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Abstract

Using the L? norm of the Higgs field as a Morse function, we study the
moduli spaces of U(p, ¢)-Higgs bundles over a Riemann surface. We require
that the genus of the surface be at least two, but place no constraints on
(p,q)- A key step is the identification of the function’s local minima as
moduli spaces of holomorphic triples. In a companion paper [7] we prove
that these moduli spaces of triples are nonempty and irreducible.

Because of the relation between flat bundles and fundamental group rep-
resentations, we can interpret our conclusions as results about the num-
ber of connected components in the moduli space of semisimple PU(p, q)-
representations. The topological invariants of the flat bundles are used to
label subspaces. These invariants are bounded by a Milnor—Wood type
inequality. For each allowed value of the invariants satisfying a certain co-
primality condition, we prove that the corresponding subspace is nonempty
and connected. If the coprimality condition does not hold, our results apply
to the closure of the moduli space of irreducible representations.
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1. Introduction

The relation between Higgs bundles and fundamental group repre-
sentations provides a vivid illustration of the interaction between geom-
etry and topology. On the topological side we have a closed oriented
surface X and the moduli space (or character variety) of representations
of m; X in a Lie group G. We cross over to complex geometry by fixing
a complex structure on X, thereby turning it into a Riemann surface.
The space of representations, or equivalently the space of flat G-bundles,
then emerges as a complex analytic moduli space of G-Higgs bundles.
In this guise, the moduli space carries a natural proper function whose
restriction to the smooth locus is a Morse-Bott function. We can there-
fore use this function to determine topological properties of the moduli
space of representations. Our goal in this paper is to pursue these ideas
in the case where the group G is the real Lie group PU(p, ¢), the adjoint
form of the noncompact group U(p, q).

The relevant Higgs bundles in our situation are U(p, ¢)-Higgs bun-
dles. These can be seen as a special case of the G-Higgs bundles defined
by Hitchin in [22], where G is a real form of a complex reductive Lie
group. Such objects provide a natural generalization of holomorphic
vector bundles, which correspond to the case G = U(n) and zero Higgs
field. In particular, they permit an extension to other groups of the
Narasimhan and Seshadri theorem ([26]) on the relation between uni-
tary representations of m; X and stable vector bundles. By embedding
U(p, q) in GL(p+q) we can give a concrete description of a U(p, ¢)-Higgs
bundle as a pair

(1.1) (V@W,@:(%))

where V' and W are holomorphic vector bundles of rank p and ¢ respec-
tively, 3 is a section in H*(Hom(W,V)® K), and v € H°(Hom(V, W) ®
K), so that ® € H(End(V & W) ® K).

By the work of Hitchin [22, 23] Donaldson [12], Simpson [29, 30, 31,
32] and Corlette [10], we can define moduli spaces of polystable Higgs
bundles, and these can be identified with moduli spaces of solutions
to natural gauge theoretic equations. Moreover, since the gauge the-
ory equations amount to a projective flatness condition, these modu-
li spaces correspond to moduli spaces of flat structures. In the case
of U(p, q)-Higgs bundles, the flat structures correspond to semi-simple
representations of 7m; X into the group PU(p,q). The Higgs bundle
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moduli spaces can thus be used, in a way which we make precise in
Sections 2 and 3, to study the representation variety

R(PU(p,q)) = Hom™ (m X, PU(p, q))/PU(p, q),

where Hom™ (71X, PU(p, ¢)) denotes the set of semi-simple representa-
tions of m X in PU(p, q), and the quotient is by the adjoint action.

Our main tool for studying the topology of the Higgs moduli space
is the function which measures the L2-norm of the Higgs field. When
the moduli space is smooth, this turns out to provide a suitably non-
degenerate Bott-Morse function which is, moreover, a proper map. In
some cases (cf. [22, 18, 20]) the critical submanifolds are well enough
understood to allow the extraction of topological information as detailed
as the Poincaré polynomial. In our case our understanding is confined
to the local minima of the function. This is sufficient to allow us to
count the number of components of the Higgs moduli spaces, and thus
of the representation varieties. A trivial but important observation is
that the properness of the function allows us to draw conclusions about
connected components also in the non-smooth case; we shall henceforth,
somewhat imprecisely, refer to the function as the “Morse Function”,
whether or not the moduli space is smooth.

The criterion we use for finding the local minima can be applied
more generally, for instance if U(p, q) is replaced by any real form of
a complex reductive group. This should provide an important tool for
future research. In the present case, this criterion allows us to iden-
tify the subspaces of local minima as moduli spaces in their own right,
namely as moduli spaces of the holomorphic triples introduced in [4]. In
a companion paper [7] we develop the theory of such objects and their
moduli spaces. Using the results of [7] we are able to deduce several
results about the Higgs moduli spaces and also about the corresponding
representation spaces.

The relation between Higgs bundles and surface group representa-
tions has been successfully exploited by others, going back originally to
the work of Hitchin and Simpson on complex reductive groups. The use
of Higgs bundle methods to study R(G) for real G was pioneered by
Hitchin in [23], and further developed in [18, 19]. It has also been used
by Xia and Xia-Markman (in [34, 35, 36, 24]) to study various special
cases of G = PU(p, q). None of these, though, address the general case
of PU(p, q), as we do in this paper.

We now give a brief summary of the contents and main results of
this paper.
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In Sections 2 and 3 we give some background and describe the basic
objects of our study. In Section 2 we describe the natural invariants
associated with representations of m X into PU(p,q). We also discuss
the invariants associated with representations of I', the universal central
extensions of m; X, into U(p,q). The space of such representations is
denoted by Rr(U(p,q)). In both cases, these involve a pair of integers
(a, b) which can be interpreted respectively as degrees of rank p and rank
q vector bundles over X. In the case of the PU(p,q) representations,
the pair is well-defined only as a class in a quotient Z & Z/(p, q)Z.
This leads us to define subspaces R[a,b] C R(PU(p,q)) and Rr(a,b) C
Rr(U(p,q)). For fixed (a,b), the space Rr(a,b) fibers over R]a, b] with
connected fibers.

In Section 3 we define U(p, ¢)-Higgs bundles and their moduli spaces
and establish their essential properties. Thinking of a U(p, q)-Higgs
bundle as a pair (V @ W, ®), the parameters (a,b) appear here as the
degrees of the bundles V' and W. The moduli space of polystable U(p, q)-
Higgs bundles with deg(V) = a and degW = b, which we denote by
M(a,b), is the space that can be identified with the component Rr(a,b)
of Rr(U(p,q)). This, together with the fibration over Rr(U(p,q)) are
the crucial links between the Higgs moduli and the surface group rep-
resentation varieties.

Fixing p, ¢, a and b, we begin the Morse theoretic analysis of M(a, b)
in Section 4. The basic results we need (cf. Proposition 4.3) are that the
L?-norm of the Higgs field has a minimum on each connected component
of M(a,b), and hence if the subspace of local minima is connected then
so is M(a,b). We identify the local minima, the loci of which we denote
by N (a,b), and prove (cf. Theorem 4.6 and Proposition 4.8) that these
correspond precisely to holomorphic triples in the sense of [4]. A full
treatment of holomorphic triples and their moduli spaces is given in [7].
We summarize the salient features of these moduli spaces in Section 5.

In Section 6 we knit together all the strands. Using the properties
of the moduli spaces of triples, we establish the key (for our purposes)
topological properties of the strata A(a,b). These lead directly to our
main results for the moduli spaces M(a,b). Some of the results depend
on (a,b) only in the combination

aq — bp
p+q

T=1(a,b) =2

9

known as the Toledo invariant. Indeed, (a,b) is constrained by the
bounds 0 < |7| < a7, where 73y = 2min{p, ¢}(g — 1). Originally proved
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by Domic and Toledo in [11], these bounds emerge naturally from our
point of view (cf. Corollary 3.27 and Remark 5.7). Bounds on invariants
of this type, for representations of finitely generated groups in U(p, q),
have also recently been studied using techniques from ergodic theory
(see [9]). Summarizing our main results, we prove:

Theorem A (Theorems 6.1 and 6.5). Fix positive integers (p,q).
Take (a,b) € Z&Z and let T(a, b) be the Toledo invariant. Let M*(a,b) C
M(a,b) denote the moduli space of strictly stable U(p, q)-Higgs bundles.

(1) M(a,b) is nonempty if and only if 0 < |7(a,b)| < Tar. If T(a,b) =
0, or |7(a,b)| = Tar and p # q then M?*(a,b) is empty; otherwise
it is nonempty whenever M(a,b) is nonempty.

(2) If |7(a,b)] = 0 or |7(a,b)| = 7ar and p # q then M(a,b) is con-

nected.

(3) Whenever nonempty, the moduli space M?*(a,b) is a smooth man-
ifold of the expected dimension (i.e., 1+ (p+q)*(g—1)), with con-
nected closure M’ (a,b) C M(a,b). In these cases, if M(a,b) has
more than one connected component, then GCD(p + q,a +b) # 1
and, if p=q, 0 <|7[ < (p—1)(29 — 2).

Theorem B (Theorem 3.32). Suppose that p # q and (a,b) € ZDZ
are such that |7(a,b)| = 7mpr. To be specific, suppose that p < q and
7(a,b) = p(2g — 2). Then every element in M(a,b) decomposes as the
direct sum of a polystable U(p, p)-Higgs bundle with maximal Toledo
mwvariant and a polystable vector bundle of rank q — p. Thus

(1.2) Mi(p,q,a,b) =
M(p,p,a,a —p(2g —2)) x M(q—p,b—a+p2g —2)).

In particular, the smooth locus in M(p, q, a,b) has dimension 2 + (¢ +
5p2 —2pq)(g — 1). This is strictly smaller than the expected dimension
if g = 2.

(A similar result holds if p > q, as well as if T = —p(2g9 — 2).)

Since we identify M(a,b) = Rr(a,b), we can translate these results
directly into statements about Rr(a, b) (given in Theorems 6.6 and 6.7).”
The subspace in Rr(a,b) which corresponds to M*(a,b) C M(a,b) is

"Note added in proof: after this paper was submitted, M. Burger, A. Tozzi and
A. Wienhard published the note Surface group representations with mazximal Toledo
invariant, Comptes Rendus 336 (2003) 387-390, in which they prove a result similar
to our Theorem 6.7.
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denoted by Rj(a,b). The representations it labels include all the sim-
ple representations. Defining R{:(U(p, q)) C Rr(U(p, q)) to be the union
over all (a,b) of the components Ri.(a,b) we thus obtain:

Theorem C (Corollary 6.16). The moduli space R{(U(p, q)) has

2(p + ¢) min{p, ¢} (g — 1) + GCD(p, q)

connected components.

Since Rr(a,b) fibers over R|a,b] with connected fibers, we can ap-
ply our results to the latter. The results are given in Theorems 6.10
and 6.11.

The above results fall just short of saying that the full moduli spaces
M(a,b) (= R(a,b)) and Rla,b] are connected for all allowed choices of
(a,b). They show however that if any one is not connected then it
has one (nonempty) connected component which contains all the irre-
ducible objects. Any other components must thus consist entirely of
reducible (or strictly semisimple) elements. Theorem B and its analogs
for Rr(a,b) and R]a,b] generalize rigidity results of Toledo [33] (when
p = 1) and Hernandez [21] (when p = 2).

This paper, together with its companion [7] form a substantially
revised version of the preprint [6]. The main results proved in this paper
were announced in the note [5]. In that note we claim (without proof)
that the connectedness results for the moduli spaces R(a,b) and R]a, b]
hold without the above qualifications. This is a reasonable conjecture,
which we hope to come back to in a future publication.

We note, finally, that our methods surely apply more widely than
to U(p, ¢)-Higgs bundles and PU(p, q) representations (see, for example,
Remark 4.16). Moreover, careful scrutiny of the Lie algebra properties
used in the proofs suggests certain aspects can be generalized to repre-
sentations in any real group G for which G/H is hermitian symmetric,
where H C G is a maximal compact subgroup. This will be addressed
in a future publication.
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noma of Madrid and the University of Aarhus, the Department of Pure
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2. Representations of surface groups

In this section we record some general facts about representations of
a surface group in U(p, q) or PU(p, ¢) and set up our notation. A very
useful reference for the general theory is Goldman’s paper [16].

2.1 Moduli spaces of representations

Let X be a closed oriented surface of genus g > 2. By definition U(p, q)
is the subgroup of GL(n,C) (with n = p + ¢) which leaves invariant
a hermitian form of signature (p,q). It is a noncompact real form of
GL(n,C) with center U(1) and maximal compact subgroup U(p) x U(q).
The quotient U(p, q)/(U(p) x U(q)) is a hermitian symmetric space. The
adjoint form PU(p, q) is given by the exact sequence of groups

1—UQ1) — U(p,q) — PU(p,q) — 1,

and we have a standard inclusion PU(p, ¢) C PGL(n, C).

Definition 2.1. By a representation of m1 X in PU(p, q) we mean
a homomorphism p: mX — PU(p,q). We say that a representation of
mX in PU(p, q) is semi-simple if the induced (adjoint) representation
on the Lie algebra of PU(p, q) is semi-simple. The group PU(p, q) acts
on the set of representations via conjugation. Restricting to the semi-
simple representations, we get the moduli space of representations,

(2.1) R(PU(p,q)) = Hom™ (m X, PU(p, q))/PU(p, q).

The moduli space of representations can be described more con-
cretely as follows. From the standard presentation

g
mX = <AlvBl’-'-vAg7Bg | H[Ai7Bi] - 1>
=1
we see that Hom™ (71X, PU(p, q)) can be embedded in PU(p, ¢)* via

Hom+(771X, PU(p,q)) — PU(p, Q)Qg
p (p(A1),...p(By)).

117



118 S. BRADLOW, O. GARCIA-PRADA & P. GOTHEN

We give Hom™ (71 X, PU(p, q)) the subspace topology and R(PU(p, q))
the quotient topology. This topology is Hausdorff because we have
restricted attention to semi-simple representations.

Clearly any representation of w1 X in U(p,q) gives rise to a repre-
sentation in PU(p, ¢); however, not all representations in PU(p, q) lift
to U(p,q). We are thus motivated to consider representations of the
central extension

(2.2) 0 —2Z—T —mX —1

Such extensions are defined (as in [1]) by the generators Ay, By, ..., Ay,
B, and a central element J subject to the relation [[7_;[A4;, B;] = J.
With I' thus defined, any representation of 71 X in PU(p, ¢) can be lifted
to a representation of I" in U(p, q).

In analogy with Definition 2.1 we make the following definition.

Definition 2.2. We define the moduli space of semi-simple repre-
sentations of I' in U(p, q) by

(2.3) Rr(U(p. q)) = Hom™ (', U(p, 9))/U(p. q),

where semi-simplicity is defined with respect to the induced adjoint rep-
resentation. This space is topologized in the same way as R(PU(p, q)).

2.2 Invariants

Our basic objective is to study the number of connected components
of the spaces R(PU(p, q)) and Rp(U(p,q)). The first step in the study
of topological properties of these spaces is to identify the appropriate
topological invariant of a representation p: m X — G. For a general
connected Lie group G the relevant invariant is an obstruction class in
H?(X,mG) = mG (see Goldman [16, 17]). In the following we give
an explicit description of this invariant in our case, using characteristic
classes of the flat bundles associated to representations of the funda-
mental group. In fact we shall not need the more general description of
the invariant.

We begin by considering the case G = U(p,q). By the same ar-
gument as in [1]%, Rr(U(p,q)) can be identified with the moduli space
of connections with central curvature on a fixed U(p, ¢)-bundle on X.

8While [1] gives the argument for U(n) and PU(n), there are no essential changes
to be made in order to adapt for the case of U(p,q) and PU(p, q).
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Taking a reduction to the maximal compact U(p) x U(q), we thus asso-
ciate to each class p € Rr(U(p, q)) a vector bundle of the form V & W,
where V and W are rank p and ¢ respectively, and thus a pair of integers
(a,b) = (deg(V'),deg(W)). There is thus a map

¢:Rr(U(p,q) = ZSZ

given by ¢(p) = (a,b). The corresponding map on Hom™ (T, U(p, q)) is
clearly continuous and thus locally constant. Since U(p, q) is connected,
the map ¢ is likewise continuous and thus constant on connected com-
ponents. We make the following definition.

Definition 2.3. The subspace of Rp(U(p, q)) corresponding to repre-
sentations with invariants (a,b) is denoted by

Rr(a,b) = ¢ (a,b)
={peRr(Up.q) | c(p) =(a,b) € ZHZL}.

Note that Rr(a,b) is a union of connected components, because ¢ is
constant on each connected component.

Next we consider the case G = PU(p, q). Any flat PU(p, ¢)-bundle
lifts to a U(p, ¢)-bundle with a connection with constant central curva-
ture. This lift is, however, not uniquely determined: in fact two such
U(p, q)-bundles give rise to the same flat PU(p, ¢)-bundle if and only if
one can be obtained from the other by twisting with a line bundle L
with a unitary connection of constant curvature. If the invariant of the
U(p, q)-bundle is (a, b) and the degree of L is [, then the invariant associ-
ated to the twisted bundle is (a+pl, b+ gl). There is thus a well-defined
map

(2.4) c: R(PU(p,q)) — (ZDZ)/(p,9)Z,

where (Z @ Z)/(p,q)Z denotes the quotient of Z @ Z by the Z-action
l-(a,b) = (a+pl,b+ql). Notice that (Z®Z)/(p, q¢)Z can be identified with
m1(PU(p,q)). The invariant defined by c is the same as the obstruction
class defined by Goldman [16, 17].

Definition 2.4. Denote the image of (a,b) in (Z ® Z)/(p,q)Z by
[a,b]. The subspace of R(PU(p,q)) corresponding to representations
with invariant [a, b] is denoted by

Rla,b] = ¢ [a, b]
={p e R(PU(p,q)) | clp) =[a,b] € (Z®Z)/(p,q)Z}-
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The space Rla,b] is a union of connected components in the same
way as Rr(a,b). In order to compare the spaces Rr(a,b) and R[a,b]
notice that we have surjective maps

(2.5) Rr(a,b) — Rla,b].
Moreover, the preimage

(2.6) 7 ' (Rla,b]) = | ] Rr(a,b)
(a,b)

where the union is over all (a, b) in the class [a,b] € (Z&Z)/(p,q)Z. As
mentioned above, tensoring by line bundles of degree [ with constant
curvature connections gives an isomorphism

Rr(a,b) = Rrla+ pl,b+ ql).

Notice that if ¢(p) = [a, —a] for a representation p € R(PU(p, q)), then
the associated U(p, ¢)-bundle can be taken to have degree zero and the
projectively flat connection is actually flat. Then p defines a representa-
tion of 1 X in U(p, q). Under the correspondence between R(PU(p, q))
and Rr(U(p,q)), p corresponds to a I' representation in which the cen-
tral element J acts trivially. Furthermore, the subspaces Rr(a, —a) C
Rr(U(p, q)) can be identified with components of R(U(p, ¢)) (the moduli
space for representations of m1 X in U(p, q)). Indeed, defining

(2.7) R(a) = Rr(a,—a),

we see that R(U(p, ¢)) is a union over a € Z of the subspaces R(a).

Finally, we observe that the moduli space of flat degree zero line
bundles acts by tensor product of bundles on Rr(a,b). Since this modu-
li space is isomorphic to the torus U(1)29, we get the following relation
between connected components.

Proposition 2.5. The map Rr(a,b) — Rla,b] given in (2.5) de-
fines a U(1)%9-fibration. Thus the subspace R[a,b] € R(PU(p,q)) is
connected if Rr(a,b) is connected.

3. Higgs bundles and flat connections

We study the moduli spaces of representations by choosing a com-
plex structure on X. This allows us to identify these spaces with cer-
tain moduli spaces of Higgs bundles. In this section we explain this
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correspondence and recall some general facts about Higgs bundles. Fol-
lowing this, we describe the special class of Higgs bundles relevant for
the study of representations in PU(p,q) and U(p,q) and derive some
basic results about these moduli spaces.

3.1

GL(n, C)-Higgs bundles

Give X the structure of a Riemann surface. We recall (from [10, 12, 22,
29, 31, 32]) the following definition and basic facts about GL(n, C)-Higgs
bundles.

Definition 3.1.

(1)

A GL(n,C)-Higgs bundle on X is a pair (E, ®), where F is a rank
n holomorphic vector bundle over X and ® € H*(End(E)®K) is a

holomorphic endomorphism of F twisted by the canonical bundle
K of X.

The GL(n,C)-Higgs bundle (E, ®) is stable if the slope stability
condition

(3.1) u(E") < w(E)

holds for all proper ®-invariant subbundles E’ of E. Here the slope
is defined by u(E) = deg(E)/rk(E) and ®-invariance means that
®(FE') C E' ® K. Semistability is defined by replacing the above
strict inequality with a weak inequality. A Higgs bundle is called
polystable if it is the direct sum of stable Higgs bundles with the
same slope.

Given a hermitian metric on E, let A denote the unique unitary
connection compatible with the holomorphic structure, and let Fq
be its curvature. Hitchin’s equations on (E, ®) are

(3.2) Fp+[®,9"] = —v—-1uldpuw,
0P =0,

where f is a constant, Idg is the identity on E, 04 is the anti-
holomorphic part of the covariant derivative d 4 and w is the Kahler
form on X. If we normalize w so that [ x W = 27 then, taking the
trace and integrating over X in the first equation, one sees that
w= p(E). A solution to Hitchin’s equations is irreducible if there
is no proper subbundle of E preserved by A and ®.
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Theorem 3.2.

(1)

Let (E, ®) be a GL(n,C)-Higgs bundle. Then (E,®) is polystable
if and only if it admits a hermitian metric such that Hitchin’s
equations (3.2) are satisfied. Moreover, (E,®) is stable if and
only if the corresponding solution is irreducible.

Fix a hermitian metric in a smooth rank n complex vector bundle
on X, then there is a gauge theoretic moduli space of pairs (A, ®),
consisting of a unitary connection A and an endomorphism valued
(1,0)-form ®, which are solutions to Hitchin’s equations (3.2),
modulo U(n)-gauge equivalence.

The moduli space of rank n degree d polystable Higgs bundles is
a quasi-projective variety of complex dimension 2(1 +n?(g — 1)).
There is a map from the gauge theoretic moduli space to this modu-
li space given by taking a solution (A, ®) to Hitchin’s equations to
the Higgs bundle (E, ®), where the holomorphic structure on E is
given by 04. This map is a homeomorphism, and a diffeomor-
phism on the smooth locus.

If we define a Higgs connection (as in [31]) by

(3.3) D=dy+0

where § = ® + ®*, then Hitchin’s equations are equivalent to the
conditions

(3.4) Fp =—v—1uldpw,
daf =0,
di6 = 0.

In particular, D is a projectively flat connection. If deg(E) = 0
then D is actually flat. It follows that in this case the pair (E, D)
defines a representation of m1 X in GL(n,C). If deg(F) # 0, then
the pair (E, D) defines a representation of m1 X in PGL(n,C), or
equivalently, a representation of T' in GL(n,C). By the theorem of
Corlette ([10]), every semisimple representation of I' (and there-
fore every semisimple representation of m1X) arises in this way.

This correspondence gives rise to a homeomorphism between the
moduli space of polystable Higgs bundles of rank n and the moduli



SURFACE GROUP REPRESENTATIONS

space of semisimple representations of I' in GL(n, C). If the degree
of the Higgs bundle is zero, then the moduli space is homeomorphic
to the moduli space of representations of mX in GL(n,C).

3.2 U(p, q)-Higgs bundles

If we fix integers p and ¢ such that n = p + ¢, then we can isolate a
special class of GL(n, C)-Higgs bundles by the requirements that

(3.5) E=VaeWw

- (20)

where V and W are holomorphic vector bundles of rank p and ¢ respec-
tively and the nonzero components in the Higgs field are

B e H'(Hom(W,V)® K), and ~¢& H°(Hom(V,W)® K).

The form of the Higgs field is determined by the Lie theory of the
symmetric space U(p, q)/(U(p) x U(q)). Recall that for any real form G
of a complex reductive group GC, with maximal compact subgroup H,
there is an Ad-invariant decomposition

g=b+m
where g=Lie(G), h=Lie(H) is the +1 eigenspace of the Cartan involu-
tion and m is the —1 eigenspace. This induces a decomposition
(36) 6 = b+ mC
of g®=Lie(G). In the case of G = U(p, q), where H = U(p) x U(q) and
thus h© = gl(p, C) @ gl(q, C), the decomposition (3.6) becomes
(3.7) al(n, C) = (gl(p, C) @ gl(g, ©)) + m".

If we identify gl(p,C) @ gl(¢,C) with the block diagonal elements in
gl(n,C), then mC corresponds to the off diagonal matrices.

We can now describe the above Higgs bundles more intrinsically
as follows. Let Pgr,c) and Pgrg,c) be the principal frame bundles
for V' and W respectively. Let P = Pgr,c) X Pargc) be the fiber
product, and let Ad P = P Xxagq gl(n,C) be the adjoint bundle, where
GL(p,C) x GL(¢,C) c GL(n,C) acts by the adjoint action on the Lie
algebra of GL(n,C). This defines a subbundle

(3.8) P.c=Pxaqm®CAdP.

We can then make the following definition.
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Definition 3.3. A U(p, q)-Higgs bundle’ on X is a pair (P, ®)
where P is a holomorphic principal GL(p, C) x GL(g, C) bundle, and ®
is a holomorphic section of the vector bundle P,c ® K (where P,c is
the bundle defined in (3.8)).

Remark 3.4. We can always write P = Pqr,c) X Par,c)- If we
let V and W be the standard vector bundles associated to Pqgr,,,c) and
Pa1,q,c) respectively, then any ® € H°(P,c ® K) can be written as in

(3.5). We will usually adopt the vector bundle description of U(p, q)-
Higgs bundles.

Remark 3.5. Definition 3.3 is compatible with the definitions in
[23] and [18], where G-Higgs bundles are defined for any real form G
of a complex reductive Lie group GC. There, using the above notation,
a G-Higgs bundle is a pair (P, ®), where P is a principal HC-bundle
and @ is a holomorphic section of (P xxq m*) ® K. From a different
perspective, Definition 3.3 defines an example of a principal pair in the
sense of [2] and [25]. Strictly speaking, since the canonical bundle K
plays the role of a fixed ‘twisting bundle’, what we get is a principal pair
in the sense of [8]. The defining data for the pair are then the principal
GL(p, (C) X GL(q, C) X GL(l)—bundle PGL(p,(C) X PGL(q,(C) X Py (Where Px
is the frame bundle for K), and the associated vector bundle P,c ® K.

Lemma 3.6. Let (E=V & W,®) be a U(p, q)-Higgs bundle with a
hermitian metric such that VW is a unitary orthogonal decomposition.
Let A be a unitary connection and let D = da + 6 be the corresponding
Higgs connection, where § = ® + ®*. Then D is a U(p, q)-connection,
i.e., i any unitary local frame the connection 1-form takes its values in
the Lie algebra of U(p, q).

Proof. Fix a local unitary frame. Then D = d + A + 6, where A
takes its values in u(p) @ u(q) C u(p,q), while 0 takes its values in m,
where

u(p,q) =u(p) du(q) +m

is the eigenspace decomposition of the Cartan involution. q.e.d.

Definition 3.7. Let (E,®) be a U(p, ¢)-Higgs bundle with £ =
VeW and & = (2 g) We say (E, ®) is a stable U(p, q)-Higgs bundle

if the slope stability condition u(E') < wu(FE), is satisfied for all ®-
invariant subbundles of the form E' = V' @ W', i.e., for all subbundles

9The reason for the name is explained by Remark 3.5 and Lemma 3.6
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V'V and W/ C W such that

(3.9) B:W —V' @K
(3.10) vV — W oK.

Semistability for U(p, q)-Higgs bundles is defined by replacing the above
strict inequality with a weak inequality, and (E, ®) is polystable if it is
a direct sum of stable U(p, ¢)-Higgs bundles all of the same slope. We
shall say that a polystable U(p, ¢)-Higgs bundle which is not stable is
reducible. A morphism between two U(p, ¢)-Higgs bundles (V & W, @)
and (V'@W’' @) is given by maps gy : V — V' and gy : W — W’ which
intertwine ® and @', i.e., such that (gv ® gw) @ Ix o ® = &' o (9v D gw)
where Ik is the identity on K. In particular we have a natural notion
of isomorphism of U(p, ¢)-Higgs bundles.

Remark 3.8. The stability condition for a U(p, ¢)-Higgs bundle
is a priori weaker than the stability condition given in Definition 3.1
for GL(n,C)-Higgs bundles. However, it is shown in [19, Section 2.3]
that the weaker condition is in fact equivalent to the ordinary stability
of (E,®).

Proposition 3.9. Let (E,®) be a U(p, q)-Higgs bundle with E =
VeW and & = (2 g) . Then (E, ®) is polystable if and only if it admits

a hermitian metric such that E =V @&W s an orthogonal decomposition
and such that Hitchin’s equations (3.2) are satisfied.

Proof. This is a special case of the correspondence invoked in [23]
for G-Higgs bundles where G is a real form of a reductive Lie group.
By Remark 3.5 it can also be seen as a special case of the Hitchin—
Kobayashi correspondence for principal pairs (cf. [2] and [25] and [8]).
We note finally that in one direction the result follows immediately from
Theorem 3.2 (1): if (V & W, ®) supports a compatible metric such that
(3.2) is satisfied, then it is polystable as a GL(n, C)-Higgs bundle, and
hence it is U(p, q)-polystable. g.e.d.

Definition 3.10. We define M(a,b) to be the moduli space of
polystable U(p, q)-Higgs bundles with deg(V) = a and degW = b.
We denote by M?#(a,b) the subspace parameterizing the strictly sta-
ble U(p, q)-Higgs bundles.

The construction of M(a,b) is essentially the same as in Section 9
of [32]. There the moduli space of G-Higgs bundles is constructed for
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any reductive group G. We take G = GL(p,C) x GL(g,C). The differ-
ence between a U(p, ¢)-Higgs bundle and a GL(p, C) x GL(q, C)-Higgs
bundle is entirely in the nature of the Higgs fields. Taking the stan-
dard embedding of GL(p, C) x GL(¢,C) in GL(p+ ¢, C) we see that in a
GL(p,C) x GL(g,C)-Higgs bundle the Higgs field ® takes its values in
the subspace (gl(p) ® gl(q)) C gl(p+ q), while in a U(p, ¢)-Higgs bundle
the Higgs field ® takes its values in the complementary subspace m® (as
in (3.7)). Since both subspaces are invariant under the adjoint action
of GL(p,C) x GL(g, C), the same method of construction works for the
moduli spaces of both types of Higgs bundle.

We can describe the gauge theory version of the moduli space M(a, b)
using standard methods; see Hitchin [22] for a construction in the case
of ordinary rank 2 Higgs bundles. To adapt to our case we proceed as
follows. Let £ = V @& W be a smooth complex vector bundle with a
hermitian metric such that the direct sum decomposition is orthogonal.
We let A denote the space of connections on E which are direct sums
of unitary connections on V and W and we let €2 denote the space of

Higgs fields @ € QY0(End(E)) of the form & = (26) The corre-
spondence between unitary connections and holomorphic structures via
O-operators turns A x € into a complex affine space which acquires a
hermitian metric using the metric on E and integration over X. The
group G of U(p) x U(q)-gauge transformations acts on the configuration
space C C A x € of solutions (A4, ®) to Hitchin’s equations (3.2). The
quotient C/G is, by definition, the gauge theory moduli space. As in
[22], the open subset of C/G corresponding to irreducible solutions has
a Kéhler manifold structure.

To see that the gauge theory moduli space is homeomorphic to
M(a,b) we can consider this latter space from the complex analytic
point of view (cf. Remark 3.23 below): consider triples (dy, 0w, ®),
where dy and Oy are 0-operators on V and W, respectively, and ® € Q.
Let Cc be the set of such triples for which @ is holomorphic and the as-
sociated U(p, q)-Higgs bundle is polystable. We can then view M (a,b)
as the quotient of C¢ by the complex gauge group. We clearly have
an inclusion C < C¢ which descends to give a continuous map from
the gauge theory moduli space to M(a,b). The Hitchin-Kobayashi cor-
respondence of Proposition 3.9 now shows that this map is in fact a
homeomorphism.

For a third perspective, we observe that provided that V and W
are not isomorphic bundles, i.e., provided p # ¢ or a # b, we can view
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M?(a,b) as a subvariety of a moduli space of stable GL(p + ¢)-Higgs
bundle. If V'~ W, then M?*(a,b) is a finite cover of a subvariety in the
larger moduli space:

Proposition 3.11. Withn =p+q and d = a+b, let M*(d) denote
the moduli space of stable GL(n,C)-Higgs bundles of degree d. If p # q
or a # b then M?*(a,b) embeds as a closed subvariety in M?*(d). If
p =q and a = b, then there is an involution on M?*(a,a) such that the
quotient injects into M*(d).

Proof. Let [V & W, ®], , denote the point in M?(a, b) represented by
the U(p, ¢)-Higgs bundle (V & W, ®). Then (E =V @ W, ®) is a stable
GL(n, C)-Higgs bundle and the map M?*(a,b) — M(d) is defined by

[V S VVv (I)]P,q = [E> (I)]m

where [, ], denotes the isomorphism class in M(d). The only question
is whether this map is injective. Suppose that (F = V & W, ®) and
(E'=V'@® W', &) are isomorphic as GL(n, C)-Higgs bundles. Let the
isomorphism be given by a complex gauge transformation g : £ — E’. If
g is not of the form (%} g&z ) then the off diagonal components determine
morphisms £ : V — W and o : W — V', Let N = ker(&) & ker(o) be
the subbundle of V@ W determined by the kernels of £ and o. If p # ¢
then N is a nontrivial proper subbundle. Moreover, using the fact that
g® = @'g, we see that it is ®-invariant. Since (V @ W, @) is stable, it
follows that

(3.11) p(N) < p(E).

Similarly, the images of £ and o determine a proper ®’-invariant
subbundle of E’, say I, for which

(3.12) w(I) < p(E).

But if u(E) = p(E’) then (3.11) and (3.12) cannot both be satisfied.
Thus ¢ and o must both vanish and hence [V&W, @], , = [V/eW', '], ,.

If p = g, then this argument can fail, but only if £ and o are both
isomorphisms. In that case, N = 0 and I = FE. This also requires
a = b. Under these conditions, if V' and W are non-isomorphic, then
VaeWw, (3 g)]n =[WaV, (2 3)]n but the Higgs bundles are not isomor-
phic as U(p, ¢)-Higgs bundles. Hence the last statement of the Propo-
sition follows taking the involution [V & W, (2 N W eV, (g J)] on
M?(a,a). q.e.d.
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Proposition 3.12. If GCD(p + q,a + b) = 1 then M*(a,b) =
M(a,b).

Proof. 1f GCD(p + q,a + b) = 1 then for purely numerical reasons
there are no strictly semistable U(p, ¢)-Higgs bundles in M(a,b). q.e.d.

The link to moduli spaces of representations is provided by the next
result.

Proposition 3.13. There is a homeomorphism M(a,b) = Rr(a,b).

Proof. Suppose that (E =V @ W, ®) represents a point in M (a,b),
i.e., suppose that it is a U(p, ¢)-polystable Higgs bundle, and suppose
that F has a hermitian metric such that the direct sum decomposition
is orthogonal and Hitchin’s equations (3.2) are satisfied. Rewriting the
equations in terms of the Higgs connection D = d4 + 6, where A is the
metric connection and 6 = ¢+ ®*, we see that D is projectively flat. By
Lemma 3.6 it is a projectively flat U(p, ¢)-connection, and thus defines
a point in Rr(a,b). Conversely by Corlette’s theorem [10], every repre-
sentation in Hom™ (71 X, PU(p, q)), or equivalently every representation
in Hom™* (I, U(p, q)), arises in this way. The fact that this correspon-
dence gives a homeomorphism follows by the same argument as the one
given in [32] for ordinary Higgs bundles. q.e.d.

Definition 3.14. Define the subspace Rj.(a,b) to be the subspace
corresponding to M?*(a, b) via the homeomorphism in Proposition 3.13.
Using the fibration of Rr(a,b) over Rla,b], define R*[a,b] C R[a,b] to
be the image of R} (a,b).

Remark 3.15. Thus Rj(a,b) parameterizes the representations
which give rise to stable U(p, ¢)-Higgs bundles. Recall from Remark 3.8
that a U(p, ¢)-Higgs bundle is stable (in the sense of Definition 3.7) if
and only if its is stable as an ordinary GL(n,C)-Higgs bundle. Now,
a GL(n,C)-Higgs bundle is stable if and only if the corresponding rep-
resentation of I" on C™ is irreducible (cf. Corlette [10]). Hence we see
that the subspace Rf(a,b) corresponds to the representations of I' in
U(p, q) which are irreducible as GL(n, C) representations. Similarly, the
subspace R*[a, b] corresponds to the representations of w1 X which are
irreducible as PGL(n, C) representations.

We point out, moreover, that the subspace Ri.(a,b) includes as a
dense open set the representations whose induced adjoint representa-
tions on the Lie algebra of PU(p, q) are irreducible. It may also contain
some representations whose induced adjoint representation is reducible



SURFACE GROUP REPRESENTATIONS 129

for the following reason. If (E =V @ W, ®) is the U(p, ¢)-Higgs bun-
dle corresponding to a representation in Rj.(a,b), then (End(E), ®) is a
polystable Higgs bundle but it is not necessarily stable. The represen-

tations with reducible induced adjoint representation are the ones for
which (End(E), ®) is strictly polystable.

3.3 Deformation theory

The results of Biswas and Ramanan [3] and Hitchin [23] readily adapt
to describe the deformation theory of U(p, ¢)-Higgs bundles.

Definition 3.16. Let (E =V @ W, ®) be a U(p, q)-Higgs bundle.
We introduce the following notation:

U = End(E),
UT = End(V) @ End(W),
U~ = Hom(W,V) & Hom(V, W).

With this notation, U = UT @ U, ® € H(U~ ® K), and ad(®)

interchanges U1 and U~. We consider the complex of sheaves

(3.13) co -t M - e K

Lemma 3.17. Let (E,®) be a stable U(p, q)-Higgs bundle. Then

(3.14) ker(ad(®): H'(UT) - H' (U~ ® K)) =C,
(3.15) ker(ad(®): HO(U™) - H'(UT ® K)) = 0.

Proof. By Remark 3.8 (E, ®) is stable as a GL(n, C)-Higgs bundle.
Hence it is simple, that is, its only endomorphisms are the nonzero
scalars. Thus,

ker(ad(®): H*(U) — H°(U ® K)) = C.

Since U = Ut @ U~ and ad(®) interchanges these two summands, the
statements of the lemma follow. q.e.d.

Proposition 3.18 (Biswas-Ramanan [3]).

(1) The space of endomorphisms of (E, ®) is isomorphic to the zeroth
hypercohomology group HO(C®).
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(2) The space of infinitesimal deformations of (E, ®) is isomorphic to
the first hypercohomology group H'(C*®).

(3) There is a long exact sequence

(3.16) 0 — H(C*) — H°(U') — H(U~ @ K) — H!(C")
— H(UY) — HY(U~ @ K) — H*(C*) — 0,

where the maps H (UT) — HY (U~ ® K) are induced by ad(®).

Proposition 3.19. Let (E,®) be a stable U(p,q)-Higgs bundle,
then:

(1) H°(C*®) = C (in other words (E,®) is simple) and
(2) H2(C*) =0.

Proof. (1) Follows immediately from Lemma 3.17 and Proposi-
tion 3.18 (3).

(2) We have natural ad-invariant isomorphisms Ut 2 (U™)* and
U~ = (U")* Thus

ad(®): H'(U') - HY (U~ ® K)

Hence Lemma 3.17

is Serre dual to ad(®): HO(U~) — H' (Ut ® K).
=0. q.e.d.

and (3) of Proposition 3.18 show that H?(C*®)

Proposition 3.20. The moduli space of stable U(p, q)-Higgs bun-
dles is a smooth complex variety of dimension 1+ (p+ q)*(g —1).

Proof. By Proposition 3.19 (2) H2(C®) = 0 at all points in the
moduli space of stable U(p, ¢q)-Higgs bundles. Smoothness is thus a
consequence of the results of [3], as follows. Let e € M(a,b) be the
point corresponding to a stable U(p, ¢)-Higgs bundle (E, ®) and let F
be the infinitesimal deformation functor of (E,®) as in [3]. Then the
completion of the local ring O, pro-represents F (cf. Schlessinger [28]).
Now Proposition 3.19 and Theorem 3.1 of [3] show that the completion
of O, is regular and hence O, is itself regular. Thus M(a,b) is smooth
at e.

Using (2) and (3) of Proposition 3.18, Proposition 3.19 and the
Riemann-Roch Theorem, the dimension of the moduli space is given
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dimH (C*) =1 - x(U") + x(U~ ® K)
=14 @ +¢*)(g—1)+2pg(g— 1)
=1+ (p+q9*g—-1).

q.e.d.

Remark 3.21. The dimension of the moduli space of stable U(p, q)-
Higgs bundles is half that of the moduli space of stable GL(p + ¢, C)-
Higgs bundles.

Remark 3.22. By Proposition 3.12 M(a, b) is smooth if GCD(p +
qg,a+0b) =1.

Remark 3.23. As an alternative to the algebraic arguments of
[3], the fact that the deformation theory of a U(p, q)-Higgs bundle is
controlled by the complex of sheaves (3.13) can be seen from the complex
analytic point of view as follows. As in the gauge theory construction
of M(a,b) (cf. Section 3.2) let V' & W be a smooth complex vector
bundle, and consider a U(p, ¢)-Higgs bundle as being given by a triple
(Ov, 0w, ®). Now write down a Dolbeault resolution of the complex C*:

Qo) 24, gLo(y-)
s |2
QO 1( ) _) I(U
l |
0 — 0

Consider the associated total complex C R C! N C2. Then CY is
the Lie algebra of the GL(p, C) x GL(gq, C)-gauge group and C! is the
tangent space to the affine space of triples (dy, Oy, ®). Furthermore,
DY is the infinitesimal action of the complex gauge group, while D'
is the derivative of the holomorphicity condition: this gives the desired
interpretation of the deformation complex C'* in complex analytic terms.

To conclude this line of thought we give an alternative argument
for the smoothness of the moduli space of stable U(p, ¢)-Higgs bundles:
suppose that (9y, Oy, ®) corresponds to a stable U(p, ¢)-Higgs bundle
(E, ®). Proposition 3.19 shows that H°(C*®) = C and H?(C*®) = 0. The
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differential of the holomorphicity condition is thus surjective and (E, ®)
has no nontrivial automorphisms. It follows by standard arguments that
the moduli space can be constructed as a smooth complex manifold near
(E, D).

3.4 Bounds on the topological invariants

In this section we show how the Higgs bundle point of view provides an
easy proof of a result of Domic and Toledo [11] which allows us to bound
the topological invariants deg(V) and deg(W) for which U(p, ¢)-Higgs
bundles may exist. The lemma is a slight variation on the results of [19,
Section 3] (cf. also Lemma 3.6 of Markman and Xia [24]).

Lemma 3.24. Let (E,®) be a semistable U(p,q)-Higgs bundle.
Then

(3.17) p(u(V) = w(E)) < tk(y)(g — 1),
(3.18) q(p(W) — w(E)) < 1k(B)(9 —1).

If equality occurs in (3.17) then either (E,®) is strictly semistable or
p = q and 7y is an isomorphism. If equality occurs in (3.18) then either
(E, ®) is strictly semistable or p = q and 3 is an isomorphism.

Proof. If v = 0 then V is ®-invariant. By stability, u(V) < u(E)
and equality can only occur if (E, @) is strictly semistable. This proves
(3.17) in the case v = 0. We may therefore assume that v # 0. Let
N =ker(y) CV and let I =im(y) ® K~! C W. Then

(3.19) rk(N) +1k(I) =p
and, since v induces a nonzero section of det((V/N)*® I ® K),
(3.20) deg(N) + deg(I) +rk(I)(2g — 2) > deg(V).

The bundles N and V & I are ®-invariant subbundles of E and hence
we obtain by semistability that p(N) < p(E) and uw(V & I) < p(E) or,
equivalently, that

(3.21) deg(N) < p(E) rk(NV),
(3.22) deg(1) < u(B)(p+ k(1)) — deg(V).

Adding (3.21) and (3.22) and using (3.19) we obtain

(3.23) deg(N) + deg(I) < 2u(E)p — deg(V).
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Finally, combining (3.20) and (3.23) we get
deg (V) — rk(I)(2g — 2) < 2u(E)p — deg(V),

which is equivalent to (3.17) since rk(y) = rk(/). Note that equality
can only occur if we have equality in (3.21) and (3.22) and thus either
(E, ®) is strictly semistable or neither of the subbundles N and V & [
is proper and nonzero. In the latter case, clearly N = 0 and I = W
and therefore p = ¢; furthermore we must also have equality in (3.20)
implying that ~ is an isomorphism. An analogous argument applied to
B proves (3.18). q.e.d.

Remark 3.25. The proof also shows that if we have equality in,
say, (3.17) then v: V/N — [ ® K is an isomorphism. In particular, if

p<gqand u(V)— p(E) =g —1 then v: VS I®K.
We can re-formulate Lemma 3.24 to obtain the following corollary.

Corollary 3.26. Let (E,®) be a semistable U(p, q)-Higgs bundle.

Then
(3.24) q(n(E) = p(W)) < tk(7)(g = 1),
(3.25) p((E) — p(V)) <k(B)(g - 1).
Proof. Use p(W) — u(E) = g(u(E) — (V) to see that (3.24) is
equivalent to (3.17). Similarly (3.25) is equivalent to (3.18). q.e.d.

An important corollary of the lemma above is the following Milnor—
Wood type inequality for U(p, q)-Higgs bundles (due to Domic and
Toledo [11], improving on a bound obtained by Dupont [13] in the case
G = SU(p, q)). This result gives bounds on the possible values of the
topological invariants deg(V') and deg(W).

Corollary 3.27. Let (E,®) be a semistable U(p, q)-Higgs bundle.
Then

(3.26) %rum — u(W)| < min{p, g}(g — 1).

Proof. Since p(E) = JE-u(V) + S u(W) we have u(V) — u(E) =
L (u(V) — (W) and therefore (3.17) gives

]%(M(V) — u(W)) <rk(7)(g - 1).
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A similar argument using (3.18) shows that

Pq
m(M(W) — (V) <tk(B)(g —1).

But, obviously, rk(/) and rk(y) are both less than or equal to min{p, ¢}.
q.e.d.

Definition 3.28. The 7Toledo invariant of the representation cor-
responding to (£ =V @& W, ®) is
qa —pb
p+gq

(3.27) T=17(a,b) =2

where a = deg(V') and b = deg(W).
Remark 3.29. Since

= 2}%(#(‘/) — u(W)) = =2p(u(E) — (V) = 2q(u( E) — (W),

the inequalities in Lemma 3.24 and Corollary 3.26 can be written as

<rk(y)(g - 1),

<1k(B)(g — 1)

(3.28)

NN R

(3.29) -
Similarly the inequality (3.26) can be written |7| < 737, where

(3.30) v = min{p, ¢}(2g9 — 2).

3.5 Rigidity and extreme values of the Toledo invariant

If |7| = 7 then the moduli space M (a,b) has special features. These
depend on whether p = q or p # q.

Consider first the case p = g. Notice that if p = ¢ then 7(a,b) = a—b
and Ty = p(2g — 2). We thus examine the moduli space M(a,b) when
la — b = p(2g — 2). Before giving a description we review briefly the
notion of L-twisted Higgs pairs. Let L be a line bundle. An L-twisted
Higgs pair (V,0) consists of a holomorphic vector bundle V' and an L-
twisted homomorphism 6 : V. — V ® L. The notions of stability,
semistability and polystability are defined as for Higgs bundles. The
moduli space of semistable L-twisted Higgs pairs has been constructed
by Nitsure using Geometric Invariant Theory [27]. Let My (n,d) be the
moduli space of polystable L-twisted Higgs pairs of rank n and degree
d.
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Proposition 3.30. Let p=gq and |a —b| = p(2g — 2). Then
M(CL, b) = MKQ(pv CL) = MKQ(p7 b)

Proof. Let (E =V @ W,®) € M(a,b). Suppose for definiteness
that b —a = p(2¢g — 2). From (3.18) it follows that v : V — W ® K
is an isomorphism. We can then compose 3 : W — V ® K with
y@Idg : Ve K — W ® K? to obtain a K?-twisted Higgs pair yy :
W — W ® K2, Similarly, twisting 8 : W — V ® K with K and
composing with 7, we obtain a K?-twisted Higgs pair 8y : V — VQK?2.
Conversely, given an isomorphism v : V — W ® K, we can recover [3
from 6y as well as from Oy . It is clear that the (poly)stability of (E, @)
is equivalent to the (poly)stability of (V, 6y ) and to the (poly)stability
of (W, 0w ), proving the claim. q.e.d.

Remark 3.31. The moduli space M g2(p,a) contains an open (ir-
reducible) subset consisting of a vector bundle over the moduli space
of stable bundles of rank p and degree a. This is because the stabili-
ty of V implies the stability of any K?2-twisted Higgs pair (V, 6y ), and
HY(EndV ® K?) = 0. The rank of the bundle is determined by the
Riemann-Roch Theorem.

Now consider the case p # ¢. For definiteness, we assume p < q.
We use the more precise notation M(p, ¢, a,b) for the moduli space of
U(p, q)-Higgs bundles such that deg(V') = a, and deg(W) = b, and write
the Toledo invariant as

ga —pb
ptaq

Theorem 3.32. Suppose (p,q,a,b) are such that p < q and |7(p, q,
a,b)| = p(2g — 2). Then every element in M(p,q,a,b) is strictly semi-
stable and decomposes as the direct sum of a polystable U(p, p)-Higgs

bundle with maximal Toledo invariant and a polystable vector bundle of
rank (¢ — p). If T = p(2g9 — 2), then

(3.31) T=1(p,q,a,b) =2

(3.32) M(p,q,a,b) =
M(p,p,a,a —p(2g — 2)) X M(q —p,b—a+p(29 —2)),

where M (q—p,b—a+p(2g — 2)) denotes the moduli space of polystable
bundles of rank ¢ — p and degree b — a + p(2g — 2). In particular, the
dimension at a smooth point in M(p, q, a,b) is 2+ (p? +5¢> —2pq)(g—1),
and it is hence strictly smaller than the expected dimension.

(A similar result holds if T = —p(2g — 2) and also if p > q.)
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Proof. Let (E =Va@W,®) € M(p,q,a,b) and suppose 7(p, q,a,b) =
p(29 —2). Then (V) — p(E) = g — 1 and u(E) — p(W) = 2(g — 1).
Since rk(f) and rk() are at most p, it follows from (3.17) and (3.25)
that rk(8) = rk(y) = p. Let W, = im(y) ® K~! and let W3 = ker(S3).
Then V @ W, is a ®-invariant subbundle of V & W, and u(V @ W) =
w(0 @ W3) = p(E). We see that (E,®) is strictly semistable (as we
already knew from Lemma 3.24). Since it is polystable it must split as

(Ve W,,®) e 0eW/W,,0).

It is clear that (V & W,,®) € M(p,p,a,a — p(2g —2)) and that (V &
W.,, ®) has maximal Toledo invariant, that is, 7(p,p, a,a —p(2g —2)) =
2p(g — 1). Also, using

0 — ker(®) —VeW —(VelW,) ® K—0.

we see that W/W,, € M(q—p,b—a+p(29—2)). To complete the proof
we observe that

dim M®(p, p, a,a — p(2g — 2)) + dim M*(q — p,b — a + p(2g — 2))
=1+2p)%(g—-1+1+(g—p)*(g—1) =2+ (p* + 5¢° — 2pq)(g — 1).

Since ¢ > 1, this is smaller than 1 + (p + ¢)?(g — 1), the dimension of
M(p,q,a,b) when the Toledo invariant is not maximal. q.e.d.

Remark 3.33. The fact the moduli space has smaller dimension
than expected may be viewed as a certain kind of rigidity. This phe-
nomenon (for large Toledo invariant) has been studied from the point
of view of representations of the fundamental group by D. Toledo [33]
when p = 1 and L. Herndndez [21] when p = 2. We deal here with the
general case which, as far as we know, has not appeared previously in
the literature.

Corollary 3.34. Fizx (p,q,a,b) such that p < q and 7(p,q,a,b) =
p(2g — 2). Then

M(p7Q7a7b) = MK2(p,a—p(29— 2)) X M(q_p>b_ a+p(2g - 2))

Proof. It follows from Theorem 3.32 and Proposition 3.30.  q.e.d.
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4. Morse theory

Morse theoretic techniques for studying the topology of moduli
spaces of Higgs bundles were introduced by Hitchin [22, 23]. Though
standard Morse theory cannot be applied to M(a,b) when it is not
smooth, as we shall see in the following, we can still use Morse theory
ideas to count connected components. Throughout this section we as-
sume that p and ¢ are any positive integers and that (a,b) € Z S Z is
such that |7| < 77, where 7 is as in Definition 3.28 and 7/ is given by
(3.30).

4.1 The Morse function

Consider the moduli space M(a, b) from the gauge theory point of view
(cf. Section 3.2). We can then define a real positive function

(4.1) f: M(a,b) - R
[A, @] — 2]@]?,

where the L2-norm of ® is |®||? = @ Jx tr(20*).
We have the following result due to Hitchin [22].

Proposition 4.1.
(1) The function f is proper.

(2) The restriction of f to M?*(a,b) is a moment map (up to a constant)
for the Hamiltonian circle action [A, ®] — [A, e ®].

(3) If M(a,b) is smooth, then f is a perfect Bott-Morse function.

Thus, if the moduli space is smooth, then its number of connected
components is bounded by the number of connected components of the
subspace of local minima of f. However, even if M(a, b) is not smooth,
f can be used to obtain information about the connected components
of M(a,b) using the following elementary result.

Proposition 4.2. Let Z be a Hausdorff space and let f: Z — R be
proper and bounded below. Then f attains a minimum on each connected
component of Z and, furthermore, if the subspace of local minima of f
1s connected then so is Z.

In particular this applies to our situation, giving:
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Proposition 4.3. The function f: M(a,b) — R defined in (4.1)
has a minimum on each connected component of M(a,b). Moreover, if
the subspace of local minima of f is connected then so is M(a,b).

Definition 4.4. Let
(4.2) N(a,b) = {(E,®) € M(a,b) | 3=0 or v =0}
Proposition 4.5. For all (E,®) € M(a,b)

|7(a, b)|
2

(4.3) f(E, @) >

with equality if and only if (E,®) € N(a,b).

Proof. Writing out the first of Hitchin’s equations (3.2) for a U(p, q)-
Higgs bundle (F,®) in its componenents on V and W we get the pair
of equations

F(Ay)+ 88" + 4"y = —vV—1pldy w,
F(Aw) +97" + 688 = —vV—1pldw w,

where Ay and Ay are the components on V' and W, respectively, of the
unitary connection A on F =V @ W. Taking the trace and integrating
over X in the first of these equations we get from Chern-Weil theory

deg(V) = pp — 21IBI* + 211,

where we have used [y w = 27. Since p = p(E), this is equivalent to

L1817 = 21? = plu(B) - n(V) = .
But f(E,®) = 1|8+ 1|v||? and thus
(4.4) J(B,®) = 2| - 2
= 2|82+ 2,
from which the result is immediate. q.e.d.

The above proposition identifies N (a,b) as the set of global minima
of f. The following theorem, which is of fundamental importance to our
approach, shows that there are no other local minima.
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Theorem 4.6. Let (E,®) be a polystable U(p, q)-Higgs bundle in
M(a,b). Then (E,®) is a local minimum of f: M(a,b) — R if and
only if (E,®) belongs to N'(a,b).

Proof. This follows directly from Proposition 4.5 above and Proposi-

tions 4.17 and 4.20, which are given in Sections 4.4 and 4.5, respectively.
q.e.d.

Remark 4.7. This Theorem was already known to hold when
p,q < 2 (by the results of [19], Hitchin [22], and Xia [36]), and also
when p = g and (p—1)(29 —2) < |7| < p(29 — 2) by Markman-Xia [24].

Which section actually vanishes for a minimum is given by the fol-
lowing.

Proposition 4.8. Let (E,®) € N(a,b). Then:
(1) v =0 if and only if a/p < b/q (i.e., 7 < 0). In this case,

fWN(a,b)) =b—qla+b)/(p+q) = —%-

(2) B=0if and only if a/p > b/q (i.e., 7 = 0). In this case,

-

FN(a,0)) =a—pla+b)/(p+a) =3
In particular, 8 =~ = 0 if and only if a/p = b/q (i.e., T = 0) and, in
this case, f(E,®) = 0.

Proof. The relation between the conditions on 7 and those on
a/p — b/q follows directly from the definition of 7 (cf. (3.27)). The rest
follows immediately from (4.4) and the fact that f is, by definition, non-
negative. Alternatively one can argue algebraically, using Lemma 3.24
and polystability. q.e.d.

Corollary 4.9. If a/p = b/q then N(a,b) = M(p,a) x M(q,b).

Proof. If a/p = b/q, then any (E,®) € N'(a,b) has E =V & W and
® = 0. Polystability of (E, ®) is thus equivalent to the polystability of
V and W. q.e.d.

4.2 Critical points of the Morse function

In this section we recall Hitchin’s method [22, 23] for determining the
local minima of f and spell out how this works in the case of U(p, q)-
Higgs bundles.
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Since f is a moment map, a smooth point of the moduli space is a
critical point if and only if it is a fixed point of the circle action. To
determine the fixed points, note that, if (A, ®) represents a fixed point
then there must be a 1-parameter family of gauge transformations g(f)
taking (A, ®) to (A, e®). This gives an infinitesimal U(p) x U(q)-gauge
transformation 1) = ¢ which is covariantly constant (i.e., d41) = 0) and
such that [¢,®] = i®. (Note that we can take 1) to be trace-free.)
It follows that we can decompose E in holomorphic subbundles F on
which v acts as ¢\ and furthermore that ® maps F) to Fi;1 ® K. We
thus have the following result.

Proposition 4.10. A U(p, q)-Higgs bundle (E,®) in M(a,b)
represents a fized point of the circle action if and only if it is a sys-
tem of Hodge bundles, that is,

(4.5) E=FNo - -0k,
for holomorphic vector bundles F; such that the restriction
®; := ¢, € H'(Hom(F}, Fi1) ® K),

and the F; are direct sums of bundles contained in V and W. Further-
more, each F; is an eigenbundle for an infinitesimal trace-free gauge
transformation . If ®; # 0, then the weight of 1 on Fiy1 is one plus
the weight of 1 on F;. Moreover, if (E, ®) is stable, then each restriction
®; is nonzero and the F; are alternately contained in V and W.

Proof. Only the last statement requires a proof. But if some com-
ponent of ® vanished, or if some F; had a nonzero component in both
V and W, then (E, ®) would be reducible and hence not stable. q.e.d.

When (E, ®) is stable the decomposition £ = F} @ --- @ F, gives a
corresponding decomposition of the bundle U = End(F) into eigenbun-
dles for the adjoint action of :

m—1
U= P U,

k=—m+1

where Uy = €D, ;) Hom(Fj, F}) is the eigenbundle corresponding to
the eigenvalue k.

By Hitchin’s calculations in [23, §8] (see also [18, Section 2.3.2])
the eigenvalues of the Hessian of f at a smooth critical point can be
determined in the following way.
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Proposition 4.11.  Let (E,®) be a stable U(p, q)-Higgs bundle
which represents a critical point of f. Then the eigenspace of the Hessian
of f corresponding to the eigenvalue —k is H' of the following complex:

(4.6) cpuf 2y ek,
where we use the notation

U: =U,NUT,

U, =UnU",

with UT and U~ as defined in Definition 3.16. In particular (E,®)
corresponds to a local minimum of f if and only if

H'(C}) = 0

forallk > 1.

Remark 4.12. When (F,®) is a stable U(p, ¢)-Higgs bundle, we
know from Proposition 4.10 that the F; are alternately contained in V'
and W. Thus we have

(4.7) Ur=@ ks U =P U

k even k odd

In particular all the eigenvalues of the Hessian of f are even.

Remark 4.13. The description in Proposition 4.11 of the eigen-
space of the Hessian of f gives rise to the long exact sequence

0 — H(C}) — H(U}") — H(U,, ® K) — H'(C})

— HY(U) — H' (U, ® K) — H*(C}) — 0.

Suppose that (E,®) is a stable U(p, ¢)-Higgs bundle. The vanishing
result of Proposition 3.19 shows that HO(Cp) = H*(Cp) = 0 for k # 0
(while H°(Cg) = C and H?(C§) = 0). Hence one can use this exact
sequence, Remark 4.12, and the Riemann—Roch formula to calculate
the dimension of H'(C?) for any k in terms of the ranks and the degrees
of the F;. This provides a method for calculating the Morse index of f
at a critical point. However, we shall omit the formula since we have no
need for it.
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4.3 Local minima and the adjoint bundle

In this section we give a criterion for (E,®) to be a local minimum
in terms of the adjoint bundle. This is the key step in the proof of
Theorem 4.6. We use the notation introduced in Section 4.2.

Consider the complex C} defined in (4.6) and let

x(Cp) = dimH(CP) — dimH!(Cp) + dim H?(C}).

Proposition 4.14. Let (E, ®) be a polystable U(p, q)-Higgs bundle
which is a fized point of the S*-action on M(a,b). Then x(Cp) < 0 and
equality holds if and only if

ad(®): U — U1 ®K

s an tsomorphism.

Proof. For simplicity we shall adopt the notation
+ _ = F
o = ad((b)'Uki. Upg — U1 ®K.

The key fact we need is that there is a natural ad-invariant isomorphism
U = U* under which we have UT = (U*)*, U~ = (U7)* and Ui =
(U£,)*. Since ad(®)! = ad(®) @ 151 under this isomorphism we have
(4.8) @5 =0T,  ®@1g.

We have the short exact sequence

0 — ker(®)) — (U, ® K)* — im(®}}) — 0.

From (4.8) we have ker(®;") = ker(®~, ,)® K~!. Thus, tensoring the
above sequence by K, we obtain the short exact sequence

0 — ker(®Z, ;) — (Up,)" — im(®)) @ K — 0.
It follows that
deg(im(®})) < deg(Uy, ) + (29 — 2) rk(®}) + deg(ker(®=,_,)).
Combining this inequality with the fact that

(4.9) deg(U;") < deg(ker(®}))) + deg(im(®;)),
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we obtain
(4.10) deg(U,") < deg(Uy) + (29 — 2) rk(®)
+ deg(ker(®~, ,)) + deg(ker(®})).

Since (E,®) is semistable, so is the Higgs bundle (End(E),ad(®)).
Clearly the kernel ker(q)f) C End(F) is ®-invariant and hence, from
semistability,

deg(ker(@f)) <0,
for all k. Substituting this inequality in (4.10), we obtain
(4.11) deg(U;7) < deg(Up, ;) + (29 — 2) tk(®)).

From the long exact sequence (4.6) and the Riemann-Roch formula we
obtain

X(CR) = x(U") —x(U, ® K)
= (1= g)(ok(U) + k(U )) + deg(Uy)) — deg(Uy ).
Using this identity and the inequality (4.11) we see that
X(CF) < (g = 1) (2rk(®) = rk(U) = 1k(Ug 1))
Hence x(Cy) < 0. Furthermore, if equality holds we have
k() = tk(U7) = tk(Upy,)

and also equality must hold in (4.11) and so deg(im(®;)) = deg(U,, ®
K), showing that <I>;€Ir is an isomorphism as claimed. q.e.d.

Corollary 4.15. Let (E,®) be a stable U(p, q)-Higgs bundle which
represents a critical point of f. This critical point is a local minimum
if and only if

ad(®): Uf - U, ® K

s an isomorphism for all k > 1.

Proof. By Proposition 3.19 we have H(Cp) = H?*(Cp) = 0 for
k > 1. Hence we have —x(Cp) = H'(Cy) and the result follows from
Propositions 4.11 and 4.14. q.e.d.
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Remark 4.16.  Let (P,®) be a G-Higgs bundle as defined in
Remark 3.5 and define

U =P xpqg°,
Ut = P xaq 4%,
C

U =Pxpgm-.

Then U = UT @ U~ and if (P, ®) is fixed under the circle action we
can write U = @ Uy, as a direct sum of eigenbundles for an infinitesimal
gauge transformation as before. Thus we can define a complex C} as
in (4.6). If (P, ®) is a stable G-Higgs bundle, then the Higgs vector
bundle (U, ad(®)) is semistable and so the proof of Proposition 4.14 goes
through unchanged. Thus this key result is valid in the more general
setting.

4.4 Stable Higgs bundles

In this section we prove Theorem 4.6 for stable Higgs bundles. The re-
ducible (polystable) ones are dealt with in the next section. We continue
to use the notation of Section 4.2.

Proposition 4.17. Let (E,®) = (F1 @ --- ® F,,,, ®) be a stable
U(p, q)-Higgs bundle representing a critical point of f such that m > 3.
Then (E, ®) is not a local minimum of f.

Proof. Note that Uy = 0 for |k| > m; in particular U,, = 0. We
shall consider the cases when m is odd and even separately.

The case m odd. In this case m — 1 is even and so, using Re-
mark 4.12 we see that U;;_l = Up—1 # 0 while U,,, € U,, = 0. Hence
ad(®): Ut | — U, ® K cannot be an isomorphism and we are done by
Corollary 4.15.

The case m even. From Remark 4.12 we see that

U,,_1 = Un—1 =Hom(F1, Fy,),

m

Ul 5 =Up—a=Hom(F, F,_1) ® Hom(Fy, F,).
Thus, by Corollary 4.15 it suffices to prove that
ad(®): Up—2 = Up—1 @ K

is not an isomorphism. In fact the restriction of ad(®) to a fiber
cannot even be injective. Indeed, if it were, then its restriction to
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Hom(F}, Fy,,—1) would be injective and hence ®,,_; would also be in-
jective. Take a nonzero element 1 € Hom(Fy, F),,) whose image is con-
tained in the image of ®,, ;. Define ( = ® n® € Hom(F}, F,,_1).
Then ad(®)(n + ¢) = 0 which is a contradiction. q.e.d.

Remark 4.18. Let (E,®) be a stable U(p, ¢q)-Higgs bundle with
B8 =0 or v = 0. Then, as pointed out above, Proposition 4.5 shows
that (F,®) is a local minimum of f. This can also be seen from the
Morse theory point of view, as follows. Such a Higgs bundle either
has 8 = v = 0 or it is a Hodge bundle of length 2. In the former
case, clearly we have End(E) = Up. In the latter case, E = F} & F»
with F1 =V and Fy, = W (if § = 0) or vice-versa (if v = 0). Hence
End(E) = U_1 @ Up @ U;. Hence, in both cases U, = 0 for |k| > 1.
It follows that the complex C} is zero for any & > 0 and hence all
eigenvalues of the Hessian of f are positive.

4.5 Reducible Higgs bundles

In this section we shall finally conclude the proof of Theorem 4.6 by
showing that it also holds for reducible Higgs bundles. First we shall
show that a reducible Higgs bundle which is not of the form given in
Theorem 4.6 cannot be a local minimum of f; for this we use an ar-
gument similar to the one given by Hitchin [23, §8] for the case of
G = PSL(n,R).

Let (E,®) be a strictly polystable U(p, ¢)-Higgs bundle which is a
local minimum of f. Since f(E,®) is the sum of the values of f on
each of the stable direct summands (on the corresponding lower rank
moduli space), it follows that each stable direct summand must be a
local minimum in its moduli space and, therefore, a fixed point of the
circle action. Hence (E, ®) is itself fixed and thus (cf. Proposition 4.10)

E=(PF,

where each F) is an i\-eigenbundle for an infinitesimal trace-free U(p) x
U(q)-gauge transformation 1. Moreover, if @ # 0, then its image is
contained in Fy;1 ® K. In analogy with the case of stable U(p, q)-Higgs
bundles we write

End E = PHU,,

145
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where U, is the iu-eigenbundle for the adjoint action of 9. Let

U; =U,N Ut,
u,=0,nU",
then we can define a complex of sheaves
. + ad(®) —
(4.12) 0 PUul —=Pu, oK.
©>0 u>1

In this language Hitchin’s criterion [23, §8] for showing that a given
fixed point is not a local minimum can be expressed as follows.

Lemma 4.19. Let (Ey, ®;) be a 1-parameter family of polystable
U(p, q)-Higgs bundles such that (Eo, ®o) is a fized point of the circle
action. If the tangent vector (E', <I>) at 0 is montrivial and lies in the
subspace

H' (C20)

of the infinitesimal deformation space H'(C®) of (Eo, ®o), then (Ey, ®o)
is not a local minimum of f.

Proposition 4.20. Let (E,®) be a reducible U(p, q)-Higgs bundle.
If B#0 and v # 0 then (E,®) is not a local minimum of f.

Proof. As we noted above, each stable direct summand of (E, ®) is a
local minimum on its moduli space and therefore (by Proposition 4.17)
it has 8 = 0 or v = 0. Hence we can choose two stable direct summands
(E'=V'eW' &) and (E” = V"®W", ®") such that v/ # 0 and 5" # 0
and 3 =+" = 0. It is clearly sufficient to show that (E' & E”, ®' ¢ ®")
is not a local minimum of f on the corresponding moduli space and
we can therefore assume that (E,®) = (E' @ E”,®' & ®") without loss
of generality. We shall construct a family of deformations (E;, ®;) of
(E, @) satisfying the conditions of Lemma 4.19.

By Lemma 4.21 both H*(Hom(W", W')) and H'(Hom(V’, V")) are
non-vanishing, so let n € H'(Hom(V’, V")) and o € H'(Hom(W", W'))
be nonzero. We can then define a deformation of (E,®) by using that
7 defines an extension

0— V" —VT—V —0,
while o defines an extension

00— W — W —W'"—0.
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Let E(9) = V7 & W7 and define ®9) by the compositions
) e —wr Ly oy,

o)y Lyt 2 e

Note that (E°, ®°) = (E, ®) (the Higgs fields agree since 3’ = 7" = 0).
It is then easy to see that (E™7, ®77) is stable: the essential point is that
the destabilizing subbundles V' and W” of (E, ®) are not subbundles
of the deformed Higgs bundle; we leave the details to the reader.

Now define the family (E;, ®;) = (EM-Y &to)) Tt is clear that
the induced infinitesimal deformation of E' is

E = (n,0) € H*(Hom(V', V")) ® H*(Hom(W",W')) C H*(End(E)).

Considering the holomorphic structure as given by a 0J-operator on
the underlying smooth bundle, our definition of (E(?) &) did not
change the Higgs field but only the holomorphic structure on E. Thus,
taking a Dolbeault representative (cf. Remark 3.23) for (E, ®) € H'(C*)
we see that the weights of ¥ on (E,®) are given by its weights on
E. From Proposition 4.10 we have decompositions E' = @ F] and
E" = @ F]/ into eigenspaces of infinitesimal trace-free gauge transfor-
mations ¢’ and ¢”. Note that the infinitesimal gauge transformation
producing the decomposition of F is ¢ = 1)’ +¢”. Clearly we have

=V, Fy =W,
Fll/ — W// F2/I — V//

Let A{, and A}, be the weights of the action of ' on V' and W’ respec-
tively, and analogously for E”. We then have that

A\w = Ay + 1, v =Ny + L
and, since trv¢’ = try” =0,
Ao+ A\wd =0,
Moo+ Mpd” =0,
where p' = rk(V’), ¢ = tk(W’), p” = 1rk(V") and ¢" = rk(W"). From

these equations we conclude that
/ /!

/ " b b

Aw — W:p’+q/+p”+q”>07
" /

=Ny = o T >o.

_|_
p// + q// p/ + q/
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It follows that the weights of ¢ on H* (Hom(W", W’)) and H!(Hom(V’,
V")) are both positive and hence that (E,®) lies in a direct sum of
positive weight spaces of 1. This concludes the proof of the proposition.

q.e.d.

Lemma 4.21 Let (E' = V' @ W, ®') and (E" = V" @ W" d")
be stable U(p, q)-Higgs bundles of the same slope. Then the cohomolo-
gy groups H*(Hom(V', V")) and H'(Hom(W" , W')) are both non-vani-
shing.

Proof. Since v = 0, V" is a ®-invariant subbundle of E”. Thus
w(V")y < u(E"). Using the Riemann-Roch formula and the equality
w(E") = p(E'") we obtain

R (Hom (V’, V") — A (Hom(V', V") = p'p" (1 — g + u(V") — w(V"))
<pp'(1 =g+ u(E) —u(V').

Since rk(f') < p’ the inequality (3.25) of Corollary 3.26 shows that
u(E") — (V') < g — 1 and we therefore deduce that

h°(Hom(V', V") — A (Hom(V', V") < 0,

from which it follows that H'(Hom(V', V") # 0.
Similarly one sees that H'(Hom(W", W’)) # 0. q.ed.

4.6 Local minima and connectedness

In this section we obtain connectedness results on M?#(a,b) and its clo-
sure M”(a,b). We denote by N*(a,b) € N(a,b) the subspace consisting
of stable U(p, ¢)-Higgs bundles, and denote its closure by N (a, b).
The invariants (a,b) will be fixed in the following and we shall oc-
casionally drop them from the notation and write M = M(a,b), etc.

Proposition 4.22.  The closure of N* in M coincides with N
and

N =M NN.
Proof. Clear. q.e.d.
Now consider the restriction of the Morse function to MS,

f: M =R
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Proposition 4.23. The restriction of f to M’ is proper and the
subspace of local minima of this function coincides with N

Proof. Properness of the restriction follows from properness of f and
the fact that M is closed in M. By Proposition 4.5 f is constant on N’
and its value there is its global minimum on M. Thus N is contained
in the subspace of local minima of f.

It remains to see that f has no other local minima on M’ We
already know that the subspace of local minima on M? is N'°. Thus,
since M? is open in M3, there cannot be any additional local minima
on M?*. We need to prove therefore that there are no local minima in
(M5~ M®) N So let (E,®) be a strictly poly-stable U(p, q)-Higgs
bundle representing a point in this space. From Proposition 4.22 we see
that 8 # 0 and vy # 0. In the proof of Proposition 4.20 we constructed a
family (Ey, ®;) of U(p, ¢)-Higgs bundles such that (E, ®) = (Ey, o) and
(Ey, @) is stable for ¢ # 0. Furthermore we showed that the restriction
of f to this family does not have a local minimum at (Fy, ®¢). It follows
that (F, ®) is not a local minimum of f on Ms5. q.e.d.

Proposition 4.24.
(1) If N(a,b) is connected, then so is M(a,b).
(2) If N*(a,b) is connected, then so is M (a,b).

Proof. (1) In view of Proposition 4.3, this follows from Theorem 4.6.
(2) If N*(a,b) is connected, then so is its closure N°(a,b). But
from Proposition 4.23, N°(a,b) is the subspace of local minima of the
proper positive map f: ﬂs(a, b) — R. Hence the result follows from
Proposition 4.2. q.e.d.

5. Local minima as holomorphic triples

The next step is to identify the spaces N (a,b) and N*(a,b) as modu-
li spaces in their own right. By definition (cf. Definition 4.4), the Higgs
bundles in N (a,b) all have 5 = 0 or v = 0 in their Higgs fields. Suppose
first that (E,®) is a U(p,q)-Higgs bundle with v = 0. Then (E, ®)
determines the triple T' = (E1, E9, ¢) where

EFi=V®K,
Ey =W,
0.

149
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Conversely, given two holomorphic bundles E7, E5 of rank p and ¢ re-
spectively, together with a bundle endomorphism ® € H°(Hom(FE3, E1)),
we can use the above relations to define a U(p, ¢)-Higgs bundle with
~v = 0. Similarly, there is a bijective correspondence between U(p, q)-
Higgs bundles with § = 0 and holomorphic triples in which

Ei=W®®K,
Ey, =V,
»=1.

The triples (F1, Eq, ®) are examples of the holomorphic triples studied
in [4] and [15].

5.1 Holomorphic triples

We briefly recall the relevant definitions, referring to [4] and [15] for
details. A holomorphic triple on X, T' = (Ej, E2,¢), consists of two
holomorphic vector bundles F; and Fy on X and a holomorphic map
¢: EFy — Ei. Denoting the ranks E; and Fs by n; and ns, and their
degrees by d; and dg, we refer to (n,d) = (n1,n2,dy,ds) as the type of
the triple.

A homomorphism from 77" = (E{,E},¢') to T = (E1,E2,¢) is a
commutative diagram

/
By — B

Lo

B, —2 . E.

T' = (E{, E}, ¢') is a subtriple of T' = (E1, E9, ¢) if the homomorphisms
of sheaves ] — E; and E} — Fj are injective.
For any o € R the a-degree and «-slope of T are defined to be

deg,(T) = deg(E1) 4 deg(E2) + ark(E>),

_ deg,(T)
rk(E1) + rk(Es)

pa(T)

I‘k(Eg)
k(E1) + rk(Es)"

= u(EL @ Ea) + as

The triple T = (E1, E2, ¢) is a-stable if

(5.1) fa(T") < pa(T)
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for any proper sub-triple 77 = (E{, Ef, ¢'). Define a-semistability by
replacing (5.1) with a weak inequality. A triple is called a-polystable
if it is the direct sum of a-stable triples of the same «-slope. It is
strictly a-semistable (polystable) if it is a-semistable (polystable) but
not a-stable.

We denote the moduli space of isomorphism classes of a-polystable
triples of type (n1,na,d1,ds2) by

(52) N :Na(n, d) :Na(nl,ng,dl,dg).

Using Seshadri S-equivalence to define equivalence classes, this is the
moduli space of equivalence classes of a-semistable triples. The isomor-
phism classes of a-stable triples form a subspace which we denoted by
N,

Proposition 5.1 ([4, 15]). The moduli space Ny(ni,na,dy,ds) is
a complex analytic variety, which is projective when « is rational. A
necessary condition for Nuo(ni,ne,dy,ds) to be nonempty is

(5.3) O<an<a<ay ifn #ng
' 0< oy <a Zf ny =n2
where
(5.4) Q= i1 — 2,
ni+n
(5.5) ay = <1 + 12) (11 — p2)
[n1 — ngl

do
ng*

and py = &, py =
Within the allowed range for « there is a discrete set of critical
values. These are the values of « for which it is numerically possible to
have a subtriple 77 = (E}, Eb, ¢') such that u(E] & E}) # u(E1 @ E2)
but pe(T") = pe(T’). All other values of a are called generic. The
critical values of « are precisely the values for « at which the stability
properties of a triple can change, i.e., there can be triples which are
strictly a-semistable, but either o’-stable or o/-unstable for o/ # .
Strict a-semistability can, in general, also occur at generic values

for a, but only if there can be subtriples with p(E] & Eb) = u(E1 @ Es)

In this case the triple is strictly a-semistable for all

and 1+n = n1+n2

values of . We refer to this phenomenon as a-independent semistability.
This cannot happen if GCD(ng,n; + n2,d; + dg) = 1.
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5.2 Identification of N (a,b)

The following result relates the stability conditions for holomorphic
triples and that for U(p, ¢)-Higgs bundles.

Proposition 5.2. A U(p, q)-Higgs bundle (E,®) with § = 0 or
~v = 0 is (semi)stable if and only if the corresponding holomorphic triple
is a-(semi)stable for a = 2g — 2.

Proof. Let T = (E1, Eo, ¢) be the triple corresponding to the Higgs
bundle (V & W, ®). For definiteness we shall assume that v = 0 (of
course, the same argument applies if 5 = 0). Thus £; =V ® K and
Es = W and, hence,

deg(E1) = deg(V) +p(2g9 — 2).

Since p = rk(E1) and ¢ = rk(E») it follows that

_ Py oy, 4,
(5.6) Ma(T)—M(E)+p+q(29 2)+p+q :

If we set a = 2g — 2 we therefore have
(5.7) a(T) = u(E) + 29 — 2.

Clearly the correspondence between holomorphic triples and U(p, q)-
Higgs bundles gives a correspondence between sub-triples 77 = (E7, Eb,
¢') and ®-invariant subbundles of E which respect the decomposition
E=V&W (ie., subbundles E' = V'@ W’ with V/ C V and W' C W).
Now, it follows from (5.7) that u(E') < p(E) if and only if ua(7") <
1o (T) (and similarly for semistability), thus concluding the proof. q.e.d.

We thus have the following important characterization of the sub-
space of local minima of f on M(a,b).

Theorem 5.3. Let N(a,b) be the subspace of local minima of f on
M(a,b) and let T be the Toledo invariant as defined in Definition 3.28.

If a/p < b/q, or equivalently if T < 0, then N(a,b) can be identified
with the moduli space of a-polystable triples of type (p,q,a+p(2g—2),b),
with o = 2g — 2.

If a/p > b/q, or equivalently if T > 0, then N(a,b) can be identified
with the moduli space of a-polystable triples of type (q,p,b+q(29—2),a),
with a = 2g — 2.



SURFACE GROUP REPRESENTATIONS 153

That is,
N(a,b)
~ JN2g—2(p:q.a +p(2g — 2),b) if a/p < b/q (equivalently T < 0)
| WMNog2(9,0,b+ 4(29 — 2),a) if a/p = b/q (equivalently T > 0).
Proof. This follows from Theorem 4.6, Proposition 4.8, and Propo-
sition 5.2. q.e.d.

Thus, combining Proposition 4.24 and Theorem 5.3, we get:

Theorem 5.4.

(1) Suppose a/p < b/q. If Nag—2(p,q,a+p(2g—2),b) is connected then
M(a,b) is connected. If N5, 5(p,q,a + p(2g — 2),b) is connected
then M’ (a,b) is connected.

(2) Suppose a/p = b/q. If Nag—2(q,p,b+q(2g—2), a) is connected then
M(a,b) is connected. If N3, 5(q,p,b+ q(2g — 2),a) is connected
then M (a,b) is connected.

5.3 The Toledo invariant, 2g—2, and a-stability for triples

In view of Theorems 5.3 and 5.4, it is important to understand where
2g — 2 lies in relation to the range (given by Proposition 5.1) for the
stability parameter «. Recall that for given (p, ¢, a, b), the Toledo invari-
ant (Definition 3.28) is constrained by 0 < |7| < 77, where (see (3.30))
v = min{p, ¢}(2g —2). Recall also that « is constrained by the bounds
given in Proposition 5.1. Whenever necessary we shal indicate the de-
pendence of a,, and ay; on (p,q,a,b) by writing a,, = an(p,q,a,b),
and similarly for ayy.

Lemma 5.5. Fiz (p,q,a,b). Then

P+q
2pq

(5-8) am(p, ¢, a,0) = (29 = 2) - ]

where T is the Toledo invariant. If p # q then

(5.9) am(p,q,a,b) = ( W) am(p,q,a,b).

If p = q then ap(p,q,a,b) = oo.
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Proof. By Theorem 5.3 the type of the triple is determined by the
sign of 7. The result thus follows by applying (5.3) and (5.4) to triples

of type (p, q,a+ p(2g — 2),b) (if 7 < 0) or type (q,p, b+ q(2g —2),a) (if
T2=0). q.e.d.

Proposition 5.6. Fiz (p,q,a,b). Then

(5.10)
< —2< )
0< || <myed’s am(p,q,a,b) <29 —2 < an(p,q,a,b) iIp#4
0 < am(psq,a,b) <29 —2 ifp=q

Furthermore,
(5.11) T=029-2=aq,
and

29— 2= ]
(5.12) = e’ oM P74

Q=0 ifp=gq.

Proof. Using (5.8) and (5.9) we see that 0 < |7| < 7/ is equivalent
to

lp — 4|
5.13 29— 2> 27— ) (29—-2),
(5.13) g2z an> (00 ) -2

and hence also (assuming p # q) to

<2 max{p, ¢}

G14) Ip—q|

>(29—2)20¢M2(29—2).

In both (5.13) and (5.14), we get equality in the first place if and only

if 7 = 0, and in the second place if and only if |7| = 73;. Notice that
lp—q

2max{p,q}

follow. q.e.d.

is strictly positive if p # ¢ and is zero if p = gq. The results

These results are summarized in Figure 1, which can be used as
follows. For any allowed value of 7, draw a horizontal line at height 7.
The corresponding range for o and the relative location of 2g — 2 are
then read off from the «a-axis.

Remark 5.7. The above proposition gives another explanation for
the Milnor-Wood inequality in Corollary 3.27. Using the fact that the
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.
™ 4
o 4
oy L
0 lp—dl 2 — 2 a
2max{p,q} (29 -2) g
T p=gq
TM ?
o 4
fo7s 1—do
—TM ®
0 29 — 2 a

Figure 1: Range for the stability parameter « for triples in N (a,b),

displayed as functions of 7 = %(9 — Y, and showing the relative
location of 2g — 2.

p q
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non-emptiness of M(a,b) is equivalent to the non-emptiness of N(a,b)
and hence to that of either Naog_o(p, ¢, a+p(2g —2),b) or Nog_a(q,p, b+
q(2g — 2),a), we see that the Milnor—-Wood inequality is equivalent to
the condition that 2¢g —2 lies within the range where a-polystable triples
of the given kind exist.

5.4 Moduli spaces of triples

Proposition 5.6 shows that in order to study N (a, b) for different values
of the Toledo invariant, we need to understand the moduli spaces of
triples for values of « that may lie anywhere (including at the extremes
am and agpy) in the a-range given in Proposition 5.1. The information
we need can be found in [7]. From the results in [7] we get the following
for triples of type (n1,n2,d1,ds).

Theorem 5.8 (Theorem A in [7]).

(1) A triple T = (E1, Ea, ¢) of type (n1,ne,dy,d2) is am-polystable if
and only if ¢ =0 and Fy and Eo are polystable. We thus have

Na (nl,ng,dl,dg) = M(nl,dl) X M(TLQ,dg).

where M (n,d) denotes the moduli space of polystable bundles of
rankn and degree d. In particular, Ny, (n1,n2,dy,ds) is nonempty
and irreducible.

(2) If @ > au is any value such that 29 — 2 < a (and o < apy
if n1 # n2)) then N2(ni,na,dy,ds) is nonempty and irreducible.
Moreover:

e If ny =ng =n then Ni(n,n,dy,ds) is birationally equivalent
to a PN -fibration over M*(n, ds) x Sym® =% (X)), where M*(n, ds)
denotes the subspace of stable bundles of type (n,ds), Sym® ~92(X)
is the symmetric product, and the fiber dimension is N = n(d; —
dy) — 1.

e If nq > na then N2(ni,ne,dy,ds) is birationally equivalent to
a PN -fibration over M*(ny — na,dy — do) X M?(na,ds), where the
fiber dimension is N = nady —nyda +ne(ny —no)(g—1) — 1. The
birational equivalence is an isomorphism if GCD(ny—ng, d1—d3) =
1 and GCD(ng,ds) = 1.

e If ny < ng then N2(ni,ne,dy,ds) is birationally equivalent to
a PN -fibration over M*(ng —ny,ds — d1) x M*(ny,dy), where the



SURFACE GROUP REPRESENTATIONS 157

fiber dimension is N = nady —nida +ni(ng—ny1)(g—1) —1. The
birational equivalence is an isomorphism if GCD(no—nq,do—dy) =
1 and GCD(n1,d;) = 1.

In particular, if nq # ng then N2(ny,n2,dy, ds) is a smooth man-
ifold of dimension (g — 1)(n? +n3 — ning) — nids + nady + 1.

(3) If n1 # na then Ny,,(n1,n2,d1,ds2) is nonempty and irreducible.
Moreover

(5.15) v (n1,ne,di, da)

ng,dg XM(nl—nQ,dl dz) ifn1>n2
nl,d1 XM( 2—n1,d2—d1) ifn1<n2.

12

Theorem 5.9 (Corollary 8.2 and Theorem 8.10 in [7]).  If my
= ng = n then:

(1) If apy, =0, ice., if dy = do (= d), then Ny(n,n,d,d) = M(n,d) for
all a > 0. In particular Ny (n,n,d,d) is nonempty and irreducible.

(2) If 0 < dy — d2 < «, then Ng(n,n,di,ds) is nonempty and irre-
ducible.

Remark 5.10. Notice that if n; = ng and ay,, = 0, then N, (n,n, d,
d) = M(n,d) for all & > 0, while Ny(n,n,d,d) = M(n,d) x M(n,d).
The picture is quite different if we restrict to the stable points in the
moduli spaces. In fact there are no stable points in Ny(n,n,d,d), i.e
N (n,n,d,d) is empty, while N3(n,n,d,d) = M*(n,d) for a > 0.

Proposition 5.11 (Proposition 2.6 and Lemma 2.7 in [7]).
(1) If a € [am,ang] is generic and GCD(ny,ny + ne,d; + da) = 1,
then
Na(n1,n2,d1,d2) = Nj(ni,n2, dy, dz).

In particular, the moduli space Ny (ny,ng,dy,ds) is nonempty and
irreducible if in addition 2g — 2 < «.

(2) Let m € Z be such that GCD(ny + ng,d; +do — mny) = 1. Then

a = m is not a critical value and there are no a-independent
semistable triples.
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6. Main results

We now use the results of Section 5.4, applied to the case a =
2g — 2, to deduce our main results on the moduli spaces of U(p,q)-
Higgs bundles, and hence for the representation spaces R(PU(p, ¢)) and
Rr(U(p, q)) (defined in Section 2). Recall that we identified components
of R(PU(p, q)) labeled by [a,b] € Z&Z/(p+q)Z, and similarly identified
components of Rr(U(p, q)) labeled by (a,b) € Z @ Z. Our arguments
proceed along the following lines:

e By Proposition 2.5 Rr(a, b) is a U(1)*-fibration over R[a, b]. The
number of connected components of Rr(a,b) is thus greater than
or equal to that of Rla,b]. In particular, R[a,b] is connected
whenever Rr(a,b) is

e By Proposition 3.13 there is a homeomorphism between Rr(a,b)
and the moduli space M(a,b) of U(p, q)-Higgs bundles. This re-
stricts to give a homeomorphism between Rj.(a,b) and M?*(a,b).

e By Proposition 4.3 the number of connected components of M (a, b)
is bounded above by the number of connected components in the
subspace of local minima for the Bott-Morse function defined in
Section 4.1. By Proposition 4.24 the same conclusion holds for

M?(a,b).

e By Theorems 4.6 and 5.3 we can identify the subspace of local
minima as a moduli space of a-stable triples, with o = 2¢g — 2.

Summarizing, we have:

mo(Rla, b])| < |mo(Rr(a, b))| = [mo(M(a, b))|
| =

mo(N(a,b))| = [mo(N2g—2(n1, n2, di, da))]
where |mo(+)| denotes the number of components, and (in the notation
of Section 5) the moduli space of triples which appears in the last line
is either Nog_2(p,q,a + p(2g — 2),b) (if a/p < b/q) or Nag_2(q,p,b +
q(2g — 2),a). Similarly, we get that

|70(R " [a,b))| < |m0(Rr(a,b))| = [mo(M(a, b))
mo(N"(a,b))| = |mo(Ng,_o(n1, na,di, da))|

< |
<

<
<

|
|
In particular, if the moduli spaces of triples are connected, then so are
the Higgs moduli spaces and the moduli spaces of representations.
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6.1 Moduli spaces of Higgs bundles

We begin with results for the U(p, ¢)-Higgs moduli spaces. Recall from
Proposition 3.20 that, whenever the moduli space M?*(a,b) of stable
U(p, q)-Higgs bundles with invariants (a,b) is nonempty, it is a smooth
complex manifold of dimension 1 + (p + ¢)?(g — 1). We shall refer to
this dimension as the expected dimension in the following.

Theorem 6.1. Let (p,q) be any pair of positive integers and let
(a,b) € Z & Z be such that 0 < |7(a,b)| < Tar.

(1) If either of the following sets of conditions apply, then the modu-
li space M*(a,b) is a nonempty smooth manifold of the expected
dimension, with connected closure M’ (a,b):

(i) 0 < |7(a,b)| < Tar,
(ii) |7(a,b)| = Tar and p = q.

(2) If any one of the following sets of conditions apply, then the moduli
space M(a,b) is nonempty and connected:

(i) 7(a,b) =0,
(ii) |7(a,b)| = 7o and p # q,
(i) (p—1)(29—2) < |7|<7m =p(29 —2) and p = q.

Proof. (1) By Proposition 5.6 condition (i) implies that a,, <
2g — 2 < ayy for the triples corresponding to points in A (a,b). Thus
Theorem 5.8(2) (together with Theorem 5.3) implies that A (a,b) is
nonempty and connected. Similarly, condition (ii) implies that a,, = 0,
and we can apply Theorem 5.9(1). The rest follows from Theorem 5.4.

(2) By Proposition 5.6, the conditions in (i) and (ii) are equivalent
to au = 29 — 2 and apr = 29 — 2 respectively. It follows by parts (1)
and (3) of Theorem 5.8 (together with Theorem 5.3) that N (a,b) is
nonempty and connected. The rest follows from Theorem 5.4.

For (iii), we use the fact that |7| = |b—a| if p = ¢. The condition on
|7] is thus equivalent to di — da < 2¢g — 2 for the triples corresponding
to points in N'(a,b). The result thus follows by Theorem 5.9(2). q.e.d.

Remark 6.2. Combining (1) and (i)-(ii) of (2) in Theorem 6.1, we
see that the moduli space M(a,b) is nonempty for all (p,q,a,b) such
that 0 < |7 < 1.
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Remark 6.3. In Theorem 3.32 we gave a detailed description for
M(a,b) in the case that p # ¢ and |7(a,b)| = 7ps. The description
was complete, provided that the space was nonempty. By the previous
remark we can now remove this caveat.

In general, the stable locus M?(a,b) is not the full moduli space
and the full moduli space M(a,b) is not smooth. Singularities can
occur at points representing strictly semistable objects, and these can
also account for singularities in N (a,b), the space of local minima (as
in Section 5). These types of singularities are prevented by a certain
coprimality condition:

Proposition 6.4. Suppose that GCD(p + q,a +b) = 1. Then:
(1) M(a,b) is smooth.
(2) a=2g—2 is not a critical value for triples of type (p,q,a+p(2g—
2)a b) or (Q7pa b + Q(2g - 2)7 CL).

(3) The moduli spaces Nag—2(p,q,a+p(29 —2),b) and Nog—2(q,p,b+
q(2g — 2),a) are nonempty, smooth and irreducible.

Proof.
(1) This is simply a re-statement of Proposition 3.12.

(2) Apply Proposition 5.11 (2) with (n1,ne,d;,ds) equal to (p,q,a +
p(29 —2),b) or (¢,p,b+q(2g — 2),a) and m = 29 — 2.

(3) Since GCD(p+q, a+b) = 1 implies GCD(p, p+¢, b+a+q(2g—2)) =
1 (or GCD(q,p+¢q,b+a+p(2g—2)) = 1), the result follows from
(2) and Proposition 5.11 (1).

q.e.d.

Theorem 6.5. Let (p,q) be any pair of positive integers and let
(a,b) be such that 0 < |7(a,b)| < Tar. Suppose also that GCD(p +
g,a+b) = 1. Then the moduli space M(a,b) is a (nonempty) smooth,
connected manifold of the expected dimension.

Proof. Combine Proposition 6.4 and Theorem 5.4. q.e.d.

Theorems 6.1 plus 6.5 are equivalent to Theorem A in the Introduc-
tion.
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6.2 Moduli spaces of representations

Using Proposition 3.13 we can translate the results of Section 6.1 into re-
sults about the representation spaces Rr(a,b) and Rj.(a,b) (for U(p, q)
representations of the surface group I'). We denote the closure of
R (a,b) in Rr(a,b) by Rp(a,b).
Theorem 6.6. Let (p,q) be any pair of positive integers and let
(a,b) € Z®Z be such that 0 < |7(a,b)| < Ty
(1) The moduli space Rr(a,b) is nonempty.

(2) If either of the following sets of conditions apply, then the modu-
li space Ri(a,b) is a nonempty smooth manifold of the expected
dimension, with connected closure Ry (a,b) in Ry (a,b):

(i) 0< |r(a,b)| < ar.
(i) |r(a,b)] = rar and p = q.

(3) If any one of the following sets of conditions apply, then the moduli
space Rr(a,b) is connected:

(i) 7(a,0) =0,

(i) [r(a,b)] = 7ar and p # g,

(iii) (p—1)(29 —2) <|7| <7m =p(29 —2) and p = ¢,
(iv) GCD(p +q,a+b) =1

(4) If GCD(p+q,a+b) =1 then Rr(a,b) is a smooth manifold of the
expected dimension.

Proof. By Proposition 3.13, this follows from Theorem 6.1 and 6.5.
q.e.d.

Theorem 6.7. Let (p,q) be any pair of positive integers such that
p # q, and let (a,b) be such that |T(a,b)| = Tar. Then every represen-
tation in Rr(a,b) is reducible (i.e., R{(a,b) is empty). If p < q, then
every such representation decomposes as a direct sum of a semisim-
ple representation of T' in U(p,p) with mazximal Toledo invariant and a
semisimple representation in U(q—p). Thus, if T = p(2g —2) then there
s an isomorphism

Rr(p, g, a, b)g
( p,a,a—p(Qg—Q)) XRF(q_pvb_a+p(2g_2))7
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where the notation Rr(p, q,a,b) indicates the moduli space of represen-
tations of T' in U(p, q) with invariants (a,b), and Rp(n,d) denotes the
moduli space of degree d representations of I' in U(n).

(A similar result holds if p > q, as well as if T = —p(2g — 2).)

Proof. Proposition 3.13 and Theorem 3.32. q.e.d.

As observed in Section 2.2 (cf. (2.7)), the spaces R(a) = Rr(a, —a)
can be identified with components of R(U(p, q)), i.e., with components
of the moduli space for representations of 71 X in U(p,q). Applying
Theorems 6.6 and 6.7, together with the observation that 7(a, —a) = 2a
in the special case where b = —a, we thus obtain the following results
for R(U(p, q)). Notice that the condition GCD(p+¢,a+b) = 1 is never
satisfied if a + b = 0.

Theorem 6.8. Let (p,q) be any pair of positive integers and let
a € Z®Z be such that |a| < min{p,q}(g —1).
(1) The moduli space Rr(a) is nonempty.

(2) If either of the following sets of conditions apply, then the modu-
li space R*(a) is a nonempty, smooth manifold of the expected
dimension, with connected closure R (a) in R(a):

(i) 0 <la| <min{p,q}(g —1), or
(i) la| =p(g—1) and p=q.
(3) If any one of the following sets of conditions apply, then the moduli
space R(a) is connected:
(i) a =0,
(ii) |a|] = min{p, ¢}(g — 1) and p # q,
(iii) (p—1)(g—1) <la| <plg—1) and p = gq.
Theorem 6.9. Let (p,q) be any pair of positive integers such that
p # q. If |a] = min{p,q}(g — 1) then R*(a) is empty and every rep-
resentation in R(a) is reducible. If p < q, then every such representa-
tion decomposes as a direct sum of a semisimple representation of I' in

U(p, p) with maximal Toledo invariant and a semisimple representation
in U(qg —p). Thus, if a =p(g — 1) then there is an isomorphism

R(CL) = Rf(papv a,a _p(2g - 2)) X RF(q —Pap@g - 2))7
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where the notation Rr(p, q, a,b) indicates the moduli space of represen-
tations of T in U(p,q) with invariants (a,b), and Rr(n,d) denotes the
moduli space of degree d representations of I' in U(n).

(A similar result holds if p > q, as well as if a = —p(g — 1).)

From Theorem 6.6 and Proposition 2.5 we obtain the following theo-
rem about the moduli spaces for PU(p, ¢) representations of m; X. Note
that the closure R [a,b] in Ra,b] is the image of Ry (a,b) under the
map of Proposition 2.5, hence these two spaces have the same number
of connected components.

Theorem 6.10. Let (p,q) be any pair of positive integers and let
(a,b) € Z®Z be such that 0 < |7(a,b)| < Tar.

(1) The moduli space Rla,b] is nonempty.

(2) If either of the following sets of conditions apply, then the modu-
li space R*[a,b] is a nonempty smooth manifold of the expected
dimension, with connected closure R [a,b] in Rla,b]:

(i) 0 < |7(a, )| < 71, or
(i) |r(a,b)| = 7/ and p = g.

(3) If any one of the following sets of conditions apply, then the moduli
space Rla,b] of all semi-simple representations is connected:

(i) 7(a,b) =0,

(ii) |7(a,b)] = 7ar and p # g,
(iii) (p —1)(29 —2) < 7| < 7 = p(29 — 2) and p = g,
(iv) GCD(p+q,a+b) = 1.

Theorem 6.11. Let (p,q) be any pair of positive integers such that
p # q, and let (a,b) be such that |T(a,b)| = 7ar. Then R*[a,b] is
empty. If p < q, then every such representation reduces to a semisimple
representation of m1 X in P(U(p,p) x U(q — p)), such that the PU(p, p)
representation induced via projection on the first factor has maximal
Toledo invariant. (A similar result holds if p > q.)

Remark 6.12. As explained by Hitchin in [22, Section 5|, the
moduli space of irreducible representations in the adjoint form of a Lie
group is liable to acquire singularities, because of the existence of sta-
ble vector bundles which are fixed under the action of tensoring by a
finite order line bundle. For this reason we do not make any smoothness
statements in Theorem 6.10.
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6.3 Total number of components and coprimality condi-
tions

We end with some elementary observations about the total number

of components in the decomposition R(PU(p,q)) = U,y Rla,b], and

about the number of such components for which the coprime condition

GCD(p+q,a+0b) = 1 apply. We begin with the number of components.
By definition, 7(a, b) takes values in %Z, where n = p +q.

Proposition 6.13. Suppose that GCD(p, q) = k. Then the map

2
T LS L/(p,)Z — —L
n
2
[a,b] — —(aq — bp)
n
fits in an exact sequence
g T Qk
0 —Z/kZ — Z®Z/(p,q)Z — —Z — 0
n

where the map o is [t] — [t8,td]. In particular, T is a k : 1 map onto
the subset QH—kZ C %Z.

Proof. The map o is clearly injective, and 7 o 0 = 0. To see that
ker(r) = im(o), observe that if 7[a,b] = 0 then either a = b = 0 or
g = %, ie., [a,b] = [t} t#] for some ¢ € Z. Finally, if agpg—bop = k, then
for any [ € Z we have 7[lag, lby] = 271—]“[. Thus 7 is surjective onto %Z.

q.e.d.

Remark 6.14. Proposition 6.13 shows why' we must use [a, b]
rather than 7 to label the components of R(PU(p, q)) or of Rr(U(p, q)).

Definition 6.15. Suppose that GCD(p, q) = k. Define

(6.1) C =+ ([=rar, mar] N %Z),

where 7 is the map defined in Proposition 6.13.

The following is then an immediate corollary of Proposition 6.13.

10Unless p and ¢ are coprime, in which case there is a bijective correspondence
between [a, b] and 7.
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Corollary 6.16. Suppose that GCD(p,q) = k and C is as above.
Then C is precisely the set of all the points in Z ® Z/(p, q)Z which label
components Rla,b] in R(PU(p,q)). The cardinality of C is

IC| = 2nmin{p,q}(g — 1) + &
2
= |([—=7Tar, ] N ;Z)\ + GCD(p,q) — 1.

Proof. The first statement is a direct consequence of Proposition 6.13
and the bound on 7. Suppose for definiteness that min{p, ¢} = p. Then
since Ty = 2min{p,q}(g — 1) = 2(n2(g — 1)) € 2Z, the number of
points in [—7ar, Tas] N 27 is 2nE(g — 1) + 1. The second statement
now follows from the fact that 7 is a k : 1 map. The proof is similar if
min{p, ¢} = q. q.e.d.

Finally, we examine the coprime condition GCD(p+q,a+b) = 1. We
regard p and ¢ as fixed, but allow [a, b] to vary. The coprime condition
GCD(p + q,a + b) = 1 can thus be satisfied on some components but
not on others.

Definition 6.17. Fix p and g and let C CZ ® Z/(p + ¢)Z be as in
Definition 6.15. Define C; to be the subset of classes [a,b] € C for which
the condition GCD(p + ¢,a + b) = 1 is satisfied.

Proposition 6.18. Fiz p and q and let C and C; be as above. Both
C1 and its complement in C are nonempty.

Proof. If a = p and b = ¢ — 1 then GCD(p + ¢,a + b) = 1. Also,
T(p,q—1) = %, which is in [—7az, Tas] H%Z. Thus [p,q—1]isin C;. It
is similarly straightforward to see that (a,b) = (0,0) defines an element
in C — Cy, as does (a,b) = (p, —p) if p < q or (a,b) = (q,—q) if ¢ < p.

q.e.d.

It seems somewhat complicated to go beyond this result and com-

pletely enumerate the elements in C;. The following result is, however,
a step in that direction.

Definition 6.19. Let {2 C R&R be the region depicted in Figure 2,
i.e., the region bounded by (i) the ray b = g and a < p, (ii) theray a = p
and b < ¢, (iii) the ray a = 0 and b < 0, (iv) the ray b = 0 and a < 0,
(v) the line ag — bp = §7r, and (vi) the line ag — bp = —§7a7, and
including all the boundary lines except the first two rays. Let €z be
the set of integer points in 2, i.e. Qz = Q(Z © Z. We refer to ) as
the fundamental region for (p,q) (see Figure 2). Then Qyz is the integer
lattice inside the fundamental region.

165
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b*

_ ptgq
2p

Figure 2: Fundamental region for (a,b). Components of R(PU(p,q))
correspond to the integer points in this region. Illustrative lines of con-
stant 7 (at 7 = —7as,0, 7ps) and lines of constant d (at d = —Q%TM, 0,q)

are shown.
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Proposition 6.20. Suppose thatp and q are integers with GCD(p, q)

(1) There is a bijection between C and S)z.

(2) If (a,b) lies in Qg then d = a + b satisfies the bounds
(6.2) —n(g—1) <d<n.
All values of d in this range occur.

(3) Let l; denote the line ag — bp = tk. Then the points on I, () Qz
define the locus of points (a,b) for which 7(a,b) = t%.

(4) The line l; intersects Qz, for —gpmar <t < 5p7ar. For each integer
t in this range, there are k points on l; () Qz.

(5) For a firedt, GCD(a+0b, ) is the same for all integer points (a, b)
on ly (N Qz.

(6) Fiz t and let (a,b) be any point in the set l;(Qz. If GCD(a +
b, %) # 1 then GCD(a' +V,n) # 1 for all (a',V') € I;(Qz.

Proof. (1) Suppose first that 5= g. Pick [ such that 0 < a+1Ip < p.
Then b+ lqg < g, so that (a + Ip,b+ lg) is in the fundamental region.
Similarly, if % < g then we pick [ such that 0 < b+ lg < g and see
that a 4+ Ip < p. In this way we get a well-defined map from C to the
fundamental region. The map is clearly injective. To see that it is
surjective, notice that the boundary lines aq — bp = +57) correspond
to the conditions 7 = 7).

(2) This is clear from a sketch of the fundamental region (see Fig-
ure 2), in which the loci of points with constant value of d = a + b
are straight lines of slope —1. The maximal value for d corresponds to
the line passing through the top right corner of the region, i.e., through
(p,q). Thus dper = p+ g = n. The minimal value for d corresponds
either to the line passing through (—Q%TM,O) or to the line through
(0, —%TM), depending on which yields the smaller value for d. Since
v = 2min{p, q}(g — 1), we find in all cases that dy, = —n(g —1). It
is straightforward to see that all intermediate values for d occur.

(3)-(4) This is simply a restatement of Proposition 6.13.

(5)-(6) Both follow from the fact that for any two points (a,b) and
(a’,0") on s, we get d' = d + s} for some s € Z. q.e.d.
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Remark 6.21. Part (6) says that for fixed ¢, if GCD(a + b, 3) # 1
for any point (a,b) € I;(\Qz, then GCD(a + b,n) # 1 for all points
(a,b) € [y z. That is, we can detect the non-coprimality of (a + b, n)
for all (a,b) € I;(Qz by checking the non-coprimality of (a + b, %) at
any one (a,b) € ;) Qz. We cannot however check for coprimality in the
same way. If GCD(a + b, ) = 1, it is possible that GCD(a’ + V', n) #
1 for some (a',b') € 1;(Qz. For example, take p = 2,q¢ = 4,0 =
—1,b=0,a’ =0,/ =2, and t = —2. Then GCD(ad' + b',n) = 2 while
GCD(a+b,%) = 1.
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