parabolic subgroup P will be denoted by
R,(P). A Levi subgroup of a parabolic subgroup P is a Zariski closed subgroup
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L(P) C P such that the composition
L(P) — P — P/R,(P)

is an isomorphism. Levi subgroups exist, and any two Levi subgroups of P differ
by an inner automorphism of P [Bo, § 11.22, p. 158], [Hu2, § 30.2, p. 184]. The
quotient map G — G/ P defines a principal P-bundle on G/P. The holomorphic
line bundle on G/ P associated to this principal P-bundle for a character y of P
will be denoted by G(x). A character x of a parabolic subgroup P is called strictly
anti-dominant if x|z,c) is trivial, and the associated holomorphic line bundle on
G(x) — G/P is ample.
For a principal G-bundle E¢ on X, the vector bundle

ad(Eq) == Eqg x%g — X

associated to Fg for the adjoint action of G on its Lie algebra g is called the
adjoint bundle for Eg. So the fibers of ad(Fg) are Lie algebras identified with
g up to inner automorphisms. Using the Lie algebra structure of the fibers of
ad(E¢) and the exterior multiplication of differential forms we have a symmetric
bilinear pairing

(ad(Ee) ® x) x (ad(Eg) ® Qx) — ad(Ea) © Q%

which will be denoted by A.
A Higgs field on a holomorphic principal G-bundle Eg on X is a holomorphic
section 6 of ad(FEg) ® Qx such that

(2.1) o0 =o0.

A Higgs G-bundle on X is a pair of the form (Eg, 0), where E is holomor-
phic principal G-bundle on X and @ is a Higgs field on Fg. A Higgs G-bundle
(Eg, 0) is called stable (respectively, semistable) if for every quadruple of the form
(U7 P7 X5 EP)7 where

e U C X is a dense open subset such that the complement X \ U is a complex
analytic subset of X of complex codimension at least two,

e P C (G is a proper parabolic subgroup,
e y is a strictly anti-dominant character of P, and

e Ep C Egly is a holomorphic reduction of structure group to P over U such
that 0|y is a section of ad(Ep) ® Qp,
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the following holds:
degree(Ep xXC) > 0

(respectively, degree(Ep xX C) > 0); note that since X \ U is a complex analytic
subset of X of complex codimension at least two, the line bundle Ep xX C on U
extends uniquely to a holomorphic line bundle on X.

A semistable Higgs G-bundle (Eg, 0) is called polystable if there is a Levi
subgroup L(Q) of a parabolic subgroup @ C G and a Higgs L(Q)-bundle (E’, §)
on X such that

e the Higgs G-bundle obtained by extending the structure group of (E’, )
using the inclusion L(Q) < G is isomorphic to (Fg, 6), and

e the Higgs L(Q)-bundle (E’, §') is stable.

Fix a maximal compact subgroup K C G. Given a holomorphic principal
G-bundle Eg and a C* reduction of structure group Fx C FEg to the subgroup
K, there is a unique connection on the principal K-bundle Ef that is compatible
with the holomorphic structure of E¢ [At, pp. 191-192, Proposition 5]; it is known
as the Chern connection. A C* reduction of structure group of E¢ to K is called
a Hermitian structure on Fg.

Let A, denote the adjoint of multiplication of differential forms on X by w.

Given a Higgs G-bundle (E¢, 0) on X, a Hermitian structure Fx C Eg is
said to satisfy the Yang-Mills-Higgs equation if

(2.2) Au(K+0N\O) =3,

where K is the curvature of the Chern connection associated to Ef and j is
some element of the Lie algebra of Zy(G); the adjoint 6* is constructed using
the Hermitian structure Eyx. A Higgs G-bundle admits a Hermitian structure
satisfying the Yang—Mills-Higgs equation if and only if it is polystable [Si], [BiSc,
p. 554, Theorem 4.6].

Given a polystable Higgs G-bundle (F, #), any two Hermitian structures on
FE¢ satisfying the Yang-Mills-Higgs equation differ by a holomorphic automor-
phism of E¢ that preserves 6; however, the associated Chern connection is unique
[BiSc, p. 554, Theorem 4.6].

3 Higgs G—bundles on Calabi—Yau manifolds

Henceforth, till the end of Section 4, we assume that ¢;(TX) € H*(X, Q) is zero.
From this assumption it follows that every Kéahler class on X contains a Ricci-flat
Kéhler metric [Ya, p. 364, Theorem 2]. We will assume that the Kéhler form w

on X is Ricci—flat.
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3.1 Higgs G—bundles on Calabi-Yau manifolds

Let (Eg, ) be a polystable Higgs G-bundle on X. For any holomorphic tangent
vector v € T, X, note that 6(x) is an element of the fiber ad(E¢),. For any point
x € X, consider the complex subspace

(3.1) O, == {8(x)(v) | v € T,X} C ad(Eg),.

Form (2.1) it follows immediately that ©, is an abelian subalgebra of the Lie
algebra ad(Eq),.

Let V be the connection on ad(Eg) induced by the unique connection on Eg¢
given by the solutions of the Yang-Mills-Higgs equation.

Lemma 3.1.
1. The abelian subalgebra (:)z C ad(Eq). is semisimple.

2. {(:)x}TEX C ad(Eq) is preserved by the connection V on ad(Eg). In par-
ticular, N
{O,}eex C ad(Eg)

is a holomorphic subbundle.

Proof. First take G = GL(n,C), so that (Eg, 0) defines a Higgs vector bundle
(F, ¢) of rank n. Let
©! C End(F,)

be the subalgebra constructed as in (3.1) for the Higgs vector bundle (¥, ¢). From
[BBGL, Proposition 2.5] it follows immediately that there is a basis of the vector
space F, such that

¢(z)(v) € End(F;)

is diagonal with respect to it for all v € T,. This implies that the subalgebra (:)’z
is semisimple (this uses the Jordan—Chevalley decomposition, see e.g. [Hul, Ch.

2).

Consider the Ox—linear homomorphism
n:TX — End(F)

that sends any w € T,X to ¢(y)(w) € End(F,), where ¢ as before is the
Higgs field on the holomorphic vector bundle F. Proposition 2.2 of [BBGL] says
that ¢ is flat with respect to the connection on End(F) ® Qx induced by the
connection V on End(F') = ad(Eq) and the Levi-Civita connection on Qx for w.
Therefore, the above homomorphism 7 intertwines the Levi-Civita connection on
TX and the connection on End(F). Consequently, the image n(TX) C End(F)
is preserved by the connection on End(F). On the other hand, n(TX) coincides
with {©/ },ex C End(F).
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Therefore, the lemma is proved when G = GL(n, C).
For a general G, take any homomorphism

p: G — GL(N,C)

such that p(Zy(G)) lies inside the center of GL(N,C). Let (E,, 0,) be the Higgs
vector bundle of rank N given by (Eg, 6) using p. For any Hermitian structure
on Eg solving the Yang-Mills-Higgs equation for (Eg, 0), the induced Hermitian
structure on E, solves the Yang-Mills-Higgs equation for (E,, 6,). We have shown
above that the lemma holds for (E,, 6,).

Since the lemma holds for (E,, 8,) for every p of the above type, we conclude
that the lemma holds for (Eg, 0). O

As before, (Eg, 0) is a polystable Higgs G-bundle on X. Fix a Hermitian
structure

(32) Ex C Eg

that satisfies the Yang—Mills-Higgs equation for (Eg, ).
Take another Higgs field 5 on Eg. Let

B:TX — ad(Eg)
be the Ox-linear homomorphism that sends any tangent vector w € T,X to
Bly)(w) € ad(Eg)y-

Theorem 3.2. Assume that the image E(TX) is contained in the subbundle
{@).’L‘}.'I,'EX C ad(EG)

in Lemma 3.1. Then Ex in (3.2) also satisfies the Yang-Mills—Higgs equation for
(Eg, B). In particular, (Eg, ) is polystable.

Proof. From Theorem 4.2 of [BBGL] we know that Ex in (3.2) satisfies the Yang—
Mills-Higgs equation for (Eq, 0). Therefore, it suffices to show that 3 A f* = 0
(see (2.2)).
Let
v : TX — ad(Eg)

be the C*°(X)-linear homomorphism that sends any w € T,X to 6*(y)(w) €
ad(Eg)y. Clearly, we have
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as before, the superscript “«” denotes adjoint with respect to the reduction Fk.
Since the subbundle {©,},ex is preserved by the connection on ad(E¢), from
(3.3) it follows that

(3.4) {B.}eex +7(TX) C ad(Eg)

is a subbundle preserved by the connection; it should be clarified that the above
need not be a direct sum.

We know that 6§ A * = 0 [BBGL, Lemma 4.1]. This and (2.1) together imply
that the subbundle in (3.4) is an abelian subalgebra bundle. We have

E(TX) - {éz}z€X7

and hence §* is a section of ¥(TX) ® Qx C ad(Eg) ® Qx. Since the subbundle
in (3.4) is an abelian subalgebra bundle, we now conclude that S A\ * = 0. O

The proof of Theorem 3.2 gives the following:

Corollary 3.3. Let ¢ be a Higgs field on Eq such that ¢ \ ¢* = 0. Then Ex
in (3.2) also satisfies the Yang—Mills—Higgs equation for (Egq, ¢). In particular,
(Eg, ¢) is polystable.

Proof. As noted in the proof of Theorem 3.2, the reduction Ex satisfies the Yang—
Mills-Higgs equation for (Eg, 0). Since ¢ A ¢* = 0, it follows that Ex in (3.2)
satisfies the Yang-Mills-Higgs equation for (Eq, ¢). O

Remark 3.4. The condition in Theorem 3.2 that g(TX) C {@z}zEX does not
depend on the Hermitian structure Ey; it depends only on the Higgs G-bundle
(Eg, 0). In contrast, the condition ¢ A ¢* = 0 in Corollary 3.3 depends also on
Fy.

3.2 A deformation retraction

Let My(G) denote the moduli space of semistable Higgs G-bundles (Eg, ) on
X such that all rational characteristic classes of Eg of positive degree vanish. It
is known (it is a straightforward consequence of Theorem 2 in [Si]) that if the
following three conditions hold:

1. (Eg, 0) is semistable,

2. for all characters x of G, the line bundle on X associated to Eg for x is of
degree zero, and

3. the second Chern class c;(ad(Eg)) € H*(X, Q) vanishes,
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then all characteristic classes of Fg of positive degree vanish. Let M(G) denote
the moduli space of semistable principal G-bundles E¢ on X such that all rational
characteristic classes of Eg of positive degree vanish.

We have an inclusion

(35) 5 : M(G) — MH(G), Eg — (EG., 0)
Proposition 3.5. There is a natural holomorphic deformation retraction of My (G)
to the image of & in (3.5).
Proof. Points of My(G) parametrize the polystable Higgs G-bundles (Eg, 0) on
X such that all rational characteristic classes of Fg of positive degree vanish.
Given such a Higgs G-bundle (Fg, 6), from Theorem 3.2 we know that (Eg, ¢-6)
is polystable for all ¢ € C. Therefore, we have a holomorphic map
F:Cx MH(G) — ./\/lH(C:)7 (t (EG7 0)) — (EG7 t@)

The restriction of F to {1} x My (G) is the identity map of My (G), while the
image of the restriction of F' to {0} x Mg(G) is the image of £&. Moreover, the
restriction of F to {0} x §(M(Q)) is the identity map. O

Fix a point o € X. Since G is an affine variety and (X, zo) is finitely
presented, the geometric invariant theoretic quotient

Mg(G) := Hom(m (X, xq), G)JG

for the adjoint action of G on Hom(m; (X, x¢), G) is an affine variety. The points of
Mpg(G) parameterize the equivalence classes of homomorphisms from (X, xo)
to G such that the Zariski closure of the image is a reductive subgroup of G.
Consider the quotient space

Mpg(K) := Hom(m (X, x0), K)/K,

where K as before is a maximal compact subgroup of G. The inclusion of K in
G produces an inclusion

(3.6) ¢ 1 Mp(K) — Mp(G).

Corollary 3.6. There is a natural deformation retraction of Mg(G) to the subset
Mg(K) in (3.6).

Proof. The nonabelian Hodge theory gives a homeomorphism of Mg(G) with
My (G). On the other hand, Mg (K) is identified with M(G), and the following
diagram is commutative:

Ml(G) = Mf@)
Mp(K) <5 Mg(@)

Hence Proposition 3.5 produces the deformation retraction in question. O
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4 Pullback of Higgs bundles by finite morphisms

Take (X, w) to be as before. Let M be compact connected Kahler manifold, and
let
f+M—X

be a surjective holomorphic map such that each fiber of f is a finite subset of M.
In particular, we have dim M = dim X. It is known that the form f*w represents
a Kéhler class on the Kéhler manifold M [BiSu, p. 438, Lemma 2.1]. The degree
of torsion-free coherent analytic sheaves on M will be defined using the Kéhler
class given by f*w.

Proposition 4.1. Let (Eq, 0) be a Higgs G-bundle on X such that the pulled back
Higgs G-bundle (f*Eq, f*0) on M is semistable. Then the principal G-bundle
[*Eg is semistable.

Proof. Since the pulled back Higgs G-bundle (f*E¢, f*0) is semistable, it follows
that (Eg, ) is semistable. Indeed, the pullback of any reduction of structure
group of (Eg, 0) that contradicts the semistability condition also contradicts the
semistability condition for (f*FEq, f*0). Since the Higgs G-bundle (Fg, 6) is
semistable, we conclude that the principal G-bundle E¢ is semistable [Bi, p. 305,
Lemma 6.2]. This, in turn, implies that f*Eq is semistable (see [BiSu, p. 441,
Theorem 2.4] and [BiSu, p. 442, Remark 2.5]). O

Proposition 4.2. Let (Eg, 0) be a Higgs G-bundle on X such that the pulled
back Higgs G-bundle (f*Eq, f*0) on M is stable. Then the principal G-bundle
[*Eg is polystable.

Proof. The principal G-Higgs bundle (Eg, 6) is stable, because any reduction of
it contradicting the stability condition pulls back to a reduction that contradicts
the stability condition for (f*E¢, f*0). Since (Eg, 0) is stable, we know that Eq
is polystable [Bi, p. 306, Lemma 6.4]. Now f*F¢ is polystable because Eg is so
[BiSc, p. 439, Proposition 2.3], [BiSc, p. 442, Remark 2.6]. O

5 Co—Higgs bundles

We recall the definition of a co-Higgs vector bundle [Ral, Ra2, Hil.
Let (X, w) be a compact connected Kéhler manifold and F a holomorphic
vector bundle on X. A co—Higgs field on F is a holomorphic section

0 € H(X, End(E) ® TX)

such that the section 6 A 6 of End(E) ® A’ TX vanishes identically. A co-Higgs
bundle on X is a pair (E, ), where E is a holomorphic vector bundle on X and
6 is a co-Higgs field on £ [Ral, Ra2, Hi].
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A co-Higgs bundle (E, 0) is called semistable if for all nonzero coherent ana-
lytic subsheaves F' C E with (F) C F ® TX, the inequality
degree(F) _ degree(E)
= = pu(E
HF) rank(F) ~ rank(E) HiE)

holds.

5.1 Co—Higgs bundles on Calabi—Yau manifolds
In this subsection we assume that ¢;(TX) € H%*(X, Q) is zero, and the Kéhler

form w on X is Ricci-flat. Take a holomorphic vector bundle £ on X.

Lemma 5.1. Let 6 be a Higgs field or a co—Higgs field on E such that (E, 0) is
semistable. Then the vector bundle E is semistable.

Proof. Let 6 be a co-Higgs field on E such that the co-Higgs bundle (E, 0) is
semistable. Assume that £ is not semistable. Let F' be the maximal semistable
subsheaf of F, in other words, F' is the first term in the Harder—Narasimhan
filtration of E. The maximal semistable subsheaf of E/F will be denoted by F,
SO Umax(E/F) = u(Fy). Note that we have

(5-1) p(F) > p(Fr) = pmax(E/F).

Since w is Ricci-flat we know that T'X is polystable. The tensor product
of a semistable sheaf and a semistable vector bundle is semistable [AB, p. 212,
Lemma 2.7]. Therefore, the maximal semistable subsheaf of (E/F) ® TX is

ReTX C (E/F)@TX.

Now,
WP @TX) = u(F)
because ¢;(TX) = 0. Hence from (5.1) it follows that
(5:2) W(F) > p(Fy ©TX) = fnas((B/F) & TX).
Let
q: E— E/F
be the quotient homomorphism. From (5.2) it follows that there is no nonzero
homomorphism from E to (E/F)® TX. In particular, the composition
FoE-5S Eerx “8 (E/F)TX

vanishes identically. This immediately implies that 6(F) C F ® TX. Therefore,
the co-Higgs subsheaf (F, 0|r) of (E, 6) violates the inequality in the definition of
semistability. But this contradicts the given condition that (E, 6) is semistable.
Hence we conclude that E is semistable.

Note that Qyx is polystable because T'X is polystable. Hence the above proof
also works when the co-Higgs field 6 is replaced by a Higgs field. O
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A particular case of this result was shown in [Ra2] for X a K3 surface. More-
over, a result implying this Lemma was proved in [BH].

5.2 A characterization of Calabi—Yau manifolds
Theorem 5.2. Let X be a compact connected Kdhler manifold such that for every
Kihler class [w] € H*(X, R) on it the following two hold:

1. the tangent bundle TX is semistable, and

2. for every semistable Higgs or co—Higgs bundle (E, 0) on X, the underlying
holomorphic vector bundle E is semistable.

Then ¢,(TX) = 0.

Proof. We will show that degree(TX) = 0 for every Kéhler class on X. For this,
take any Kéhler class [w].

First assume that degree(TX) > 0 with respect to [w]. We will construct a
co—Higgs field on the holomorphic vector bundle

(5.3) E:==0xaTX.

Since the vector bundle Hom(7'X, Ox) = Qy is a direct summand End(E), we
have

End(TX) = Qy ® TX = Hom(TX, Ox) ® TX C End(E)® TX.

Hence Idrx € H°(X, End(TX)) is a co-Higgs field on E; this co-Higgs field on
E will be denoted by 6.

We will show that the co-Higgs bundle (E, ) is semistable.

For show that, take any coherent analytic subsheaf ' C E such that 6(F) C
F ®TX. First consider the case where

F(0,TX) = 0.
Then the composition
F‘—)EZOX@TXHOX

is injective. Hence
n(F) < p(Ox) = 0 < pu(E).
Hence the co-Higgs subsheaf (F, 0|p) of (E, 6) does not violate the inequality
condition for semistability.
Next assume that

F(0,TX) # 0.
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Now in view of the given condition that §(F) C F ® TX, from the construction
of the co-Higgs field 6 is follows immediately that

F()(Ox,0) # 0.

Hence we have
(5.4) F = (F()0,TX)) @ (F((Ox, 0)).

Note that
(P ()0, TX)) < u(TX)
because T'X is semistable, and also we have p(F ((Ox, 0)) < u(Ox). Therefore,
from (5.4) it follows that
1(F) < wE).
Hence again the co—Higgs subsheaf (F, 0|r) of (E, 8) does not violate the inequal-
ity condition for semistability. So (E, 6) is semistable.

Hence by the given condition, the holomorphic vector bundle F is semistable.
But this implies that degree(TX) = 0. This contradicts the assumption that
degree(TX) > 0.

Now assume that degree(TX) < 0. We will construct a Higgs field on the
vector bundle E in (5.3).

The vector bundle Hom(Ox, TX) = T'X is a direct summand End(F). Hence
we have

End(TX) = TX ® Qx = Hom(Ox, TX) ® Qx C End(E) ® Qx.
Consequently, Idrxy € H°(X, End(TX)) is a Higgs field on E; this Higgs field on
E will be denoted by ¢'.

We will show that the above Higgs vector bundle (E, 6) is semistable.
Take any coherent analytic subsheaf

FCcFE

such that 0(F) C F®Qx and rank(F) < rank(E). First consider the case where

F((0x,0) = 0.
Then we have F' C (0, TX) C E. Since TX is semistable, we have
u(F) < p(TX).

On the other hand, pu(TX) < u(E), because degree(TX) < 0 = u(Ox). Com-
bining these we get
w(F) < u(E),
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and consequently, the Higgs subsheaf (F, 0|r) of (E, 8) does not violate the in-
equality condition for semistability.
Now assume that

F[(0x,0) # 0.

Hence
(5.5) rank(F ﬂ(OX’ 0) =1,

because F'()(Ox, 0) is a nonzero subsheaf of Ox. Now from the construction of
the Higgs field 6 it follows that

rank(F [1)(0, TX)) = rank(TX).
Combining this with (5.5) we conclude that rank(F') = rank(F). This contradicts
the assumption that rank(F) < rank(FE). Hence we conclude that the Higgs

vector bundle (E, ) is semistable.
Now the given condition says that E is semistable, which in turn implies that

degree(TX) = 0.

This contradicts the assumption that degree(TX) < 0.
Therefore, we conclude that degree(TX) = 0 for all Kahler classes [w] on X.
In other words,

(5.6) a(TX)u(W)*t =0

for every Kahler class [w] on X, where d as before is the complex dimension of d.
But the R-linear span of

{[w]* € H* (X, R) | [w] Kahler class}

is the full H?¢=2(X, R). Therefore, from (5.6) it follows that

a(TX)ué =0
forall § € H*2(X, R). Now from the Poincaré duality it follows that ¢;(TX) €
H%(X, R) vanishes. O
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Hitchin Pairs for non-compact real Lie groups

by Peter B. Gothen®

Abstract

Hitchin pairs on Riemann surfaces are generalizations of Higgs bundles,
allowing the Higgs field to be twisted by an arbitrary line bundle. We
consider this generalization in the context of G-Higgs bundles for a real
reductive Lie group G. We outline the basic theory and review some selected
results, including recent results by Nozad and the author [32] on Hitchin
pairs for the unitary group of indefinite signature U(p, q).

1 Introduction

Let X be a closed Riemann surface with holomorphic cotangent bundle K = Q%.
A rank n Higgs bundle on X is a pair (E, ¢), where E — X is a rank n holomorphic
vector bundle and ¢: £ — F® K is an endomorphism valued holomorphic 1-form
on X. Higgs bundles are fundamental objects in the non-abelian Hodge theorem
[20, 22, 37, 60]. In the simplest (abelian) case of n = 1 this can be expressed as
the isomorphism

Hom(m X, C") ~ T Jac(X),

whose infinitesimal version gives the Hodge decomposition H'(X,C) ~ H(X)®
H%'(X). Thus, for n = 1, a flat line bundle on X corresponds to a pair (E, )
consisting of a holomorphic line bundle £ — X and a holomorphic 1-form ¢ on
X. For general n, non-abelian Hodge theory produces an isomorphism

Hom(m X, GL(n,C))/GL(n,C) ~ M(GL(n, C)).
Here the space on the right hand side is the moduli space of isomorphism classes

of Higgs bundles (of degree 0) and the space on the left hand side is the space
of representations of 71X modulo the action of GL(n,C) by overall conjugation.

!The author was partially supported by CMUP (UID/MAT/00144/2013) and the project
PTDC/MAT-GEO/2823/2014 funded by FCT (Portugal) with national and where applicable
European structural funds through the programme FEDER, under the partnership agreement
PT2020. The author acknowledges support from U.S. National Science Foundation grants DMS
1107452, 1107263, 1107367 "RNMS: GEometric structures And Representation varieties” (the
GEAR Network)
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Note that, viewed in this way, the non-abelian Hodge theorem generalizes the
Narasimhan—Seshadri theorem [54] to non-compact groups.

For many purposes, rather than considering ¢ as a 1-form, one might as well
consider pairs (F, ¢), where ¢: E — F ® L is twisted by an arbitrary line bundle
L — X. Such a pair is known as a Hitchin pair or a twisted Higgs bundle. This
point of view was probably first explored systematically by Nitsure [55]. The non-
abelian Hodge theorem generalizes to this context and involves, on the one side,
meromorphic Higgs bundles and on the other side meromorphic connections. This
generalization has been carried out by Simpson [61], for Higgs fields with simple
poles, and Biquard-Boalch [5], for more general polar parts (see Boalch [8] for a
survey).

Another generalization of the non-abelian Hodge theorem has to do with rep-
resentations of m X in groups G other than the general linear group. This already
goes back to Hitchin’s seminal papers [37, 38, 39] and indeed was also treated by
Simpson [62]. Here we shall focus on the theory for real G, which has quite a
different flavour from the theory for complex G. A systematic approach to non-
abelian Hodge theory for real reductive groups G and applications to the study
of character varieties has been explored in a number of papers; see, for example,
[30, 12, 24, 25]. The focus of the present paper are the objects which are obtained
by allowing for an arbitrary twisting line bundle L in G-Higgs bundles rather than
just the canonical bundle K. These objects are known as G-Hitchin pairs.

There are many other important aspects of Higgs bundle theory and without
any pretense of completeness, we mention here a few. One of the important fea-
tures of the Higgs bundle moduli space for complex G is that it is an algebraically
completely integrable Hamiltonian system (see Hitchin[38]), known as the Hitchin
system. This is closely related to the fact that this moduli space is a holomorphic
symplectic manifold admitting a hyper-Kéhler metric. This aspect of the the-
ory can be generalized to Hitchin pairs using Poisson geometry, as pioneered by
Bottacin [9] and Markman [47]; see Biquard-Boalch [5] for the existence of hyper-
Kéhler metrics on the symplectic leaves. Closely related is the theory of parabolic
Higgs bundles (see, for example, Konno [45] and Yokogawa [67]). Parabolic G-
Higgs bundles for real G have been considered by, among others, Logares [46],
Garcfa-Prada-Logares—Munoz [28] and Biquard-Garcia-Prada—Mundet [6]. Higgs
bundles also play an important role in mirror symmetry (see, for example, Hausel—
Thaddeus [34]) and in the geometric Langlands correspondence (see, for example,
Kapustin-Witten [42]). Also a number of results on G-Higgs bundles for real
groups can be obtained via the study of the Hitchin fibration; for this we refer
the reader to Baraglia—Schaposnik [4], Garcia-Prada—Peén-Nieto-Ramanan [29],
Hitchin-Schaposnik [40], Peén-Nieto [57] and Schaposnik [58], as well as further
references found therein.

In this paper we describe the basics of the theory of G-Hitchin pairs and give
a few examples (Section 2). We explain the Hitchin—Kobayashi correspondence
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which relates the (parameter dependent) stability condition for G-Hitchin pairs
to solutions to Hitchin’s gauge theoretic equations (Section 3). We then describe
recent work of Nozad and the author [32] on U(p, q)-Hitchin pairs (introduced
in Section 4), the Milnor-Wood inequality for such pairs (Section 5) and how
wall-crossing arguments can be used to study their moduli (Section 6).

Acknowledgments

I would like to thank P. Boalch for useful comments on the first version of the
paper.

This paper is based on my talk at the GEOQUANT 2015 conference held at
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2 Hitchin pairs for real groups

Let G be a connected real reductive Lie group. Following Knapp [44], we shall
take this to mean that the following data has been fixed:

e a maximal compact subgroup H C G}
e a Cartan decomposition g = b + m;

e anon-degenerate Ad(G)-invariant quadratic form, negative definite on h and
positive definite on m, which restricts to the Killing form on the semisimple
part g = g/[g, 9] of g.

Note that the above data complexify (with the possible exception of G) and that
there is an isotropy representation

v HC = Aut(m®)

coming from restricting and complexifying the adjoint representation of G.

Let X be Riemann surface and let K = QL be its holomorphic cotangent
bundle. Fix a line bundle L — X. For a principal H®-bundle E — X and a
representation p: HC — GL(V) of H®, we denote the associated vector bundle
by E(V)=E x,V.

Definition 2.1. A G-Hitchin pair (twisted by L) on X is a pair (E, ), where
E — X is a holomorphic principal H%-bundle and ¢ € H(X,L ® E(m®)) is
a holomorphic 1-form with values in the vector bundle defined by the isotropy
representation of HC. If L = K, the pair (E, ¢) is called a G-Higgs bundle.

Example 2.2. If G is compact, a G-Hitchin pair is nothing but a holomorphic
principal GS-bundle.
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Example 2.3. If G = GL(n,C), a G-Hitchin pair is a pair (F, ¢), where £ — X
is a rank n holomorphic vector bundle and ¢ € H°(X, LoEnd(E)) is an L-twisted
endomorphism of E. A SL(n,C)-Higgs bundle is given by the same data, with the
additional requirements that det(E) = Ox and ¢ € H°(X, L ® Endy(E)), where
Endy(E) C End(E) is the subbundle of ¢ with ¢ = 0.

Example 2.4. Let G = SL(n,R). A maximal compact subgroup is SO(n) defined
by the standard inner product (z,y) = > z;y; and the isotropy representation
is the subspace of A € sl(n, R) which are symmetric with respect to the inner
product:
(Az,y) = (z, Ay).

Hence a SL(n, R)-Hitchin pair can be viewed as a pair ((U, @), ¢), where (U, Q) is a
holomorphic orthogonal bundle, i.e., U — X is a rank n vector bundle with a non-
degenerate holomorphic quadratic form @, and ¢ € H°(X, L®S§2U). Here SéU C
End(U) denotes the subbundle of endomorphism of U, which are symmetric with
respect to Q.

Example 2.5. Let G = U(p,q), the group of linear transformations of CP*?
which preserves an indefinite hermitian form of signature (p, ¢) on CP™¢ = C? x C1.
Taking the obvious U(p) x U(gq) as the maximal compact subgroup, we have H® =

GL(p, C) x GL(g,C) and the isotropy representation is
GL(p, C) x GL(¢,C) — Hom(C?, C?) @ Hom(C?,C?)

acting by restricting the adjoint representation of GL(p + ¢, C). Hence a U(p, q)-
Hitchin pair can be identified with a quadruple (V, W, 8,v), where

B € H(L®Hom(W,V)) and ~ € H(L® Hom(V,W)).

The GL(p+g¢, C)-Hitchin pair associated via the inclusion U(p, ¢) C GL(p+¢,C) is
(E, ¢), where E = VaW and ¢ = (2 g’) Of course a SU(p, q)-Hitchin pair is given
by the same data, with the additional requirement that det(V) ® det(W) = Ox.

Example 2.6. Let G = Sp(2n,R), the real symplectic group in dimension 2n,
defined as the subgroup of SL(2n, R) of transformations of R*" preserving the stan-
dard symplectic form, which can be written in coordinates (z1,¥y1,...,%n, Yn) €
R?" as

w=dzry Ndyy + - -+ + dx, A\ dy,.
Then a Sp(2n, R)-Hitchin pair can identified with a triple (V, 3,~), where V. — X
is a rank n vector bundle and

fe H(L®S*V) and ~¢€ HY(L ® S*V*).

Note how the inclusions Sp(2n,R) C SL(2n,R) and Sp(2n,R) C SU(n,n) are
reflected in the associated vector bundle data. In the former case, the rank 2n
orthogonal bundle (U, Q) is given by U = V & V* with the quadratic form @ =

(96)-
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3 The Hitchin—Kobayashi correspondence

We now move on to the central notion of stability for G-Hitchin pairs. The
stability condition depends on a parameter ¢ € i3, where 3 denotes the centre of
b.

From the point of view of construction of moduli spaces, stability allows for a
GIT construction of the moduli space M4(X,G) of c-semistable G-Higgs bundles
for a fixed topological invariant d € m1(H); this construction has been carried out
by Schmitt (see [59]).

On the other hand, there is a Hitchin—Kobayashi correspondence for G-Higgs
bundles, which gives necessary and sufficient conditions in terms of stability for
the existence of solutions to the so-called Hitchin’s equations. To state these
equations, we need some notation. By a hermitian metric on the H®-bundle
E we mean a reduction of structure group to H C HC, i.e., a smooth section
h: X — E(H®/H). We denote the corresponding principal H-bundle by Ej.
Note that h defines a compact real structure, denoted by oy, on the bundle of Lie
algebras £(g®), compatible with the decomposition E(g®) = E(h%)@ E(m®). If we
combine o, with the conjugation on complex 1-forms on X, we obtain a complex
antilinear involution A'(E(g®)) — A'(E(g®)). This restricts to an antilinear map
which, by a slight abuse of notation, we denote by the same symbol:

on: AP(E(mE)) — A(E(mC)).

Fix a hermitian metric h;, on L and let wyx denote the Kahler form of a metric on
X compatible with its complex structure, normalized so that |’ ywx = 2m. Then,
for ¢ € i3, Hitchin’s equation for a metric A on E is the following

(3.1) F(Ap) + (¢, 0n(0)|wx = —icwx.

Here Aj, denotes the Chern connection on Ej, (i.e., the unique H-connection com-
patible with the holomorphic structure on E) and F(A) its curvature. Moreover,
the bracket [¢, 07,(¢)] is defined by combining the Lie bracket on g€ = h® + m®
with the contraction L ® L — Ox given by the metric k. Note also that in the
case when L = K, the second term on the left hand side can be written simply as
[, 01(4)] where the bracket on the Lie algebra is now combined with the wedge
product on forms.

In order to state the Hitchin—Kobayashi correspondence for G-Hitchin pairs,
giving necessary and sufficient conditions for the existence of solutions to the
Hitchin equation, one needs an appropriate stability condition. The general con-
dition needed can be found in [24] (based, in turn, on Bradlow-Garcia-Prada-
Mundet [14] and Mundet [41]). It is fairly involved to state in general, so we shall
refer the reader to loc. cit. for the full statement and here just give a couple of
examples which cover our present needs. Note that, just as the Hitchin equation,
the stability condition will depend on a parameter ¢ € 3.
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Example 3.1. (Cf. Hitchin[37], Simpson [60, 62].) Consider GL(n,C)-Hitchin
pairs (E, ¢), where E — X is a rank n vector bundle and ¢ € H°(X, L@ End(FE)).
Recall that the slope of a vector bundle F on X is the ratio between its degree and
its rank: p(E) = deg(E)/rk(E). A GL(n,C)-Hitchin pair (E, ¢) is semistable if
(3:2) u(F) < u(E)

for all non-zero subbundles F' C E which are preserved by ¢, i.e., such that
¢(F) C F ® L. Moreover, (E,¢) is stable if additionally strict inequality holds
in (3.2) whenever F' # E. Finally, (E,¢) is polystable if it is the direct sum of
stable Higgs bundles, all of the same slope. In this case i3 ~ R and the stability
parameter is fixed to be the real constant ¢ = p(E). Note that this constraint is of
a topological nature and can be obtained from Chern—Weil theory by integrating
the trace of the Hitchin equation, which in this case is:

F(AR) + [6, 9" wx = —icldwy.

Example 3.2. (Cf. [10].) Consider U(p, ¢)-Hitchin pairs (V, W, 3,~). In this case,
73 ~ R x R and the Hitchin equation becomes

F(Ah(V)) + (5B*h — ’V*h’y)wx = —icy Idv wx,

3.3
(33) FAWW)) + (177 — 8By = —ica Iy wy.

Here A, (V) and A, (W) denote the Chern connections on V' and W, respectively,
and the parameter (¢, c2) € R x R is constrained by Chern-Weil theory by

p o + q
ptaq p+q

o =p(Vew).

The stability condition is most conveniently described by introducing the a-slope

of (V,W,5,7) by ’
ta(V, W, 8,7) = (Vo W) +ap+q

for a real parameter «, related to (c1,¢2) by a = ¢o—c¢q. The a-stability conditions

are completely analogous to the ones of Example 3.1, but applied to U(p/, ¢')-

subbundles, defined in the obvious way by V/ C V and W' C W such that

BWYCV'@Land (V') C W ® L.

The Hitchin—Kobayashi correspondence for G-Hitchin pairs [37, 62, 14, 24] can

now be stated as follows.

Theorem 3.3. Let (E, ®) be a G-Hitchin pair. There exists a hermitian metric h
in E solving Hitchin’s equation (3.1) if and only if (E, ¢) is c-polystable. Moreover,
the solution h is unique up to H-gauge transformations of Ej,.
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Next we explain how to give an interpretation in terms of moduli spaces.
Fix a C* principal H-bundle £ of topological class d € m H and consider the
configuration space of G-Higgs pairs on &:

C(&) ={(0a,0) | 910 =0}.

Here d4 is a 0-operator on & defining a structure of holomorphic principal H®-
bundle 4 — X and the C=-Higgs field ¢ € A"0(£(m®)). Let C< (&) C C(E)
be the subset of c-polystable G-Higgs pairs. The complex gauge group G€ is the
group of C*> automorphisms of the principal H®-bundle £ obtained by extending
the structure group to the complexification H® of H. Tt acts on C¢™P*(&) and we
can identify, as sets?,

ME(X,G) =CP(E)/GC.

Now consider Hitchin’s equation (3.1) as an equation for a pair (A,®) of a
(metric) connection A on € and a Higgs field ¢ € AYY(£(m®)). The complex
gauge group GC acts transitively on the space of metrics on £ with stabilizer the
unitary gauge group G, by which we understand the C'*° automorphism group of
the H-bundle £. Thus the Hitchin—Kobayashi correspondence of Theorem 3.3
says that there is a complex gauge transformation taking (A, ¢) to a solution to
Hitchin’s equation if and only if (E4, ¢) is ¢-polystable, and this solution is unique
up to unitary gauge transformation. In other words, we have a bijection

(3.4) MY(X,G) = {(A,9) | (A,¢) satisfies (3.1)}/G.

When G is compact, there is no Higgs field and the Hitchin equation simply
says that the Chern connection is (projectively) flat. Hence (3.4) identifies the
moduli space of semistable G®-bundles with the moduli space of (projectively)
flat G-connections. This latter space can in turn be identified with the character
variety of representations of (a central extension of) the fundamental group of X
in G.

For non-compact G, assume that L = K and that the parameter ¢ € iZ(g).
Then the Hitchin equation can be interpreted as a (projective) flatness condition
for the G-connection B defined by

(3.5) B=Ap+¢—on(o).

It is a fundamental theorem of Donaldson [22] and (more generally) Corlette [20]
that for any flat reductive® connection B on a principal G-bundle &g, there exists
a so-called harmonic metric on &;. A consequence of harmonicity is that when

2Indeed a construction of the moduli space using complex analytic methods in the style of
Kuranishi should be possible, though we are not aware of the existence of such a construction
in the literature.

3When G is linear this simply means that the holonomy representation is completely re-
ducible.
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equation. Combining this with the Hitchin—Kobayashi correspondence gives the
non-abelian Hodge theorem?®: an identification between the moduli space of G-
Higgs bundles and the character variety for representations of (a central extension
of) mX in G.

the metric is used to decompose B as in (3.5), then (A, ¢) satisfies the Hitchin

Example 3.4. If we want to apply the non-abelian Hodge theorem to U(p, ¢)-
Higgs bundles, we need to fix the parameter in Hitchin’s equation to be in the
centre of U(p, q), i.e., in the notation of Example 3.2, we must take ¢; = ¢y = ¢ =
w(V @ W). Of course this corresponds to the value for GL(n,C)-Higgs bundles
under the inclusion U(p, ¢) C GL(p + ¢,C) (cf. Examples 2.5 and 3.1).

4 Hitchin pairs for U(p,q) and quiver bundles

We saw in Example 3.2, that there is a degree of freedom in the choice of stability
parameter for U(p, ¢)-Hitchin pairs. There is another way of viewing this parame-
ter dependence for the stability condition, which is to notice that a U(p, ¢)-Hitchin
pair can be viewed as a quiver bundle (see, e.g., King [43], Alvarez-Cénsul-Garcfa-
Prada [1, 2], and also [31]). To explain this, recall that a quiver @) is an oriented
graph (which we shall assume to be finite), given by a set of vertices @, a set of
arrows ()7 and head and tail maps

h,7t2 Ql —)Qo.

For each a € @i, let M, — X be a holomorphic vector bundle on X and let
M = {M,} be the collection of these twisting bundles.

Definition 4.1. A Q-bundle twisted by M on X is a collection of holomorphic
vector bundles F; — X indexed by the vertices ¢ € @y of @) and a collection of
holomorphic maps ¢,: M, ® E;, — Ej, indexed by the arrows a € QQ; of Q.

Remark 4.2. It is easy to see that Q-bundles on X form a category which can
be made into an abelian category by considering coherent (Q-sheaves, in a way
analogous to what happens for vector bundles.

It should now be clear that L-twisted U(p, ¢)-Hitchin pairs can be viewed as
@Q-bundles for the quiver

(4.1) °

N
S

where both arrows are twisted by L*.

4See the references cited in the Introduction for the generalization to the meromorphic situ-
ation.
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There is a natural stability condition for quiver bundles which, just as for
Hitchin pairs, gives necessary and sufficient conditions for the existence of so-
lutions to certain natural gauge theoretic equations (cf. King [43] and Alvarez-
Cénsul-Garcfa-Prada [1, 2]). This condition depends on a parameter vector

o = (ai)ier S RQO
and it is defined using the a-slope of a Q-bundle E:
/’La(E) = : Z I'k(E) .
i i
Thus E is a-stable if for any proper non-zero sub-Q-bundle E’ of E, we have

ta(E') < pta(E),

and a-semi- and polystability are defined just as for vector bundles.
Note that the stability condition is unchanged under an overall translation of
the stability parameter

(i) — (0 + a)
for any constant ¢ € R. Thus we may as well take ap = 0 and we see that the
number of effective stability parameters is |Qo| — 1. In the case of @-bundles
for the quiver (4.1), i.e., U(p, q)-Hitchin pairs, we then have one real parameter
« = o and the general @)-bundle stability condition reproduces the stability for
U(p, q)-Hitchin pairs of Example 3.2.

5 The Milnor—Wood inequality for U(p, ¢)-Hitchin
pairs

The Milnor-Wood inequality has its origins [48, 66] in the theory of flat bundles.
From this point of view there is a long sequence of generalizations and important
contributions (see, for example, Dupont [23], Toledo [64], Domic-Toledo [21],
Turaev [65], Clerc-Qrsted [19], Burger—lozzi-Wienhard [17, 18]). Here we shall,
however, focus on its Higgs bundle incarnation, again first considered by Hitchin
[37]. From this point of view it is a bound on the topological class of a U(p, q)-
Hitchin pair. In order to state it we need the following definition.

Definition 5.1. Let E = (V,W,3,v) be a U(p, q)-Hitchin pair. The Toledo
invariant of E is
r(B) = 2L (u(V) ~ (V).

p+yq

Note that, if we set a = deg(V) and b = deg(W), then we can write 7(F) =
2(qa —pb)/(p + @)

The Milnor-Wood inequality for U(p, ¢)-Hitchin pairs can now be stated as
follows:
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Proposition 5.2 (Gothen—Nozad [32, Proposition 3.3]). Let E = (V, W, 3,~) be
an a-semistable U(p, q)-Hitchin pair with twisting line bundle L. Then

2pq )

—r1k(8) deg(L) + a(rk(ﬁ) — ﬂ) < 7(F) < 1k(vy)deg(L) + a(rk(’y) — P

p+q

The proof is analogous to the one for U(p, ¢)-Higgs bundles in [10]. It ap-
plies the a-semistability condition for U(p, ¢)-Hitchin pairs to certain subobjects
defined in a natural way using 3 and y. We refer the reader to [32] for details.

Remark 5.3. The Toledo invariant has been defined for G-Higgs bundles for
any non-compact simple reductive group G of hermitian type by Biquard—Garcia-
Prada-Rubio [7]. These authors also prove a very general Milnor-Wood inequality
for such G-Higgs bundles. In the case when L = K their theorem specializes to
our Proposition 5.2.

The inequality of Proposition 5.2 has several interesting consequences, for
example we get the following bounds on the Toledo invariant (cf. [32, Proposi-
tion 3.4]).

Proposition 5.4. Let E = (V,W,3,7) be an a-semistable U(p, q)-Hitchin pair
with twisting line bundle L with deg(L) > 0. Then the following hold:

(2) If a < —deg(L) then

. Ip —dl 2pq
min{p, ¢} (—« —deg(L)) <7(F) < —a——.
(r.ap(~a —deg(L) < () < —a2L

(1) If —deg(L) < a < deg(L) then

|p_‘I|)‘
pt+q

min{p, ¢} (—c ‘Z J_r Z‘ —deg(L)) < 7(E) < min{p, ¢} (deg(L) — a

(23i) If deg(L) < « then

faﬂ < 7(E) < min{p, ¢} (deg(L) — o

‘p_(I‘)'
p+q

pP+q

Note, in particular, that for « = 0 (the value relevant for the non-abelian
Hodge theorem) we have by (i7) of the proposition that

(5.1) I7(E)| < min{p, ¢} deg(L).

In the case of U(p, ¢)-Higgs bundles (i.e., &« = 0 and L = K) this is the usual
Milnor-Wood inequality (cf. [10]).
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The study of properties of Higgs bundles with extremal values for the Toledo
invariant is an interesting question. This has been studied for various specific
groups G of hermitian type by Hitchin [37] for PSL(2, R), Gothen [30] for Sp(4, R),
Garcfa-Prada—Gothen—Mundet [25] for Sp(2n, R), Bradlow—Garcia-Prada—Gothen
[10, 11, 16] for SO*(2n) and U(p, ¢). A general study for G-Higgs bundles for non-
compact groups of hermitian type was carried out by Biquard-Garcia-Prada—
Rubio [7]. From the point of view of representations of surface groups much
work has also been done and without being at all exhaustive, we mention here
a few works: Toledo [64], Herndndez [36] and Burger-lozzi-Wienhard [17, 18].
From either point of view, one of the key properties of maximal objects (Higgs
bundles or representations) is that they exhibit rigidity phenomena, of which we
mention but two examples. Firstly, a classical theorem of Toledo, which states
that a maximal representation of m X in U(p, 1) factors through U(1,1) xU(p—1).
Secondly we mention [10, Proposition 3.30], which says that the moduli space of
maximal U(p, p)-Higgs bundles is isomorphic to the moduli space of K2twisted
Hitchin pairs of rank p — so here Hitchin pairs play an important role even in
the theory of usual Higgs bundles. Toledo’s theorem and its generalizations for
surface group representations have clear parallels on the Higgs bundle side of the
non-abelian Hodge theory correspondence. On the other hand, the surface group
representation parallel of the second kind of rigidity phenomenon is perhaps less
clear; see, however, Guichard—Wienhard [33] for the case of representations in
Sp(2n,R).

6 Wall crossing for U(p, q)-Hitchin pairs

We finish this paper by describing an application of wall-crossing techniques to
moduli of U(p, ¢)-Hitchin pairs, following [56, 32]. These techniques have a long
history in the subject, going back at least to Thaddeus’ proof [63] of the rank 2
Verlinde formula. The main results on connectedness of moduli spaces of U(p, q)-
Higgs bundles from [10] were based on the wall-crossing results for triples of
[11]: triples are @-bundles for a quiver with two vertices and one arrow between
them, so they correspond to U(p, ¢)-Hitchin pairs with one of the Higgs fields /3
or v vanishing. Later some of these results have been generalized to holomorphic
chains, i.e., Q-bundles for a quiver of type A,, see Alvarez-Cénsul-Garcfa-Prada—
Schmitt [3], Garcfa-Prada—Heinloth—-Schmitt [27], Garcfa-Prada—Heinloth [26] and
Heinloth [35]. Similar ideas have also been employed by other authors to study
various properties of moduli spaces, including their Hodge numbers, such as the
works of Bradlow—Garcfa-Prada— Munoz-Newstead [15], Bradlow—Garcia-Prada
Mercat—Mutioz—Newstead [13], Mufioz [49, 50, 51] and Mufnioz—Ortega—Vazquez-
Gallo [52, 53].

One common feature of all these results is that they deal with quivers without
oriented cycles, corresponding to nilpotent Higgs fields. It is therefore interesting
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to investigate to what extend the aforementioned results can be generalized to
quivers with oriented cycles. Since we need at least two vertices to have effective
stability parameters, the simplest possible case is that of U(p, ¢)-Hitchin pairs,
corresponding to the quiver (4.1).

It turns out that a direct generalization of the arguments for triples of [11]
runs into difficulties. To explain this, we first remark that the stability condition
can only change for certain discrete values of the parameter «, called critical
values. Fix topological invariants ¢ = (p,q,a,b) of U(p,q)-Hitchin pairs, where
a = deg(V) and b = deg(W). Then « is a critical value of the stability parameter
for U(p, ¢)-Hitchin pairs of type ¢ if it is numerically possible to have a proper
subobject E' C E of a U(p, q)-Hitchin pair £ = (V, W, 3,7) of type t such that

/ I P
(6.1) ol ) = ia(B) and —E L

(Here the type of E' is t' = (p/, ¢/, a’,V').) This means that « is critical if and only
if it is possible for U(p, ¢)-Hitchin pairs to exist which are o/-stable for o < « and
o/-unstable for o/ > « (and vice-versa). Denote by M+ the moduli space of a*-
semistable U(p, ¢)-Hitchin pairs of type ¢, where a® = a £ ¢ for € > 0 small. Then
one is led to introduce “flip loci” S,+ C M+ corresponding to U(p, ¢)-Hitchin
pairs which change their stability properties as the critical value « is crossed. If
one can estimate appropriately the codimension of these flip loci, it will follow
that M=+ are birationally equivalent. The U(p, ¢)-Hitchin pairs E in the flip loci
have descriptions as extensions

0—-E —-E—=E" =0

for a-semistable U(p, ¢)-Hitchin pairs (of lower rank) E’ and E” satisfying (6.1).
Such extensions are controlled by the first hypercohomology of a two-term complex
of sheaves Hom*(E", E') (see [32, Definition 2.14], cf. [31]). Thus, in order to
control the number of extensions one needs vanishing results for the zeroth and
second hypercohomology groups. This, together with an analysis of the moduli
space for large a, was the strategy followed in [10] to prove irreducibility of moduli
spaces of holomorphic triples.

The main difficulty in generalizing this approach to U(p, ¢)-Hitchin pairs is that
the vanishing results do not generalize without additional hypotheses (compare,
for example, [11, Proposition 3.6] and [32, Proposition 3.22]). However, for a
certain range of the parameter a and the Toledo invariant, things can be made to
work. Thus we can obtain birationality of moduli spaces of U(p, ¢)-Hitchin pairs
under certain constraints (see [32, Theorem 5.3]). This combined with the results
from [10] on connectedness of moduli of U(p, ¢)-Higgs bundles finally gives the
main result:

Theorem 6.1 ([32, Theorem 5.5]). Denote by M, (p,q,a,b) the moduli space
of semistable K -twisted U(p,q)-Hitchin pairs. Suppose that T = %(a/p —b/q)
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satisfies |7| < min{p, q}(29 — 2). Suppose also that either one of the following
conditions holds:

(1) g/p—gb/q >—(29-2), ¢ <pand0 < a < . —(b/g—a/p—(29—2)) +
9 -2,

(2) a/p=b/q <29—2,p < qand Z=H(b/q—a/p+29—2)—(29—2) < @ < 0.
Then the closure of the stable locus in the moduli space M (p, q, a, b) is irreducible.
In particular, if ged(p + q,a + b) = 1, then M, (p,q,a,b) is irreducible.

Remark 6.2. Unless p = ¢, the conditions on a/b — b/q in the theorem are
guaranteed by the hypothesis |7| < min{p, ¢}(2¢g — 2) (see [32, Remark 5.6]).
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Quadric bundles applied to non-maximal Higgs bundles

by André Oliveira

Abstract

We present a survey on the moduli spaces of rank 2 quadric bundles
over a compact Riemann surface X. These are objects which generalise
orthogonal bundles and which naturally occur through the study of the
connected components of the moduli spaces of Higgs bundles over X for the
real symplectic group Sp(4, R), with non-maximal Toledo invariant. Hence
they are also related with the moduli space of representations of 71(X) in
Sp(4,R). We explain this motivation in some detail.

1 Components of Higgs bundles moduli spaces

Higgs bundles over a compact Riemann surface X were introduced by Nigel
Hitchin in [25] as a pair (V,¢) where V is a rank 2 and degree d holomorphic
vector bundle on X, with fixed determinant, and ¢ a section of End(V) ® K with
trace zero. K denotes the canonical line bundle of X — the cotangent bundle
of X. Nowadays those are also known as SL(2,C)-Higgs bundles. In the same
paper, Hitchin determined the Poincaré polynomial of the corresponding moduli
space M,(SL(2,C)), for d odd. The method was based on Morse-Bott theory,
so smoothness of the moduli was an essential feature. It was then clear that
M4(SL(2,C)) has an extremely rich topological structure, so a natural question
was to ask about the topology of the moduli spaces of Higgs bundles for other
groups. For SL(3,C), this was achieved by P. Gothen in [20] and more recently,
and using a new approach, O. Garcfa-Prada, J. Heinloth and A. Schmitt in [13, 12]
obtained the same for SL(4, C) and recursive formulas for SL(n,C). Other recent
developments were achieved in [34] on the study of M (SL(n, C)), which seem to
confirm some fascinating conjectures [24]. All these cases were done under the
condition of coprimality between rank and degree, so that the moduli spaces are
smooth.

However, for a general real, connected, semisimple Lie group G, the moduli
spaces M.(G) of G-Higgs bundles with fixed topological type ¢ € m(G), are
non-smooth. This is one of the reasons why the topology of M.(G) is basically
unknown. Still, their most basic topological invariant — the number of connected
components — is a honourable exception in this unknown territory, and much is
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known about it. If G is compact then M.(G) is non-empty and connected for any
¢ € m(G) [33] and the same is true if G is complex [17, 28]. In both cases the
same holds even if G is just reductive or even non-connected (the only difference is
that for non-connected groups, the topological type is indexed not by 71 (G), but
by a different set [30]). When G is a real group, the situation can be drastically
different. There are two cases where extra components are known to occur: when
G is a split real form of G® and when G is a non-compact group of hermitian
type.

Suppose G is a split real form of GC. Intuitively this means that G is the
“maximally non-compact” real form of G€; see for example [32] for the precise
definition. For instance SL(n,R) and Sp(2n,R) are split real forms of SL(n,C)
and of Sp(2n, C), respectively. For these groups, Hitchin proved in [27] that there
always exists at least one topological type ¢ for which M.(G) is disconnected
and that the “extra” component is contractible and indeed isomorphic to a vector
space — this is the celebrated Hitchin component also known as Teichmiiller
component. We will not pursue in this direction here.

A non-compact semisimple Lie group G of hermitian type is characterised by
the fact that G/H is a hermitian symmetric space, where H C G is a maximal
compact subgroup. Thus G/H admits a complex structure compatible with the
Riemannian structure, making it a Kéhler manifold. If G/H is irreducible, the
centre of the Lie algebra of H is one-dimensional and this implies that the torsion-
free part of m(G) = m(H) is isomorphic to Z, hence the topological type gives
rise to an integer d (usually the degree of some vector bundle), called the Toledo
invariant. This Toledo invariant is subject to a bound condition, called the Milnor-
Wood inequality, beyond which the moduli spaces M (G) are empty. Moreover,
when |d| is maximal (and G is of tube type [5]) there is a so-called Cayler partner
phenomena which implies the existence of extra components for My(G). This
has been studied for many classes of hermitian type groups [5] and proved in an
intrinsic and general way recently in [2].

On the other hand, the connected components of M4(G) for non-maximal and
non-zero Toledo invariant are not known in general. One exception is the case
of U(p, ¢), which has been basically dealt in [3, 4]. Two other exceptions are the
cases of G = Sp(4, R) and of G = SOy(2, 3) — the identity component of SO(2, 3).
In these two cases, it is known [16, 22] that all the non-maximal subspaces are
connected for each fixed topological type. Note that in the case of SO¢(2, 3), the
topological type is given by an element (d,w) € Z x Z/2 = m1(SO(2, 3)), with d
being the Toledo invariant; so for each d there are two components, labeled by w.
We expect that the same holds true in general, that is, M4(G) is connected for
non-maximal d and fixed topological type.

In this paper we give an overview of the proof given in [22] of the connectedness
of My(Sp(4,R)) and M,4(SO(2,3)) for non-maximal and non-zero d. In this
study one is naturally lead to consider a certain type of pairs, which we call quadric
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bundles, and the corresponding moduli spaces, depending on a real parameter «.
Denote them by N,(d). The relevant parameter for the study of My(Sp(4,R))
and M4(SO0(2,3)) is @ = 0. The idea is to obtain a description of the connected
components of N, (d), for a specific value o, of the parameter a, and then vary
«, analysing the wall-crossing in the spirit of [38, 4]. It turns out that a crucial
step in that proof (namely in the description of of N, (d)) is a detailed analysis
of the Hitchin fibration for L-twisted SL(2, C)-Higgs bundles, taking into account
all the fibres of the Hitchin map and not only the generic ones. This was done in
[23], and we briefly describe this analysis.

In the last section of the paper we briefly mention some other results concerning
the spaces N, (d), obtained in [31], that lead to the description of some geometric
and topological properties of these moduli spaces. In particular, these results
imply that, under some conditions on d and on the genus of X, a Torelli type
theorem holds for A, (d).

2 From Higgs bundles to quadric bundles

2.1 Definitions and examples

Let X be a compact Riemann surface of genus g > 2, with canonical line bundle
K = T*X' the holomorphic cotangent bundle. Let G be a real semisimple, con-
nected, Lie group. Fix a maximal compact subgroup H C G with complexification
HC C GC. 1f h© C ¢ are the corresponding Lie algebras, then the Cartan decom-
position is g€ = h® @ m®, where m® is the vector space defined as the orthogonal
complement of h€ with respect to the Killing form. Since [m®, h®] € m®, then m®
is a representation of HC via the isotropy representation H® — GL(m®) induced
by the adjoint representation Ad : G¢ — GL(g®). If Ejc is a principal HC-bundle
over X, denote by Epc(m®) = Epc X ye m€ the vector bundle associated to Eyc
via the isotropy representation.

Definition 2.1. A G-Higgs bundle over X is a pair (Fyc, ¢) where Epyc is a princi-
pal holomorphic H®-bundle and ¢ is a global holomorphic section of Eyc(m®)® K,
called the Higgs field.

In practice we usually replace the principal HC-bundle Eye by the correspond-
ing vector bundle associated to some standard representation of H® in some C".
Let us give two examples.

If G = SL(n, C), then H® = G gives rise to a rank n vector bundle V' with triv-
ial determinant and since m® = sl(n, C), the Higgs field ¢ is a traceless K-twisted
endomorphism of V. If we fix the determinant of V' to be any line bundle and
impose the same traceless condition to ¢ : V' — V ® K, then we also call the pair
(V, ) an SL(n, C)-Higgs bundle, although it is really a “twisted” SL(n, C)-Higgs
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bundle. All these are usually just called Higgs bundles with fixed determinant.
These are the “original” Higgs bundles, introduced in [25].

If G = Sp(2n,R), we can take H = U(n) as a maximal compact subgroup.
So H® = GL(n,C) gives rise to a rank n holomorphic vector bundle V. The
Cartan decomposition is sp(2n, C) = gl(n, C) ®m® where the inclusion gl(n, C) —
sp(2n, C) is given by A — diag(A, —AT).
Som® = {(B,C) € gl(n,C)? | B=B”, C =C"}. Hence we have that:

Definition 2.2. An Sp(2n,R)-Higgs bundle is a triple (V,3,7) where V is a
holomorphic rank n vector bundle, 3 € H(X,S?V ® K) and v € H’(X, S?V* ®
K).

In an Sp(2n,R)-Higgs bundle (V,3,7), we can then think of v as a map 7 :
V — V*® K such that 7' ® Idg = 7 and likewise for 3: V* -V @ K.

A G-Higgs bundle (Eyc, p) is topologically classified by the topological invari-
ant of the corresponding H®-bundle Eyec, given by an element m (H) = 7, (G).

In [14], a general notion of (semi,poly)stability of G-Higgs bundles was devel-
oped, allowing for proving a Hitchin—Kobayashi correspondence between polystable
G-Higgs bundles and solutions to certain gauge theoretic equations known as
Hitchin equations. On the other hand, A. Schmitt introduced stability conditions
for more general objects, which also apply for the G-Higgs bundles context, and
used these in his general construction of moduli spaces; cf. [35]. In particular
his stability conditions coincide with the ones relevant for the Hitchin—-Kobayashi
correspondence. It should be noted that the stability conditions depend on a pa-
rameter o € v/—1h N 3, where 3 is the centre of h®. In most cases this parameter
is fixed by the topological type, so it really does not play any relevant role. This
happens for any compact or complex Lie group and most real groups. Indeed,
the only case where the parameter is not fixed by the topology is when G is of
hermitian type. This is the case of Sp(2n,R), so it is important for us to take into
account the presence of «.

Denote by M (G) the moduli space of S-equivalence classes of a-semistable
G-Higgs bundles with topological invariant d € m(G). On each S-equivalence
class there is a unique (up to isomorphism) a-polystable representative, so we can
consider M5(G) as the moduli space isomorphism classes of a-polystable G-Higgs
bundles.

Remark 2.3. Given any line bundle L — X, of non-negative degree, everything
we just said generalises to L-twisted G-Higgs pairs. The only difference to G-Higgs
bundles is that the Higgs field is a section of Egc(m®)® L instead of Egc(m®)@ K.
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2.2 Higgs bundles for Sp(4,R) and quadric bundles
2.2.1 Moduli of Sp(4,R)-Higgs bundles

We already know that an Sp(4, R)-Higgs bundle is a triple (V, 3,v) with tk(V) = 2
and
B H(X,S*V®K), vcH' (X, SV ®K).

The topological type is given by the degree of V: d = deg(V') € Z = m(Sp(4, R)).
In fact, Sp(4,R) is of hermitian type, and the invariant d is the Toledo invariant
mentioned in Section 1.

Given a real parameter «, here is the a-(semi)stability condition for Sp(4, R)-
Higgs bundles; see [14, 15] for the deduction of these conditions.

Definition 2.4. Let (V, 8, 7) be an Sp(4, R)-Higgs bundle with deg(V) = d. It is
a-semistable if the following hold:

1. if =0 then d — 2a > 0;
2. if y =0 then d — 2o < 0.
3. for any line subbundle L C V| we have:
(a) deg(L) < a if 7(L) = 0;
(b) deg(L) <d/2if B(L*) C L® K and y(L) C L* ® K;
(c) deg(L) <d—aif B(LY) =0.
Here L+ stands for the kernel of the projection V* — L*, so it is the annihilator
of L under v; note that we are not considering any metric on V' whatsoever. As

usual, there are also the notions of a-stability (by considering strict inequalities)
and of a-polystability; cf. [22].

Remark 2.5. If we view a semistable rank two vector bundle V' of degree d as
an Sp(4, R)-Higgs bundle with 5 = v = 0, then it is a-semistable if and only if
a=d/2.

Our aim is to present an overview on the study of the connected components of
the moduli space of 0-polystable Sp(4, R)-Higgs bundles M4(Sp(4,R)) for certain
values of d. To keep the notation simpler, we will just write

Ma(Sp(4,R)) = M3(Sp(4,R))

for the case a = 0. In this case we will just say “polystable” instead of O-polystable
and likewise for stable and semistable.
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Remark 2.6. (Relation with representations 7(X) — Sp(4,R)) We con-
sider @ = 0 because this is the appropriate value for which non-abelian Hodge
theory applies. More precisely, the non-abelian Hodge Theorem for Sp(4, R) states
that an Sp(4,R)-Higgs bundle is polystable if and only if it corresponds to a re-
ductive representation of 71(X) in Sp(4,R). This implies that M4(Sp(4,R)) is
homeomorphic to the space of reductive representations of m (X) in Sp(4, R), with
topological invariant d, modulo the action of conjugation by Sp(4,R), that is to
Ra4(Sp(4,R)) = Hom™ (7 (X),Sp(4,R))/Sp(4,R). This theorem is in fact valid
for any real semisimple Lie group and also for real reductive groups with some
slight modifications. The proof in the classical G = SL(n,C) case follows from
[8, 10, 25, 37]. The more general case follows from [8, 14]. See for instance [16, 15]
for more information for the case of Sp(2n,R) and [5] for an overview on the
approach for the general group case.

The Milnor-Wood inequality for G = Sp(4,R) states that if an Sp(4, R)-Higgs
bundle of degree d is semistable, then [9, 21, 14, 2]

ld| <29 —2.

(A similar type of inequality was proved for the first time for G = PSL(2,R) by
Milnor in [29], on the representations side; cf. Remark 2.6.)

So M4(Sp(4,R)) is empty if |d| > 29 — 2. If |[d| = 2g — 2 then we say
that we are in the maxzimal Toledo case, which is in fact the case where more
interesting phenomena occur. Indeed, it is known [21] that M. (o—9)(Sp(4,R))
has 3 x 229 + 2g — 4 components and that it is isomorphic to the moduli space of
K2-twisted GL(2,R)-Higgs bundles — this is an example of the Cayley partner
phenomena mentioned in the introduction (see also [5, 2]). In subsection 3.2.2
below we will see this for a subvariety of Mo, 5(Sp(4,R)). It is also known that
My(Sp(4,R)) is connected [21]. The corresponding results for these two extreme
cases for |d| in higher rank are also known; cf. [15].

Nevertheless, in this paper we are interested in the components of My(Sp(4,R))
for non-mazimal and non-zero Toledo invariant: 0 < |d| < 2g — 2. The duality
(V,B,7) = (V*,7, B) gives an isomorphism M (Sp(4,R)) = M_4(Sp(4,R)), thus
we just consider 0 < d < 2¢g — 2.

2.2.2 The approach to count components

The general idea, introduced in [25, 27], to study the connected components of
M.(G) is to use the functional f : M.(G) — R mapping a G-Higgs bundle to
the (square of the) L*mnorm of the Higgs field. The fact that f is proper and
bounded below implies that it attains a minimum on each connected component
of M (G). Hence the number of connected components of M.(G) is bounded
above by the one of the subvariety N.(G) C M.(G) of local minimum of f. The

procedure is thus to identify N.(G), study its connected components and then
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draw conclusions about the components of M, (G). Of course if N, (G) turns out
to be connected, then it immediately follows that M.(G) is connected as well.
Explicitly, for Sp(4, R), the Higgs field splits as 5 and +, so we have

@1 VA = 1Bl + Il = [ s+ [ et
where h : V. — V* is the metric on V which provides the Hitchin-Kobayashi
correspondence and hence we are taking in (2.1) the adjoint with respect to h.
The following result completely identifies the subvariety of local minima in
the non-zero and non-maximal cases. For this identification it is important that,
over the smooth locus of My(Sp(4,R)), the function f is a moment map of the
hamiltonian circle action (V,3,7v) ~ (V, €3, e?y). By work of Frankel [11], a
smooth point of M4(Sp(4,R)) is a critical point of f exactly when it is a fixed
point of this U(1)-action. Then there is a cohomological criteria [3, Corollary 4.15]
which identifies the local minima among this fixed point set. Finally one has to
perform a subsequent analysis to identify the local minima over the singular locus

of M4(Sp(4,R)).

Proposition 2.7 ([21]). Let (V,3,~) represent a point of Ma(Sp(4,R)), with
0<d<2g—2. Then it is a local minimum of f if and only if 5 = 0.

Thus, for 0 < d < 2g — 2, the subvariety of local minima Ny(Sp(4,R)) C
M(Sp(4, R)) is given by pairs (V) where V is a rank 2 bundle, of degree d and
v is a section of S?V* @ K. This is what we call a quadric bundle. Since d is
positive, v must indeed be a non-zero section, as we saw in Remark 2.5.

Definition 2.8. A quadric bundle on X is a pair (V, ), where V is a holomorphic
vector bundle over X and + is a holomorphic non-zero section of S?V* ® K.

Quadric bundles are sometimes also called conic bundles or quadratic pairs in
the literature. In particular, this happens in the papers [22, 31] by the author
where they were named quadratic pairs. But the term “quadric bundles” used in
[18] is indeed more adequate, since it is more specific and moreover reveals the
fact that these can be seen as bundles of quadrics, since for each p € X the map
«y restricted to the fibre V], defines a bilinear symmetric form, hence a quadric in
PV)=1 When 1k(V') = 2, the term conic bundle is then perfectly adequate also.

The rank and degree of a quadric bundle are of course the rank and degree of
V. We will only consider the rank 2 case. The rank n case appears naturally by
considering Sp(2n,R)-Higgs bundles.

Remark 2.9. More generally, one can define U-quadric bundles, for a fixed holo-
morphic line bundle U over X. The only difference for the preceding definition
is that v is a non-zero section of S?V* ® U. We will mostly be interested in
(K-)quadric bundles, but more general U-quadric bundles will also appear, more
precisely when U = LK, for some line bundle L, in relation with the group
S0p(2,3). All results below can be adapted to this more general setting [22].
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Quadric bundles of rank up to 3 were studied in [19] by Gémez and Sols, where
they introduced an appropriate a-semistability condition, depending on a real pa-
rameter «, and constructed moduli spaces of S-equivalence classes of a-semistable
quadric bundles using GIT. The construction of the moduli spaces follows from the
general methods of [35]. Denote the moduli space of S-equivalence classes of a-
semistable U-quadric bundles on X of rank 2 and degree d by Nx o(2,d) = N, (d).

A simplified 0-(semi)stability condition for quadric bundles of arbitrary rank
has been obtained in [18]. In rank 2 our a-semistability condition reads as follows
(see [22, Proposition 2.15]). It is equivalent to the corresponding one on [18] by
taking a = d/2 — 4.

Definition 2.10. Let (V,v) be a rank 2 quadric bundle of degree d.

e The pair (V,7) is a-semistable if and only if &« < d/2 and, for any line bundle
L C V, the following conditions hold:

1. deg(L) < a, if y(L) = 0;
9. deg(L) < d/2, if v(L) C L*K;
3. deg(L) <d—a,ify(L) ¢ L*K.

e The pair (V, ) is a-stable if and only if it is a-semistable for any line bundle
L C V, the conditions (1), (2) and (3) above hold with strict inequalities.

Clearly these conditions are compatible with the ones of Definition 2.4. There
is also the notion of a-polystability, but we omit it (see again Proposition 2.15
of [22]). The important thing to note is that on each S-equivalence class of a-
semistable quadric bundles there is a unique a-polystable representative. Thus
the points of N, (d) parametrize the isomorphism classes of a-polystable quadric
bundles of rank 2 and, furthermore, N, (d) is a subvariety of M%(Sp(4,R)).

The next result follows from Proposition 2.7 and the discussion preceding it.

Proposition 2.11. Let 0 < d < 29 — 2. The number of connected components
of the moduli space My(Sp(4,R)) of semistable Sp(4,R)-Higgs bundles of degree
d is bounded above by the number of connected components of No(d), the moduli
space of 0-polystable quadric bundles of degree d.

3 Moduli of quadric bundles and wall-crossing

3.1 Non-emptiness conditions
The next result gives a Milnor-Wood type of inequality for quadric bundles.

Proposition 3.1. If N,(d) is non-empty then 2a < d < 2g — 2.
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Proof. The first statement is immediate from a-semistability, hence let us look to
the second inequality.

Let (V,~) be quadric bundle of rank 2 and degree d. If rk(y) = 2 (generically),
then det(v) is a non-zero section of A’V —2K?2 so d < 2g — 2.

Suppose now that there exists an a-semistable quadric bundle (V,~) of rank
2 and degree d > 2g — 2, with rk(vy) < 2. Since v # 0, we must have rk(y) = 1.
Let N be the line subbundle of V' given by the kernel of v and let I C V* be such
that 1K is the saturation of the image sheaf of v. Hence v induces a non-zero
map of line bundles V/N — K, so

(3.1) —d + deg(N) +deg(l) +29 —2 > 0.

But, from the a-semistability condition, we have deg(N) < a and deg(I) < a—d,
because v(I*) = 0. This implies —d+deg(N) +deg(I)+2g—2 < 0, contradicting
(3.1). We conclude that there is no such (V7). O

In fact, the inequalities of this proposition are equivalent to the non-emptiness
of the moduli. This follows from the results below. So from now on we assume

20 < d<2g—2.

Indeed most of the times we will consider 2a < d < 2¢g — 2.

Remark 3.2. Recall that our motivation comes from Sp(4, R)-Higgs bundles and
there (see Proposition 2.7) we imposed d > 0. However, the moduli spaces of
quadric bundles make perfect sense and can be non-empty also for d < 0. Hence
we will not impose d > 0 for the quadric bundles moduli spaces, although when
d < 0 we lose the relation with Higgs bundles.

3.2 Moduli for small parameter
3.2.1 Stabilization parameter

For a fixed d < 2g — 2, we know that there are no moduli spaces N, (d) whenever
a is “large”, meaning « > d/2. Here we prove that there is a different kind of
phenomena when « is “small”. Precisely, we show that all the moduli spaces
N, (d) are isomorphic for any o/ < d — g+ 1. Moreover, in all of them, the map
v is generically non-degenerate. Write o, = d — g + 1.

Proposition 3.3. If (V,v) is an a-semistable pair with o < oy, then v is gener-
ically non-degenerate. Moreover, if an < oy < aup, then Ny, (d) and N,,(d) are
isomorphic.

Proof. Recall that we always have v # 0. If rk(vy) = 1, considering again the line
bundles N = ker(y) C V and I C V* as in the proof of Proposition 3.1, we see
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that 0 < —d + deg(N) + deg(I) + 29 — 2 < 2a — 2d + 2g — 2, i.e., @ > @;,. This
settles the first part of the proposition.

Let (V,7) € N, (d). The only way that (V,v) may not belong to N,,(d)
is from the existence of an as-destabilizing subbundle which, since as < ; and
looking at Definition 2.10, must be a line subbundle L C V such that y(L) = 0 and
deg(L) > ay. This in turn implies that rk(v) = 1 generically, which is impossible
due to the first part of the proposition.

Conversely, if (V,v) € Ny, (d), then (V,7) € N,,(d) unless there is an a;-
destabilizing subbundle L of (V,~) such that d — oy < deg(L) < d — as, and
(L) ¢ L*K. Therefore the composite L — V' % V* @ U — L™K is non-zero
so —2deg(L) +2g — 2 > 0. On the other hand, d — oy < deg(L) together with
ay < Q, gives —2deg(L) 4+ 2g — 2 < 0, yielding again to a contradiction. O

We now aim to study the connectedness of the spaces N, (d), for a < ayy,.
Although our main motivation comes from the study of Sp(4,R)-Higgs bundles
with non-maximal Toledo invariant (cf. Proposition 2.7), let us say a few words
about NV, (2g — 2), which really has a different behaviour from all the other cases.

3.2.2 Maximal Toledo invariant

Take d = 2¢g — 2. In this case a,,, = g — 1 = d/2, so the stabilisation parameter of
the previous results is really the largest value for which non-emptiness holds. This
means that, whenever non-empty, all the moduli spaces N, (29—2) are isomorphic,
independently of o. Accordingly, in this maximal case, we drop the « from the
notation and just write N'(2g — 2).

The other special feature about this case is that if (V) € N(2g — 2), then
v :V — V*®K is an isomorphism, since we already know that it must be injective
and now the degrees match. By choosing a square root K'/2 of K, v gives rise to a
symmetric isomorphism ¢ = y®Idg-1/2 : VK Y2 2 V*®@ K2 ie. to a nowhere
degenerate quadratic form on V ® K~'/2. In other words, (V ® K~/2 ¢) is an
orthogonal vector bundle. Now, there is a semistability condition for orthogonal
bundles (namely that any isotropic subbundle must have non-positive degree;
[33]), and it can be seen that the orthogonal bundle (V ® K~'/2 q) is semistable
if and only if (V) is a-semistable for any o < a,,. So:

Proposition 3.4. The moduli space N'(2g — 2) is isomorphic to the moduli space
of rank 2 orthogonal vector bundles (without fized topological type).

The existence of this isomorphism justifies the disconnectedness of N'(2g — 2).
This is an example of the Cayley correspondence mentioned in the introduction.
All this goes through higher rank, telling us that quadric bundles are the natural
generalisation of orthogonal vector bundles, when we remove the non-degeneracy
condition, providing another motivation for the consideration of these objects.
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3.2.3 Quadric bundles, twisted Higgs pairs and the fibres of the Hitchin
map

Write o, for any value of « less than a,, = d — g + 1. We shall now deal with
the spaces NV, (d) for any d < 29 — 2. We will do it by relating pairs (V)
with certain twisted rank 2 Higgs bundles and using the Hitchin map on the
corresponding moduli space.

Consider a quadric bundle (V,v) € N (d). By Proposition 3.3, det(7) is a
non-zero holomorphic section of A2V=2K?. Since now d < 2g — 2, the section
det(7y) has zeros, so we consider the corresponding effective divisor div(det(v)) €
Sym*=1=2(X).

Write Jac?(X) for the “Jacobian variety” of degree d holomorphic line bundles
over X. Let Px be the 2%-cover of Sym*~472¢(X) obtained by pulling back
the cover Jac®™*"4(X) — Jac™™72)(X), L + L2, under the Abel-Jacobi map
Sym* (X)) — Jac'*7%(X). The elements of Px are pairs (D, L) in the
product Sym*~4724(X) x Jac?~27%(X) such that O(D) = L2.

In order to describe Na; (d), we shall use the following map, which is analogue
to the so-called Hitchin map defined by Hitchin in [25], and which will recall below
in (3.3):

(3.2) h: Na;(d) — Px
' (V,v) +— (div(det(y)), A2V1K).
Our goal is to be able to say something about the fibres of this map.

To relate h with the Hitchin map, recall first that, given any line bundle L of
non-negative degree, an L-twisted Higgs pair of type is a pair (V, ), where V' is a
holomorphic vector bundle over X and ¢ € H°(X,End(V) ® L). So, we are just
twisting the Higgs field by L instead of K.

Definition 3.5. A rank 2 and degree d, L-twisted Higgs pair (V, ¢) is semistable
if deg(F") < d/2 for any line subbundle F C V such that ¢(F) C FL.

Let M? denote the moduli space of L-twisted Higgs pairs of rank 2 and degree
d, with fixed determinant A € Jac?(X) and with traceless Higgs field. In this
particular case, the Hitchin map in M? is defined by:

H: MY — HY(X,L?

(3:3) (Vig) s det(p).

We can naturally associate a &-twisted Higgs pair to a given quadric bundle
(V,7), of rank 2, where ¢ = A2V ~1K. This is done by taking advantage of the fact
that for a 2-dimensional vector space V, there is an isomorphism V ® A?V* = y*
given by v ® ¢ — ¢(v A —). Then, from such quadric bundle, simply associate the
E-twisted Higgs pair (V, g71y), where g is the isomorphism

(3.4) g VRtV RK
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given by g(v ® ¢ ® u) = d(v A —) ® u; so indeed g71y : V — V ® €. Choosing
appropriate local frames, g is locally given by (9 ') so

(3.5) det(g7'y) = det(y) and tr(g~'y) =0,

due to the symmetry of v. Moreover, it is easy to see that (V,~) is a;, -semistable
if and only if the corresponding (V, g~14) is semistable as in Definition 3.5. So if
(V,7) € N, then (V, g~ 1) represents a point in MzilK‘

Let us now go back to the map h in (3.2). Let (D,&) be any pair in Py.
We want to describe the fibre of h over (D,£), i.e., the space of isomorphism
classes of a;,-polystable quadric bundles (V,~) such that div(det(y)) = D and
A%V = ¢71K. The following result gives the fibre h=1(D, €) in terms of the fibre
H~1(s), for a certain section s of £2.

Proposition 3.6 ([22]). Let (D,£) € Px and choose some s € H(X,£?) such
that div(s) = D. Then h™'(D,&) € N, - (d) is isomorphic to H™'(s) € MSIK.

Qm

The isomorphism of this proposition is of course given by the above correspon-
dence between quadric bundles and &-twisted Higgs pairs. Notice that everything
makes sense because of (3.5). A word of caution is however required here since
there is a choice of a section s associated to the divisor D in Proposition 3.6.
However, the given description of h=1(D, &) does not depend of this choice, due
to Lemma 4.6 of [22]; see also Remark 4.10 in loc. cit. for more details.

Using this we can prove the following.

Theorem 3.7 ([22]). Let d < 29 — 2. The moduli space N, (d) is connected and
has dimension 7g — 7 — 3d.

The basic idea to prove connectedness is to prove that any fibre of A is con-
nected. For that we use Proposition 3.6 and want to prove that H~!(s) is con-
nected for every 0 # s € H°(X,£?). This is done using the theory of spectral
covers and their Jacobians and Prym varieties, as developed in [1, 25, 26]. Besides
these classical references, the reader may also check the details of the following
definitions for instance in [23].

For every s # 0, there is a naturally associated curve X, — the spectral curve
of s — inside the total space of m : £ — X. The projection 7|x, : X; = X is a
2 : 1 cover of X, with the branch locus being given by the divisor of s.

For generic s € H°(X, £?) the curve Xj is smooth. It is well-known that H ™' (s)
is indeed (a torsor for) the Prym variety of Xs. This Prym variety is, in particular,
a complex torus, so connected. If deg(£) > 2g — 2 then the connectedness of every
fibre of H follows from the connectedness of the generic fibre (see Proposition 3.7
of [23]). It is nevertheless important to notice that deg(§) = —d+2g—2, so deg(§)
can be any positive integer. Moreover, it is precisely the case deg(§) < 2g — 2
that is of most interest to us, since that is the case relevant to Sp(4,R)-Higgs
bundles. So, for these cases, our knowledge of the generic fibre is not enough
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to draw conclusions on the connectedness of the singular fibres, that is, the ones
where the spectral curve X, acquires singularities. However, this was achieved by
P. Gothen and the author in [23] as follows.

When the spectral case is irreducible, we use the correspondence between Higgs
pairs on X and rank one torsion free sheaves on X; [1] to show that the fibre of
the Hitchin map is essentially the compactification by rank 1 torsion free sheaves
of the Prym of the double cover Xy — X. In order to prove the connectedness
of the fibre, we made use of the the compactification of the Jacobian of X, by
the parabolic modules of Cook [6, 7). One advantage of this compactification
is that it fibres over the Jacobian of the normalisation of X, as opposed to the
compactification by rank one torsion free sheaves. In the case of reducible spectral
curve X, we gave a direct description of the fibre as a stratified space. All
together, the statement of our result, adapted to the situation under consideration
in Proposition 3.6, is the following.

Theorem 3.8 ([23]). Consider the Hitchin map H : MgilK — HO(X,£%). For
any s, H71(s) is connected. Moreover, for s # 0, the dimension of the fibre is
dim(H~Y(s)) = —d + 39 — 3.

As Py is connected and of dimension 4g — 4 — 2d, this settles Theorem 3.7.
The following corollary of Theorem 3.7 is immediate.

Corollary 3.9. If g —1 < d < 2g — 2, then the moduli space Ny(d) is connected.

For the cases 0 < d < g — 1, we must take into account other values of the
parameter and not just a,,.

3.3 Critical values and wall-crossing

Having established the connectedness of the space N, - (d) in Theorem 3.7, the
purpose of this section is to study the variation of the moduli spaces N, (d) with
the stability parameter «. Recall that the goal is to be able to say something
about the connectedness of Ny(d). As in several other cases [38, 4], we have
critical values for the parameter. These are special values ay, for which the a-
semistability condition changes. One proves that indeed there are a finite number
of these critical values and, more precisely, that « is a critical value if and only
if it is equal to d/2 or to ay = [d/2] — k, with k = 0,...,—d+ g — 1 + [d/2].
By definition, on each open interval between consecutive critical values, the a-
semistability condition does not vary, hence the corresponding moduli spaces are
isomorphic. If a; denotes the value of any parameter between the critical values
ay and a1, we can write without ambiguity Nak +(d) for the moduli space of «; -

semistable quadric bundles of for any a between oy and agyi. Likewise, define
Na; (d), with «; denoting any value between the critical values aj_; and a.

With this notation we have Na;(d) =N_- (d).

RVEEY
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The information obtained so far on the variation of N,(d) with a and d is
summarised in the next graphic.

dA
Above the line d = 29 — 2,
- N, (d) is empty as well as on
7 the right of the line v = d/2.
A For a fixed d < 2g — 2, the re-
g=t f\ gion on the left of the line o =

Oy = d — g + 1, is the region
N, (d) described in the pre-
0 o vious section, where there are
no critical values. The critical
values are represented by the
dots between the lines oo = o,

and o = d/2.

Given a critical value oy we have the corresponding subvariety Saz_(d) C
Naz(d) consisting of those pairs which are «; -semistable but «j -unstable. In
the same manner, define the subvariety Saf (d) c ./\/Q,f (d). Consequently,

(3.6) Nog @)\ Sy (d) =N (@) \ S, (d).

So the spaces S, (d) encode the difference between the spaces N,-(d) and N+ +(d)
on opposite sides of the critical value ay. This difference is usually known as the
wall-crossing phenomena through oy,. In order to study this wall-crossing we need
a description of the spaces S,z (d).

In Section 3 of [22] we studied these S oz (d) for any critical value. In partic-
ular, it was enough to conclude that they have high codimension in Naki_ (d). For
technical reasons, we had to impose the condition d < g — 1. More precisely, we
have the following.

Proposition 3.10. Suppose that d < g — 1. Then dim N, (d) = Tg — 7 — 3d, for
any o < d/2. Moreover, for any k, the codimensions of Sﬂf (d) C Naf(d) are
strictly positive.

3.4 Connectedness of the moduli spaces of quadric bun-
dles

Since we already know from Theorem 3.7 that N, (d) is connected for any d <
2g — 2, Proposition 3.10 yields the following (cf. [22, Theorem 5.3]):

Theorem 3.11. The moduli spaces N,(d) are connected for any d < g — 1 and
any a < d/2.
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Corollary 3.12. If 0 < d < g — 1, then the moduli space Ny(d) is connected.

Recall that we want to study the connected components of the moduli space
No(d) of 0-polystable quadric bundles, for any 0 < d < 2g — 2. From Corollaries
3.9 and 3.12 we see that the only remaining case to understand is when d =
g — 1. Notice that the space Ny(g — 1) is really N, (¢ — 1). Now, although
the codimensions of every Sak#(d) are only known under the condition d < g — 1,
it follows from Corollaries 3.11 and 3.15 of [22] that the codimensions of both
S,z (d) are known to be positive also when d = g — 1. From this, arguing as in
the last paragraph of the proof of [22, Theorem 5.3], we prove that also Ny(g — 1)
is connected. So we conclude that:

Theorem 3.13. The moduli space of 0-polystable quadric bundles of degree d is
connected for every 0 < d < 2g — 2.

4 Conclusion and further remarks

4.1 Non-maximal components for Sp(4,R) and SOy(2,3)

Proposition 2.11 and Theorem 3.13 imply then that we have achieved our objec-
tive of calculating the number of connected components of the moduli space of
Sp(4, R)-Higgs bundles over X, with non-maximal and non-zero Toledo invariant:

Theorem 4.1. If 0 < |d| < 2g — 2 then My(Sp(4,R)) is connected.

This theorem has in fact been proved before [22], by O. Garcia-Prada and L
Mundet i Riera in [16], using different techniques. More precisely, they do consider
quadric bundles, but prove the connectedness directly, i.e., fixing & = 0 and not
implementing the variation of the parameter.

Our method easily generalises for U-quadric bundles — see Remark 2.9 — for
any line bundle U. In particular, if we consider LK-quadric bundles, with L
some line bundle of degree 1, then these are related with SO (2, 3)-Higgs bundles
with non-maximal (and non-zero) Toledo invariant, in the same way K-quadric
bundles arise in the Sp(4,R) case. Applying Definition 2.1, it is easy to check
that an SOg(2, 3)-Higgs bundle is defined by a tuple (L, W, Qw,3,7) where L
is a line bundle, (W, Q) is an orthogonal rank 3 bundle and the Higgs field is
defined by maps 8 : W — LK and v : W — L7'K. These are topologically
classified by the degree d of L (this is the Toledo invariant) and by the second
Stiefel-Whitney class wy of W. Note that SOy(2,3) is isomorphic to PSp(4,R).
Moreover, an SOg(2, 3)-Higgs bundle lifts to an Sp(4, R)-Higgs bundle if and only
if d = wy mod 2.

The precise same methods that we described for Sp(4, R), yield then the fol-
lowing (see [22, Theorem 6.26]):



216 André Oliveira

Theorem 4.2. If 0 < |d| < 29 — 2 and wy € Z/2 then Mgu,(SO0(2,3)) is
connected.

Recalling that non-abelian Hodge theory implies that the moduli space of
G-Higgs bundles over X is homeomorphic to the space of conjugacy classes of
reductive representations of m(X) in G (cf. Remark 2.6), we conclude the both
Theorems 4.1 and 4.2 have their counterparts on the representations side (see
[16, 22] for the detailed statements).

4.2 Some different directions
4.2.1 Torelli theorem

Our method to analyse the components of the moduli spaces N, (d) of a-semistable
quadric bundles of degree d was to start with the study in the lowest extreme of
a, that is the study of NV, (d). One can ask what happens in the highest possible
extreme, namely o = ap; = d/2. Since this is a critical value, take a slight lower
value, a; = d/2 — ¢, for a small € > 0. Here, different phenomena arise.

Briefly, it is easy to check that if (V,~) is «j,-semistable, then V is itself
semistable as a rank 2 vector bundle. If M(d) denotes the moduli space of
polystable rank 2 degree d vector bundles on X, this yields a forgetful map
T Na;,,(d) — M(d). If d = 2g — 2, this map is an embedding because Na;,(d) is,
as we saw, the moduli of orthogonal vector bundles and thus follows from [36]. If
g—1 < d < 2g—2, the determination of the image of 7 is a Brill-Noether problem.
If d < g — 1, 7w is surjective and if, further, d < 0, the map 7, suitably restricted,
is a projective bundle over the stable locus M?®(d) C M(d). This is explained in
Proposition 3.13 of [22].

So assume d < 0, and from now on let us just consider quadric bundles (V)
where the determinant of V' is fixed to be some line bundle A of degree d. Let
NL(A) € N,(d) and M(A) C M(d) denote the corresponding obvious moduli
spaces. Using the projective bundle 7 onto the stable locus of M(A) and through
a detailed analysis of the the smooth locus N (A) C N,(A), we were able to
obtain some geometric and topological results on N, (d). This procedure is taken
in detail in [31] again in the more general setting of U-quadric bundles.

For instance we proved that A, (A) is irreducible and NF™(A) is simply-
connected — see Corollaries 4.3 and 4.4 of [31]. The irreducibility was already
known from [19], using different methods.

Under some slight conditions on the genus of X, we calculated the torsion-free
part of the first three integral cohomology groups of the smooth locus N™(A) C
N, (A) for any a. In particular [31, Proposition 5.6] says that H3(N:™(A),Z) is
isomorphic to H(X,Z). This fact, together with the assumption that the genus
of X is at least 5, and after properly defining a polarisation on H3(N:™(A),Z)
compatible with the one on H!(X,Z), allowed us to prove that a Torelli type
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theorem holds for A, (A). From this it follows that the same is also true for the
non-fixed determinant moduli. To emphasise now the base curve, write N ,(A)
for the moduli space of a-polystable quadric bundles of rank two with fixed de-
terminant A on X. Let Ny, (d) be the same thing but just fixing the degree and
not the determinant.

Theorem 4.3 ([31]). Let X and X' be smooth projective curves of genus g,g' > 5,
A and A line bundles of degree d < 0 and d' < 0 on X and X', respectively. If
Nx.o(A) = Ny o(N) then X = X', The same holds for Nx o(d) and Nx: (d').

In other words, the isomorphism class of the curve X is determined by the one
of the projective variety Ny q(A).

4.2.2 Higher ranks

One natural question is to wonder if the procedure we described here can be
generalised to ranks higher than 2. First, Proposition 2.11 is true for any rank (it
is even true for any real reductive Lie group). Proposition 2.7 also generalises in
a straightforward way for Sp(2n,R) for n > 2, so we are again lead to the study
of higher rank quadric bundles. The technical problems start here because the
a-semistability condition can be much more complicated in higher rank, involving
not only subbundles but filtrations (see [19] and [18]). One consequence is that
the study of NV, (d) and mainly of St (d) should become much more complicated.
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