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Abstract. This is a survey article whose main goal is to explain how many components of
the character variety of a closed surface are either deformation spaces of representations into
the maximal compact subgroup or deformation spaces of certain Fuchsian representations.
This latter family is of particular interest and is related to the field of higher Teichmiiller
theory. Our main tool is the theory of Higgs bundles. We try to develop the general theory
of Higgs bundles for real groups and indicate where subtleties arise. However, the main
emphasis is placed on concrete examples which are our motivating objects. In particular,
we do not prove any of the foundational theorems, rather we state them and show how they
can be used to prove interesting statements about components of the character variety. We
have also not spent any time developing the tools (harmonic maps) which define the bridge
between Higgs bundles and the character variety. For this side of the story we refer the
reader to the survey article of Q. Li [arXiv:1809.05747].
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1 An introduction to the character variety

Let S be a closed oriented surface of genus g > 2. Denote the fundamental group of S by I,
and recall that I' has the standard presentation

9
I'= <a1,...,ag,b1,...,bg| H[aj,bj] :1>
j=1

Fix also a real reductive Lie group G. For example G could be one of the following groups

GL(n,R), GL(n,C), SL(n,C), Sp(2n,R), PSL(n,R)=SL(n,R)/+1d,

U(n), SO(n),  SU(p.q),  SO(p,q), S(0(p) x O(q)),
but G cannot be a group like
P={(§2) eGL2O)}.

One main property of a reductive Lie group G is that, up to conjugation, there is a unique
maximal compact subgroup H < G. We will heavily use this property. In fact there is a homotopy
equivalence

H~G.

This paper is a contribution to the Special Issue on Geometry and Physics of Hitchin Systems. The full
collection is available at https://www.emis.de/journals/SIGMA /hitchin-systems.html
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A group homomorphism p: I' — G will be referred to as a representation. Consider the
set Hom(T', G) of all such representations. This set has a topological structure induced by the
inclusion

Hom(T', G) ————— G%9,
pr—(p(ar), ..., p(by)).
g
Since a representation p must satisfy [][p(a;), p(bj)] = Id, the image consists of 2g-tuples of
j=1
elements of G which satisfy this relation. For semisimple groups, the dimension of Hom(I', G)
was computed in [13] to be

dim(Hom(T", G)) = 2g - dim G — dim G.

The group G acts on Hom(I", G) by conjugation: for v € I' and g € G,

1

(p-9)(v) =9 p(7)g-

The quotient space Hom(I',G)/G consists of conjugacy classes of representations. Unless G is
compact, Hom(T", G) /G is not Hausdorff.

Example 1.1. Let pi(y) = Id for all v € I' and define ps by p2(a;) = Id for all j and

Id, J#9,
b) =
p2(3) {(59, izg

If o = (1 ,%), then g; 'pa(a;)g, = Id for all j and

_ Id J#9g

1 ’ )

9t PQ(bj)gt:{ _ .
(517), i=g

The G-orbits through p; and py are disjoint in Hom(T', G), but

p1 € p2-G.
Thus, [p1] and [p2] are not separable in Hom(T', G)/G.

To get a Hausdorff quotient we restrict to a subset of Hom(I',G). A representation p: I' — G
is called reductive if the composition with the adjoint representation

r—2-~G—24GL(g)

decomposes as a direct sum of irreducible representations. This is equivalent to the G-orbit
through p being closed in Hom(T', G). When G is a complex algebraic group, this is also equivalent
to the Zariski closure of p(I') being a reductive subgroup.

Denote the set of reductive representations by Hom™ (I', G). The G-character variety of T is
defined to be the Hausdorff space

X(T,G) = Hom™* (T, G)/G.
For semisimple groups, the dimension of X(I', G) is (2¢g — 2) dim(G) [13].

Remark 1.2. When G is complex algebraic, one gets the same spaces as the GIT-quotient.
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1.1 Fuchsian representations

Important examples of points in a character variety come from Fuchsian representations and are
related to hyperbolic metrics on S. These examples will play a fundamental role throughout the
article.

Let X be a Riemann surface structure on S. By the uniformization theorem,

X =H?/px(T),

where H? is the upper half-plane and py: I' = Bihol(H?) = PSL(2,R). By classical results of
Riemann, there are 3g — 3 complex parameters for the deformations of the Riemann surface X.
Such deformations give rise to a (6g — 6)-real dimensional subset of X (I", PSL(2,R)). Moreover,
such deformations define an open neighborhood of px € X(I',PSL(2,RR)) since 6g — 6 is the
dimension of X' (I", PSL(2,R)). This leads us to define the set of Fuchsian representations:

Fuch(I') = {p: I' — PSL(2,R) | discrete and faithful}/PSL(2, R).

Since being discrete and faithful is a closed condition in X'(T', G), Fuch(T") is a closed subset.
By the above argument, Fuch(I") is also open. Thus, Fuch(I') ¢ X(I", PSL(2,R)) is an open and
closed subset which is identified with the Teichmiiller space of the oriented surface S and the
surface S with the opposite orientation

Fuch(T') = Teich(S) U Teich(S).

The Teichmiiller space of an oriented surface S is defined to be the space of isotopy classes of
(marked) Riemann surface structures on S. This space is famously an open cell of real dimension
6g — 6.

The group PSL(2, R) is also the orientation preserving isometry group of the hyperbolic plane.
Thus, Fuch(T") also parameterizes the set of isotopy classes of hyperbolic metrics on the surface S
and S.

Remark 1.3. The two connected components of Fuch(I') C X (I", PSL(2,R)) arise because ele-
ments of PSL(2, R) preserve the orientation of H2. The group PGL(2, R) is the full isometry group
of the hyperbolic plane. Thus, if we consider Fuch(I') as a subset of the PGL(2,R)-character
variety, then there is only one component. Similarly, if we consider Fuch(I') as a subset of
PSL(2, C)-character variety, then it is a closed connected subset which is no longer open.

1.2 Connected components

One fundamental problem is to determine how many connected components a character variety
has. Surprisingly, this question has not been answered in full generality. There is a topological
invariant which helps distinguish connected components.

Denote the set of isomorphism classes of topological principal G-bundles on S by Bg(.S), this is
the set of homotopy classes of maps from S to the classifying space of G. For connected groups
we have Bg(S) = H?(S,mG). Every representation p: I' — G defines a principal G-bundle
E,— S

E,= (5xG)/T,

where T' acts on its universal cover S by deck transformations and by multiplication by p(T)
on G. Thus, we have a map Hom(I", G) — Bg(.S). Moreover, this map is continuous and descends
to a map

7. mo(X(T,G)) —= Bg(S). (1.1)
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If X“(T,G) = 7~ }(w), then X(I',G) decomposes as

I x«r.).

weBg (S)

Question 1.4. When is the map T from (1.1) injective? In other words, when does the topo-
logical invariant distinguish the connected components of the character variety?

Remark 1.5. Note that when 7 is injective, the question of the connected component count is
not very interesting. We will mainly be interested in when 7 is not injective and understanding
the special features of these components.

Question 1.4 has been answered for many groups, but is open in general. For compact
groups the map 7 is injective, this was proven by Narasimhan—Seshadri [28] for G = U(n) and
Ramanathan [30] in general.

Theorem 1.6. If G is compact (i.e., G = H), then T is injective. Furthermore, if G is also
semisimple, then T is a bijection.

Since H and G are homotopic, we have Bg(S) = By(S). Moreover, for each w € By(S)
X“(I,H) ¢ X¥(T,G).

For complex groups, the map 7 is also injective. This was proven for by J. Li [24] for semisimple
groups and Garcia-Prada and Oliveira [12] for reductive groups.

Theorem 1.7. If G is complex (i.e., G = HC), then 7 is injective.

We will prove these results using Higgs bundles in Section 6.5. For G a semisimple complex
Lie group, the following corollary follows immediately from the two above theorems. It holds in
general for complex reductive groups.

Corollary 1.8. For G a complex reductive Lie group, every representation p: I' — G can be
continuously deformed to a compact representation I' — H — G.

The above corollary says that, for complex groups, the connected components of the character
variety are not interesting. For real groups, the situation is more subtle.

Example 1.9. For G = PSL(2,R), the maximal compact subgroup is H 22 SO(2). Since a circle
bundle on a closed surface is determined by its degree, we have By (S) = Z. Thus,

X(T,PSL(2,R)) = [ ¥*(T,PSL(2,R)).
dez

However, the space X¢(T', PSL(2, R)) is empty when |d| > 2g—2 [27]. Moreover, when |d| < 2g—2,
the space X¢(T", PSL(2, R)) is nonempty and connected [14]. We will prove these statements using
Higgs bundles in Section 4.

For a PSL(2,R) representation p, the integer invariant can be defined as follows. Pick any
p-equivariant map f,: S — PSL(2,R)/H = H2. Such maps always exist since H? is con-
tractible. We have a principal H-bundle PSL(2, R) — HZ2. By equivariance, the pullback bundle
fyPSL(2,R)) descends to a circle bundle on S. Define 7 to be minus the degree of this bundle:

7(p) = —deg((f,PSL(2,R))/p(I)).

The bundle PSL(2,R) — H? is identified with the unit tangent bundle of H2. If p is a Fuchsian
representation, then we may choose f, to be the equivariant diffeomorphism uniformizing the
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Riemann surface H2/p(T"). In this case, T is given by the degree of the cotangent bundle. Namely,
7 = 29 — 2. Thus, we have

Fuch(T') ¢ X29~%(T",PSL(2,R)) U X*~29(T", PSL(2, R)).

Since Fuch(T') is open and closed and X29~2(T', PSL(2,R)) is connected, the above inclusion is
an equality.

Example 1.10. For G = PSL(n,R) the maximal compact subgroup is SO(n) if n is odd and
SO(n)/ £ Id when n is even. In this case,

Z if n=2,
ZQ ifn:2k+1
Bpsi (nr)(S) = H2(S, mH) = ’ 1.2
PSL( ,R)() (S, mH) Zo®Zy ifn =4k, (1.2)
Z4 if n=4k + 2.

For n = 2k + 1, the invariant w € H?(S,Zs) is the second Stiefel-Whitney class of the SO(n)
bundle.

Example 1.11. For G = SO(p, q), the maximal compact subgroup is S(O(p) x O(q)). We have
HY(S, Zy) = 757 ifp=gq=1,

Bsop.g)(S) = § HY(S, Z2) x H*(S,Zs) = 75" ifp=1and?2<q,
HY(S,Zy) x H2(S,Zs) x H2(S,Zy) 2 739" if2<p<q.

In the above cases, the element of H'(S,Zs) is the first Stiefel-Whitney class of an orthogonal
bundle and each element of H?(S,Zs) is the second Stiefel-Whitney class of an orthogonal
bundle. The case of p =2 or ¢ = 2 is slightly more complicated.

2 Deforming Fuchsian representations

We have seen that the Teichmiiller space of the surface S is identified with the connected
components Fuch(I') of the PSL(2, R)-character variety. As a result, the representations in this
component have special geometric significance. Given an embedding ¢: PSL(2,R) — G, we have

t(Fuch(I")) c X(T", G).
Question 2.1. What is the deformation space of t(Fuch(T")) C X (T, G) like?

Here we use the word deformation space of ¢(Fuch(I')) to mean the connected component
of X(I',G) which contains ¢(Fuch(I')). There are many examples of interesting embeddings of
PSL(2,R) into other Lie groups, below we discuss some particular interesting ones.

2.1 Isometry groups of hyperbolic spaces

There is a natural embedding into Isom™ (H"™) 22 SO¢(1, n) given by
PSL(2,R) 2 Isom ™ (H?2) 2 SO(1, 2) > SOy (1, 1) = lsom™ (H"). (2.1)

This gives ¢1 ,(Fuch(I')) € X(I",SO¢(1,n)), and small deformations of these representations are
holonomies of complete hyperbolic n-manifolds called quasi-Fuchsian manifolds.
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Definition 2.2. A representation p: I' — Isom(H") is called convex cocompact if it is discrete
and faithful and p(I") acts cocompactly (properly discontinuously with compact quotient) on
a convex domain in H"”. The set of quasi-Fuchsian representations QFuch(I') € X(I", SOg(1,n))
is defined to be

QFuch(T") = {[p] € X(I",SOp(1,n)) | p is convex cocompact}.

Remark 2.3. If [p] € QFuch(I'), then can be deformed to ¢1,(Fuch(I')). Moreover, the set
of convex cocompact representations is open in X' (I';SOg(1,7n)). Thus, any sufficiently small
deformation of a Fuchsian representation in ¢1 ,(Fuch(I')) is quasi-Fuchsian. However, unlike
Fuch(T') € X(I',SO¢(1,2)), the set QFuch(I') C X(I',SOy(1,n)) is not closed. Namely, there
families of convex cocompact representations whose limit is discrete and faithful, but not convex
cocompact.

In fact, we have the following:

Proposition 2.4. Forn > 2, any representation p € 11 ,(Fuch(I')) can be continuously deformed
to a compact representation.

Proof. Note that it suffices to prove the statement for SOg(1,3). Recall that there is an
isomorphism of Lie groups SOq(1, 3) = PSL(2, C). The result now follows from Corollary 1.8. W

Remark 2.5. Another interesting embedding is given by the isomorphism
PSL(2,R) =2 PU(1,1)

and the embedding PU(1,1) — PU(1,n) = Isom(CH") into the isometry group of the complex
hyperbolic space. Deformations of Fuch(I') € X(I',PU(1,n)) under this embedding satisfy
a rigidity phenomenon [15, 33]. This is a special case of the more general situation of maximal
representations into a Hermitian Lie group of non-tube type (see for example [7]). We will not
discuss this situation further.

2.2 Principal embedding
Recall that for each dimension n, there is a unique irreducible representation
tpr: SL(2,R) — SL(R™),

which is given by the (n — 1)%*-symmetric product of the standard representation. Moreover, it
is straight forward to check that this induces an embedding

tpr: PSL(2,R) — PSL(n,R).

We will call this embedding the principal embedding.
More generally, if G is a split real Lie group of adjoint type, there is a unique preferred
(principal) embedding

tpr: PSL(2,R) = G. (2.2)

We will not go into the Lie theory necessary to define the principal embedding in general, see [22]
for more details on the general setup. We will explicitly describe ¢y, for the classical groups.
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Example 2.6. When n = 2p + 1 the principal embedding ¢, : SL(2,R) — SL(R2’P+I) preserves
a symmetric nondegenerate quadratic form of signature (p, p+ 1). Thus, we have an embedding

tpr: PSL(2,R) — SOg(p,p + 1) C PSL(2p + 1,R).

This is the principal embedding (2.2) for the split group G = SOy (p,p + 1).
Similarly, when n = 2p the principal embedding ¢p,: SL(2,R) — SL(R?P) preserves a nonde-
generate symplectic form. Thus, we have an embedding

tpr: PSL(2,R) — PSp(2p,R) C PSL(2p,R).
This is the principal embedding (2.2) for the split group adjoint G = PSp(2p, R).

The deformation space of ¢y (Fuch(I')) C X(I', G) is called the Hitchin component or Hitchin
components.

Definition 2.7. Let G be a simple split real Lie group of adjoint type, a Hitchin component
Hit(G) c X(T',G)
is a connected component containing a component of ¢y, (Fuch(I")).

Unlike the embedding ¢1,,: PSL(2,R) — SOg(1,n), representations in Hit(G) cannot be de-
formed to compact representations.

Theorem 2.8 (Hitchin [21]). If p € Hit(G), then p cannot be deformed to a compact represen-
tation. In particular,

[mo(X(T, G)) = 1+ |mo(X (I, H))l.

Remark 2.9. In [23], Labourie showed that all representations in a Hitchin component satisfy
a certain dynamical property called the Anosov property which generalizes the notion of convex
cocompactness to higher rank Lie groups. As a consequence, every representation in a Hitchin
component is discrete and faithful. Moreover, like Fuch(T"), representations in a Hitchin com-
ponent are holonomies of certain geometric structures on compact manifolds [17]. Since Hit(G)
shares many features with the Teichmiller space of S, it has been called a higher Teichmailler
component (see for example [8] and [34]). We will not discuss this perspective any more, however
the components discussed in this article which are deformation spaces of Fuchsian representa-
tions are intimately related with the field of higher Teichmiiller theory.

For the group PSL(n,R), Hitchin also proved that there are no other components.

Theorem 2.10 (Hitchin [21]). For n > 2 we have

3 ifn is odd,

6 ifn is even.

|mo(X (T, PSL(n,R))| = {

Remark 2.11. Recall that Fuch(I') € X(I", PSL(2,R)) has two connected components, however,
these components are isomorphic via an outer automorphism of PSL(2,R). The number of
Hitchin components Hit(PSL(n,R)) depends on the parity of n. Namely, the map ¢y, : Fuch(I') —
X (I',PSL(n,R)) is 2 : 1 when n is odd and injective when n is even. There are thus two Hitchin
components for G = PSL(2n,R) and one Hitchin component for G = PSL(2n + 1, R).

Corollary 2.12. If p € X(T',PSL(n,R)), then there is a dichotomy: either p can be deformed
to compact representation or p can be deformed to a Fuchsian representation in tpy(Fuch(I)).
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Remark 2.13. A generalization of the embedding (2.1) is given by

tpgt SO(p,p — 1) = SO(p, q). (2.3)
The embedding

PSL(2,R) —2-SO(p,p — 1) 2~ SO(p, q)

will play an important role in Theorem 7.13. In fact, when ¢ = p the principal embedding
tpr: PSL(2,R) — SO(p, p) is given by the principal embedding into SO(p, p — 1) followed by ¢,

PSL(2,R) —2>SO(p,p — 1) 22> SO(p, p).
\_//

tpr

3 Higgs bundles

We now shift our focus to a moduli space of holomorphic objects on a Riemann surface called
Higgs bundles. Roughly, a Higgs bundle is a holomorphic bundle with some extra data, and the
moduli space parameterizes isomorphism classes of Higgs bundles which are called polystable.
This theory was developed by Hitchin [19, 20] and Simpson [31, 32]. At first glance, Higgs
bundles and surface group representations seem to have little to do with each other. However,
a remarkable theorem, known as the nonabelian Hodge correspondence, gives a homeomorphism
between the two moduli spaces. Higgs bundles thus provide a powerful tool for addressing
certain questions about the topology of the character variety.

Theorem 3.1 (nonabelian Hodge correspondence). Let S be a closed orientable surface of genus
at least two. For each Riemann surface structure X on S, the moduli space of G-Higgs bundles
on X is homeomorphic to the character variety X (m1(S),G). Moreover, the smooth loci of each
space are diffeomorphic.

Remark 3.2. One direction of the nonabelian Hodge correspondence asserts that, for each
polystable G-Higgs bundle, there is a special metric which can be used to construct a flat G-
connection. For principal bundles a metric is by definition a reduction of structure group to the
maximal compact subgroup. The other direction asserts that, for each reductive representation
and each choice of Riemann surface structure X on S, there is an equivariant harmonic map
X — G/H from the universal cover to the Riemannian symmetric space. From such a map one
constructs a polystable G-Higgs bundle. For more details on the correspondence, we refer the
reader to Q. Li’s survey article [25].

3.1 Definitions

As before, let G be a reductive Lie group with maximal compact H and Cartan decomposition
g = h ®m. Complexifying gives an Adyc-invariant decomposition g€ = h® @ mC. Fix a compact
Riemann surface X with genus g > 2 and let K denote its holomorphic cotangent bundle. Given
a principal HC-bundle P, let P[mc] denote the associated bundle with fiber m®:

P[m%] = (P x m%)/~,
where (p - h,v) ~ (p, Adj,-1v) for h € HE.
Definition 3.3. A G-Higgs bundle on X is a pair (P, ) where

e P — X is a holomorphic principal H®-bundle and
e ¢ is a holomorphic section of the associated bundle P[mc] QK.

The holomorphic section ¢ is called the Higgs field.
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Example 3.4. If G is compact, then G = H and m = {0}. In this case, a G-Higgs bundle is just
a holomorphic principal H®-bundle. So, for compact groups, the moduli space M (H) of Higgs
bundles is identical to the moduli space of holomorphic HC-bundles.

Example 3.5. If G is complex, then g = h* and g€ = h® o m® = g@ g. In this case, a G-Higgs
bundles is a pair (P, ), where P is a holomorphic G-bundle and ¢ is a holomorphic section of
the adjoint bundle P[g] twisted by K.

Rather than working with principal bundles, we will usually pick a faithful linear representa-
tion of G€ and work with vector bundles. A faithful representation G¢ — GL(V') defines a rep-
resentation 3: H® — GL(V) and an embedding m® < End(V)). With this data fixed, a G-Higgs
bundle (P, ¢) gives rise to a pair (E, ®), where £ — X is the holomorphic vector bundle P[V]
and ® € H'(End(F) ® K) is given by ¢ under the inclusion P[m®] ® K < End(P[V]) ® K.

Example 3.6. When G = SL(n,C) we take G — GL(C™) to be the standard representation.
An SL(n,C)-Higgs bundle thus defines a pair (£, ®), where £ — X is a holomorphic rank n
vector bundle and ® € H(End(F) ® K) satisfies tr(®) = 0. Moreover, the standard volume
form on C" is preserved by the standard representation of SL(n, C), and a holomorphic principal
SL(n,C)-bundle is equivalent to a holomorphic vector bundle E equipped with a holomorphic
volume form w € HY(A"E). Thus, an SL(n, C)-Higgs bundle is equivalent to a triple (E,w, ®).
Note that the holomorphic volume form w is equivalent to a holomorphic trivialization of the
determinant line bundle A”FE. We will usually suppress w from the notation.

Example 3.7. For G = SL(n,R) we have H = SO(n) and the Cartan decomposition is given by
sl(n,R) = so(n) ® Sym,(R"),

where Sym, (R”) is the vector space of traceless symmetric matrices. Again, using the standard
representation of SL(n,C), we see that an SL(n,RR)-Higgs bundle gives rise to a triple (E,w, ®)
as in the previous example.

Since H® = SO(n, C), the restriction of the standard representation of SO(n,C) preserves
a nondegenerate symmetric complex bilinear form on C", a holomorphic principal SO(n, C)-
bundle! is equivalent to a triple (E,w,Qg) where Qg € H°(S?(E) ® K) is everywhere nonde-
generate. Equivalently, Qg defines a symmetric holomorphic isomorphism Qr: EF — E*. Since
m® = Sym,(C"), the Higgs field ® is symmetric with respect to the quadratic form Qg, i.e.,

dTQp = Qpd.
An SL(n,R)-Higgs bundle is thus equivalent to a tuple (E,w, Qg, ®).

Example 3.8. For G = SO(p, q), we have H = S(O(p) xO(q)) and h = so(p)®so(q). With respect
to a splitting RPT4 = RP & R? we may decompose a matrix X € End(RFt?) as X = (4 5).The
Lie algebra of SO(p, q) is given by

50()AB’ABTIdO+IdO A B\ _,
PO=3\c p)i\c p) \o -1 o -1d)\c D)~
This implies that A € so(p), D € so(q) and B = —C7, thus the Cartan decomposition is given

by

so(p, q) = (so(p) ® so(q)) ® Hom(RP,RY).

'For O(n, C) a holomorphic principal bundle is equivalent to a pair (E, QE).
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Similar to the previous examples, we use the standard representation. Since H® = S(O(p, C) x
O(q,C)), the restriction of the standard representation of SO(p + ¢, C) preserves an orthogonal
splitting CPT? = CP @ C?. As in the previous example, a holomorphic principal SO(p + ¢, C)-
bundle is equivalent to a triple (E,w, @g). A holomorphic principal S(O(p, C) x O(gq, C))-bundle
is thus equivalent to a triple (E,w,Qg) which decomposes as

(B.w,.Qp) = (Ve Ww, (% _4,))

where V' and W respectively have rank p and ¢ and quadratic forms @y and Q. Using the
Cartan decomposition and the description of the Lie algebra, the Higgs field ® € HY(End(V @
W) ® K) is given by

(0 nf
(b_(n 0)’

where n € H°(Hom(V,W) ® K) and, regarding Qy and Qu as isomorphisms V — V* and
W — W* respectively, nf = —Q(/lnTQW.

Remark 3.9. Taking the determinant of the isomorphisms Qv : V' — V* defines an isomorphism
of determinant line bundles det(V') = det(V*), or equivalently det(V)? 22 O. Thus, the determi-
nant line bundle of an orthogonal bundle (V, Q1) on X is one of the 229 order two points in the Ja-
cobian of X. The above volume form w defines an isomorphism APT¢(VeW) = APVQAIW — O.
Using the orthogonal structures, this implies that APV = ATW™* =2 A9WV.

Since SO(p, q)-Higgs bundles will be a main object of study we record this in a proposition.
Proposition 3.10. An SO(p, q)-Higgs bundle on X is equivalent to the data

e a holomorphic rank p vector bundle V. — X,

e a holomorphic symmetric isomorphism Qy:V — V*,
e a holomorphic rank q vector bundle W — X,

e a holomorphic symmetric isomorphism Qw: W — W*,
e a holomorphic isomorphism w: APV — AW™*,

e a holomorphic section n € H'(Hom(V, W) ® K).

The SO(p + q,C)-Higgs bundle associated to a tuple (V,Qv, W, Qw,w,n) is

_ Qv 0 0 nf
(E>W7QE>(I))_<V@VV’ wa(o _QW)7<77 O>>>

and the associated SL(p + q, C)-Higgs bundle is given by forgetting Q.

We will often suppress Qv, Qw and w from the notation and just refer to an SO(p, ¢)-Higgs
bundle as a triple (V, W, n). We will also denote the associated Higgs bundle schematically by

nT
VW, (3.1)
n

where we have suppressed the twisting by K from the notation.

Remark 3.11. Recall that the group SO(p,q) has two connected components, SOg(p,q) <
SO(p, q) denotes the connected component of the identity. The maximal compact subgroup of
SOo(p, q) is SO(p) x SO(g). Thus, an SO(p, q)-Higgs bundle (V, W, n) reduces to an SOy(p, q)-
Higgs bundle if and only if both V and W have trivial determinant.
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3.2 Stability and the moduli space

The moduli space of Higgs bundle parameterizes isomorphism classes of Higgs bundles. The
isomorphism group for Higgs bundles is called the gauge group. Just as with the character
variety, to get a nice moduli we restrict to a special class of Higgs bundles whose gauge orbits
are closed.

Given a smooth principal HC-bundle P — X, the HC-gauge group Guc is the group of bundle
automorphisms f: P — P. The elements of Gyc are given by sections of an associated bundle
of groups P[H®] = P X Ad,c HC:

Ghe = Q°(X, P[HY]).

Recall that a holomorphic structure on a vector bundle F is equivalent to a Dolbeault oper-
ator. That is, a differential operator

op: QE) - Q"(E)

so that? dg(fs) = 0f ® s+ fOgs for all functions f € QY(C) and sections s € Q°(E). Note that
the (0, 1)-part of a connection on F defines a Dolbeault operator. In particular, the space of
holomorphic structures on F is an infinite-dimensional affine space with underlying vector space

Q%L (End(E)).

For principal bundles, an analogous theory holds. Namely a holomorphic structure on a prin-
cipal HC-bundle P — X is equivalent to a section dp € Q01 (P, b(c) which defines the (0, 1)-part
of a connection. In particular, a holomorphic structure on P defines a Dolbeault operator on any
associated vector bundle. The space of holomorphic structures on P is an infinite-dimensional
affine space with the space of basic hC-valued (0, 1)-forms as underlying vector space. Equiva-
lently, this vector space is given by sections Q0! (X , P[h‘c]) of the adjoint bundle of P.

If we fix a smooth HC-bundle P — X, the set of all Higgs bundles with underlying bundle P
is given by

H(G) = {(9p,») | Opp = 0}.
Fixing a holomorphic structure on P defines H(G) as a quadratic subspace of a vector space:
H(G) = Q™ (P[H7]) & QM (P[m"]).
Remark 3.12. Note that when G is complex Q%' (P[p%]) @ Q'0(P[m®]) = Q(P[g]) since
fremt=gag.

For (a,v) € Q%1 (P[h%]) @ Q1O(P[m®]), we have (dp + o, ¢ + 1) € H(G) if

EPQD + 5P¢ + [Oé, 90] + [Oé, d}] =0.

The tangent space is thus given by sections («, ) satisfying this equation to first order:
T5, ,H(G) = {(a,¥) € Q¥ (P[b%]) & Q"O(P[m"]) [ 0pt) + [ar, ] = 0}

Remark 3.13. The space of Higgs bundles #(G) has a natural complex structure given by

I(a, ) = (i, i1).

When G is complex, H(G) also has a natural complex symplectic form given by
O (o, 1), (02, 02)) = [ (o A = w1 A ).
X

For real groups G, it can be shown that H(G) C H(GC) is a Lagrangian subspace.

2Dolbeault operators must also satisfy the integrability condition 9% = 0, but this is automatic on a Riemann
surface.
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The gauge group Gyc acts on H(G) by pullback, namely for g € Gyc
(513, (p) g = (Adg—léP,Adg—IQO).

The orbits of the gauge group are not closed, and, to form a nice moduli space, we need a notion
of (poly)stability. The moduli space M(G) of G-Higgs bundles is then defined to be the set
Ghc-orbits of polystable G-Higgs bundles. The orbits of the Gyc-action on H(G)P® are closed (in
an appropriate space) and the moduli space M(G) becomes a Hausdorff topological space.?

Remark 3.14. Using the harmonic metric from Remark 3.2, one can also define a symplectic
structure wy on M(G) which is a Kéhler form for the complex structure I. In fact, when G is
complex, the moduli space M(G) is hyper-Kéhler. We will not focus on this structure in this
article.

In general, the notion of stability involves considering how all holomorphic structure group
reductions of an HC-bundle to a parabolic subgroup interact with the Higgs field (see [11]).
Instead of developing this theory in general, we will develop the appropriate stability conditions
in the vector bundle situation.

Recall that a GL(n,C)-Higgs bundle is equivalent to a rank n holomorphic vector bundle E
and a section ® € HY(End(E)® K). For SL(n, C) the bundle E is equipped with a trivialization
of A"E, thus, deg(E) = 0.

Definition 3.15. An SL(n,C)-Higgs bundle (E, ) is

e semistable if for all proper holomorphic subbundles F' C E such that ®(F) C FF ® K we
have deg(F') <0,

e stable if for all proper holomorphic subbundles F' C E such that ®(F) C F ® K we have
deg(F) < 0, and

e polystable if (E,®) = P, (Ej, ®;) with (Ej, ®;) stable and deg(E;) = 0 for all j.

For general groups G the notion of semistability and polystability is functorial in the sense
that if G is a real form of a reductive subgroup of SL(n,C), then a G-Higgs bundle is semistable
(respectively polystable) if and only if the associated SL(n,C)-Higgs bundle is semistable (re-
spectively polystable). Moreover, the set of semistable G-Higgs bundles is open in H(G).

Let HP5(G) C H(G) denote the set of polystable Higgs bundles. The gauge group Gyc-
preserves HP*(G), and the gauge orbits in HP*(G) are closed in the open set of semistable
G-Higgs bundles. We define the moduli space M(G) to be the quotient space

M(G) = HP(G)/Gye.

We note that the complex structure I (and the complex symplectic form Q(IC when G is complex)
from Remark 3.13 are preserved by the gauge group action and thus descend to the moduli
space.

For the general notion of stability, it is not the case that a G-Higgs bundle is stable if and
only if the associated SL(n,C)-Higgs bundle is stable. However, one can detect stable G-Higgs
bundles inside of the set of polystable Higgs bundles with the following proposition.

Proposition 3.16. Let G be a real form of a complex semisimple subgroup of SL(n,C). A G-
Higgs bundle (P, ) is stable if it is polystable and has finite automorphism group. Moreover,
the set of stable G-Higgs bundles is open in H(G).

3For technical reasons, one needs to work with suitable Sobolev completions to give the moduli space a topology;
see [3], and also [18, Section 8] where the straightforward adaptation to Higgs bundles is discussed in the case
G = GL(n,C).
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Remark 3.17. Note that if (P, ¢) is a G-Higgs bundle whose associated SL(n, C)-Higgs bundle
is stable as an SL(n, C)-Higgs bundle, then (P, ) is stable as a G-Higgs bundle.

Let H*(G) C HP*(G) be the stable locus, the quotient
HS/gHC C M(G)

is an orbifold. At a stable Higgs bundle one can show that the real dimension of the tangent
space to Tjg, 1 M(G) is dimg(G)(2g —2) (see Remark 6.2). Thus the real dimension of M(G) is
given by dimg(G)(2¢g — 2).

4 SO(1, q)-Higgs bundles especially when q = 2

In this section we will describe the moduli space of SO(1, ¢)-Higgs bundles and SOy(1, ¢)-Higgs
bundles. When ¢ = 2 we have SOg(1,2) = PSL(2,R). In this case we will recall Hitchin’s
parameterization of all but one of the components of M(SOy(1,2)). In particular, we recall the
Higgs bundle parameterization of Teichmiiller space.

Recall from Proposition 3.10 that an SO(1, n)-Higgs bundle consists of a tuple (V, Qv , W, Qw,
w,n), where rk(V) = 1 and rk(W) = q. We can take (V,Qv) = (A"W,det(Qw)) and w =
det(Qw): V — AYW*. Thus, such a tuple is determined by the triple (W, Qw,n), where

neH (W®AW) ! ®K).
Using the notation from (3.1), the associated SL(1 + ¢, C)-Higgs bundle is given by

nt

When ¢ = 1, we have € H°(K) and the first Stiefel-Whitney class swy(W) € H' (X, Zs) of
W labels the components of M(SO(1,1)). Namely,

MO )= [ = M (S0(1,1)),

sw1€EHY(X,Z2)

and each space My, (SO(1,1)) is parameterized by H'(K).
For ¢ > 1, the first and second Stiefel-Whitney classes (swy, sw2) € HY(X, Zs) x H*(X, Zs)
of (W, Qw) give a decomposition of the moduli space

M(SO(1,n)) = ] M3u2(SO(1,n)).

SW1,SW2

The first Stiefel-Whitney class of W vanishes if and only if the O(g,C)-bundle reduces to
SO(q,C). Thus, for ¢ = 2 and sw; = 0, the bundle W reduces to an SO(2,C)-bundle. Since
C* =2 SO(2,C), in this case the degree of the C*-bundle provides a refinement of the second
Stiefel-Whitney class. More precisely, if swi (W, Qw ) = 0, then there is a line bundle L € Pic(X)
such that

o= (zer, (0 1)),

The integer deg(L) satisfies swa(W, Qw) = deg(L) mod 2, and the isomorphism switching L
with L~! preserves the O(2, C)-structure. Thus, |deg(L)| € N which is a well defined invariant
of O(2, C)-bundles with vanishing sw;.
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This gives a decomposition of the moduli space as

[T Mwzso@,2) I [ Ma(SO(1,2)).

sw1#0,sw2 deN

For Higgs bundles in M4(SO(1,2)) the splitting W = L @ L' gives a decomposition of the
Higgs field n: O - W ® K as

n = <§> . O LK LK,

where 8 € H°(LK) and v € H°(L7'K). Using Qw = (9}), we can write the associated
SL(3, C)-Higgs bundle schematically as

B p
N
L o L=t (4.1)
N7 ~_ 7
Y v

where we recall that we suppress the twisting by K from the notation.
The stability condition limits the objects we are considering.

Proposition 4.1. If (O,L® L™, (9}), (5)) is a polystable SO(1,2)-Higgs bundle with van-
ishing first Stiefel-Whitney class, then |deg(L)| < 29 — 2. Moreover, if deg(L) € (0,2g — 2],

then v # 0 and if deg(L) € [2 — 2g,0), then 8 # 0.

Proof. Consider the associated SL(3,C)-Higgs bundle (4.1). By stability, if deg(L) > 0 then
v # 0 since otherwise L would define a positive degree invariant subbundle. But, v € H° (L_IK )
so if deg(L) > 2g — 2 then v = 0, contradicting stability. Similarly, if deg(L) < 0, then stability
forces B # 0 and we conclude deg(L) > 2 — 2g. |

For d = |deg(L)| > 0, we can parameterize the moduli space M;(SO(1,2)), this was done by
Hitchin in [19] for the group PSL(2,R).

Theorem 4.2 (Hitchin [19]). For d > 0, the moduli space M4(SO(1,2)) is smooth and diffeo-
morphic to the total space of a rank (d + g — 1)-complex vector bundle over the (29 — 2 — d)-
symmetric product Sym29—2_d(X) of the Riemann surface X.

Proof. By the above discussion, a point in My(SO(1,2)) is determined by a triple (L,~, /)
where L € Pic?(X), v € H(L7'K) \ {0} and 8 € H°(LK). The S(O(1,C) x O(2,C))-bundle is
given by

v.vaw.aw = (0.0).Lar (] (),

and the Higgs field is n = (g) V->WRK.

For two triples (L,S,v) and (L',3,7') to define isomorphic SO(1,2)-Higgs bundles it is
necessary that |deg(L)| = |deg(L’)|. Thus we may assume L = L' as elements Pic?(X). The
remaining holomorphic gauge transformation of the S(O(1,C) x O(2,C)) bundle is given by

(gv,gw) = (1, <8 )\91>> ;

for A € C*. This gauge transformation acts on the Higgs field by

(5 ) ()0=(7)
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In particular, we note that the automorphism group of such an SO(1, 2)-Higgs bundle is trivial
since v # 0. Thus, the moduli space M4(SO(1,2)) is smooth and given by C*-equivalence classes
(L, B,7] where (L, 3,7) ~ (L', 8',+) if and only if L = L’ € Pic}(X), f = A3’ and v = A4/ for
A e C.

Recall that the space of effective divisors on X of degree n is given by the n''-symmetric
product Sym”(X). Taking the projective class of v € H° (L_lK) \ {0} defines a surjective map
to the space of effective degree 2g — 2 — d divisors on X:

M4(SO(1,2)) — Sym?9279(X),

L, Bl ————=[].

We claim that the fiber of this map is a vector space of rank (d + g — 1). Denote by O([v])
the line bundle associated to the divisor [y]. The line bundle L is given by L = O([y]) 'K
and 8 € H°(O([y])"'K?). Thus L is determined by [y] and 3 can be any element of the
(d + g — 1)-dimensional vector space H?(O([7]) ' K?). [

We now collect many corollaries of the above theorem.

Corollary 4.3. For d > 0 the moduli spaceM 4(SO(1,2)) is connected and homotopy equivalent
to the symmetric product Sym?9~2=4(X).

The cohomology ring of a symmetric product of a Riemann surface was computed in [26], as
a result this computes the cohomology ring of M4(SO(1,2)). When d = 2g — 2, the space is
contractible.

Consider the following map

M(SO(3,C)) — HO(K?),
[E,Qp, ®] —— 3tr(®?).

This is the Hitchin fibration for SO(3, C), we will discuss the Hitchin fibration in more generality
in subsequent sections.

Corollary 4.4. The moduli space May_2(SO(1,2)) is parameterized by the (39— 3)-dimensional
complez vector space H° (K2) of holomorphic differentials. Moreover, Mag_2(SO(1,2)) is the
image of a section of the SO(3, C)-Hitchin fibration.

Proof. An SO(1,2)-Higgs bundle in My,_2(SO(1,2)) is determined by a triple (L, ,7) where
deg(L) =2g—2, B € H'(LK) and v € H°(L~'K)\ {0}. The condition on ~ implies that L = K
and thus 8 € H (KQ) If we normalize v to by v = 1 € H°(O), then there is no more gauge
freedom, and so

May_5(SO(1,2)) = HO(K?).

Using the above parameterization of Mag_2(SO(1,2)) by H°(K?), the SO(3, C)-Higgs bundle
associated to go € H° (K 2) is given by

-1 0 0 0 1 ¢
[EaQE7¢]: O@K@K_l, 0 0 1 , | g2 0O O
0 1 0 1 0 0
For this Higgs bundle itr(iﬂ) = @o. |

Translating these statements to the character variety X' (I', SO(1,2)) via the nonabelian Hodge
correspondence gives the following.
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Corollary 4.5. For each 0 < d < 2g — 2, the character variety X (I',SO(1,2)) has a connected
component Xg(SO(1,2)) which is smooth and diffeomorphic to a real rank 2d + 2g — 2 vector
bundle over the symmetric product Sym?9~27%(3).

Corollary 4.6. Every representation p € X4(I',SO(1,2)) factors through the connected compo-
nent of the identity SOo(1,2) and the Fuchsian representations are given by

Xyg_5(T',SO(1,2)) 2 Fuch(T").

Proof. The space Fuch(I') consists of two connected component of the character variety
X(I',PSL(2,R)) = X(I",SO¢(1,2)) which are identified with the Teichmiiller space of S. Since
the representations in these components are conjugate by an element of SO(1,2) which is not
in SOq(1,2), the two components of Fuch(I") are identified in X' (T",SO(1,2)). Since Fuch(T") is
contractible and the only d for which X,;(I", SO(1, 2)) is contractible is d = 2g—2 we are done. W

Remark 4.7. Since the second Stiefel-Whitney class invariant of the Higgs bundles in
M4(SO(1,2)) is given by d mod 2, the associated SO(3,C)-Higgs bundles lift to Spin(3,C)
if and only if d is even. Recall that the isomorphism Spin(3,C) = SL(2,C), is given by the 2
to 1 map SL(2,C) — SO(3,C) which is induced by the action on the second symmetric pro-
duct S? ((CQ). Here, the volume form on C2? induces a nondegenerate symmetric form on the
second symmetric product.

The SL(2,R)-Higgs bundles which give rise to the Higgs bundles in M4(SO(1,2)) are thus
given by

s (sor 0 3.0 0)

where we view the volume form w € H° (AQE) is viewed as a skew symmetric homomorphism
((1) 51) : B* — E. Indeed, taking the second symmetric product gives

-1 0 0 0
(S’°E,S*w,S*®) = |OaN*a N2 0 0 1,8
0 10

B
0
vy 0

o o

In particular, the SL(2, R)-Higgs bundles which define points in the component My, _2(SO(1,2))
are given by

(om0 o) (o) (0 9))

for one of the 229 choices of square root K 3 of K. In particular, there are 229-connected
components of M(SL(2,R)) which project to Mag_2(PSL(2,R)) = Ma,_2(S0(1,2)).

5 The Hitchin fibration and Hitchin section

So far we have seen that the character variety X'(I", G) is homeomorphic to the moduli space of
G-Higgs bundles. The upshot of this correspondence is that the Higgs bundle moduli space has
a lot of useful structures which the character variety is lacking. In this section we define the
Hitchin component and use this additional structure to construct the Hitchin component from
Definition 2.7.
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5.1 The Hitchin fibration

Suppose G is a complex simple Lie group. Similar to Chern—Weil theory, we can apply an invari-
ant polynomial to the Higgs field and obtain a holomorphic differential. Fixing a homogeneous
basis p1, ..., pw(c) of the Adg-invariant polynomials C[g] with deg(p;) = m; + 1 defines a map

rk(G)
he M(G)—— @ H (K™,

j=1 (5.1)

(0P, @] —— (P1(); - - -, Pr(c) (¥))

called the Hitchin fibration. For example, when G = SL(n,C) we have m; = jfor 1 <j <n-—1,
and when G = SO(2n + 1,C) we have m; =2j —1for 1 < j <n.

In general, a computation using the Riemann—Roch theorem shows that the base is half the
dimension of the moduli space:

rk(G)
dime HO(K™i+) | = 1oumc M(G)) = dime(G)(g — 1).
2
j=1

Moreover, the Hitchin fibration is a proper map [29]. In fact, the generic fibers of the Hitchin
fibration are half-dimensional tori and this makes M(G) into a algebraic completely integrable
system [20], we will not make use of this additional structure.

Remark 5.1. Notice that the dimension of the base of the Hitchin fibration is the same as the
dimension of the moduli space of G"-Higgs bundles for G" < G any real form. For example, the
Hitchin base of SO(2n + 1, C) has the same dimension as M(SO(p, q)) for all p and ¢ satisfying
p+q=2n+1.

5.2 The Hitchin section

Let g be a semisimple complex Lie algebra. For s C g a subalgebra isomorphic to s((2,C),
consider the decomposition of g into irreducible sl(2, C)-representations

N
s=Pv:
j=1

For any such s C g we have N > rk(g), and when N = rk(g) the three-dimensional subalgebra s is
called principal. Up to conjugation, there is a unique principal three-dimensional subalgebra [22].
In this case we have dim(V}) = 2m;+1 where 1 =m; <mp < -+ < My (g) are the exponents of g.
Moreover, when we restrict a principal embedding s[(2,C) — g to the real subalgebra sl(2,R),
the image lies in a split real subalgebra of g. This defines an embedding

tpr: PSL(2,R) — GSPIt,
Theorem 5.2 (Hitchin [21]). Let G be a complex simple Lie group, then the Hitchin fibra-
tion (5.1) has a section

rk(G)
Sp: @ HY (K™t — M(G),

j=1
which maps onto a component of the moduli space for the split real form M(GSpht). Under the

nonabelian Hodge correspondence (Theorem 3.1), the image of this section defines the Hitchin
component Hit(GSpht) C X(GSpht) from Definition 2.7.
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We will prove the above theorem for G = SO(2p+ 1, C), namely we will construct the Hitchin
section and prove that it maps onto a component for the group SO(p,p + 1). For SO(2p + 1,C)
the Hitchin fibration is given by

2p
M(SO(2p +1,C)) - P HO(K¥).

j=1
Consider the rank p holomorphic orthogonal bundle

Kpy=KFleKr3g.. o K*PoK"P. (5.2)

1
Note that K, has a natural orthogonal structure @), = ( > Ky = K
1

Consider the map

U ?_é HY(K%) ——=H(SO(p,p + 1))

7j=1
defined by
q2 44 ... q2p
1 g ... qpo2
U(ga, .5 q2p) = | Kp, Qp, Kpt1, Qp1s : Ky = Kpri @K | . (5.3)
1 q2
1

We claim that the image of U is contained in the stable Higgs bundles H*(SO(p,p+1)) and that
D .
the induced map ¥: ¢ H (KQJ) — M(SO(p,p + 1)) is injective and has an open and closed
j=1

image.
Proposition 5.3. The image of VU consists of stable SO(p,p + 1)-Higgs bundles.
Proof. Consider the stable SL(2, C)-Higgs bundle

(E,®) = (K% © K3, (2 8)) . (5.4)

Since the unique irreducible (2p + 1)-dimensional representation of SL(2,C) is given by the
2p-symmetric product, the SL(2p + 1, C)-Higgs bundle given by

0
p—1 0
(ST E, S e) = |[KPo KP '@ o K" PO K7, p=2 0
p—1 0
is also stable. Moreover this is gauge equivalent to

0

1 0

KPoKr'le . . oK' PoK P, o . (5.5)
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After rearranging the summands of IC, & Kp, 11, the SL(2p + 1, C)-Higgs bundle associated to
\TI(O, ...,0) is given by (5.5). Thus, \TI(O, ...,0) is a stable SO(p, p + 1)-Higgs bundle. Since sta-
bility is an open condition, for g, . . ., g2p sufficiently close to zero, the Higgs bundle (I\’(QQ, e q2p)
is also stable.

Scaling the Higgs field does not preserve the image of . However, for each A € C*, the
Higgs bundle obtained by scaling the Higgs field of \fl(qz, q4,---,q2p) by A is gauge equivalent
to \/I}()\qu,)\4q4, . ,/\zpq2p). Since stability is preserved by scaling the Higgs field, all Higgs

bundles in the image of T are stable. |

Proposition 5.4. Let ®(qq, ..., q2p) be the Higgs field of the SO(2p+ 1, C)-Higgs bundle associ-

ated to the SO(p, p+1)-Higgs bundle ¥(qa, ..., q2p). There is a basis (p1,...,pp) of the invariant
polynomials Clso(2p + 1,C)]SOCP+L0) s that for all j

p]((b(QZa s 7q2p)) = q2j-

Proof. In the general setting of a complex semisimple Lie group the existence of such a basis
was proven by Kostant in [22]. For SO(2p+1, C) we construct such a basis by direct computation.
We explain how this works for p = 2 and leave the general case to the reader.

After rearranging the summands, the SO(5,C)-Higgs bundle (F,Q,®) associated to the
SO(2, 3)-Higgs bundle ¥(gs, q4) is given by

-1 0 g2 0 g O

1 1 0 ¢ 0 @

KPoKepOaoK o K2 —1 o 1 0 ¢ o
1 00 1 0 ¢

—1 00 0 1 0

We have tr(CI)Q) = 8¢2 and tr(<ID4) = 14q§ + 5qq, thus we choose the basis

p1(®) = ftr(®?) and p2(®) = ftr(®) — 1—14tr(CI>2)2 .

By the previous two propositions, the map T gives rise to a well defined map

Wi @ HO(KY) - M(SO(p,p + 1),

Jj=1

b .
which is a section of the Hitchin fibration for M(SO(2p + 1,C)) — € H°(K?). We now show
j=1

that the image of ¥ is open and closed.

D .

Proposition 5.5. The image of the map V: P HO(K27) — M(SO(p,p + 1)) is open and
j=1

closed.

Proof. For openness, we use invariance of domains. Namely, the spaces have the same dimen-
sion, and, by Proposition 5.4, no two Higgs bundles in the image of U are gauge equivalent.
Thus, ¥ is an injective map between manifolds of the same dimension, and is therefore open.
. . p .
For closedness suppose (qé, e qép) is a divergent sequence of points in € H° (K 27). By Pro-
j=1

position 5.4 and properness of the Hitchin fibration we conclude that the sequence \I/(qé, e q%p)
also diverges in M(SO(p,p + 1)).
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To complete the proof we need to show that under the nonabelian Hodge correspondence,

p .
the component defined by \IJ( @ H° (K23)> is the Hitchin component Hit(SO(p, p+1)) from De-
j=1

finition 2.7. It suffices to show that the representation associated to ¥(0, ..., 0) is in Hit(SO(p, p+
1)). By Remark 4.7, the Higgs bundle (5.4) defines an SL(2, R)-Higgs bundle whose correspond-
ing representation is in Fuch(I'). From Example 2.6, the principal embedding ¢y, : PSL(2,R) —
SO(p,p + 1) is given by taking the 2p-symmetric product of the standard representation of
SL(2,R). Thus, the representation associated to ¥(0,...,0) is contained in Hit(SO(p,p + 1)).

6 Structure of the moduli space

6.1 Tangent space and deformation complex

In this section we will assume for simplicity that G is a real form of a complex semisimple Lie
group. Under this assumption, the automorphism group of a stable G-Higgs bundle is discrete
(see Proposition 3.16). Recall that #(G) is the set of pairs (Jp,¢) where dp is a Dolbeault
operator on a smooth HC-bundle P — X and ¢ € Q!0 (P[m(c]) such that dpyp = 0.

Since the space of Dolbeault operators is an affine space with underlying vector space iso-
morphic Q0! (P[hc]), the tangent space of HP*(G) at (31:,4,0) is given by the set of («,1) €
Qo1 (P [f)(c]) Qo0 (P [m(c]) so that ¢+ 1) is holomorphic with respect to the Dolbeault operator
(Op + «) to first order. That is,

T(5p. M (G) = {(a, ) € Q% (P[H%]) & Q"0 (P[m®]) | 9pv + [o, ] = 0 € QY (P[H]) }.
The moduli space of G-Higgs bundles is a set of gauge equivalence classes:
M(G) = H”(G)/Gue,

where HP*(G) denotes the set of polystable pairs. At stable points of the moduli space, the tan-
gent space can be interpreted as a quotient of the tangent space to the gauge orbit Gyc - (8p7 gp):

Tip, i M(G) = T(5,,5)H(G) /T (5, ) Gric - (9P ).

This is because, under our assumption on G, the automorphism group of a stable G-Higgs bundle
is discrete, and so the gauge group action is locally free. The tangent space to the gauge orbit
of a stable G-Higgs bundle can thus be identified with the tangent space at the identity of the

gauge group
T.Gpe = Q°(P[6°]).

The identification of Q° (P [bc]) with the tangent space T(5P7¢)QHC . (513, gp) is given by the
map

QP [h°]) —= %1 (P[°]) @ QM0(P[mT]),
T (Opz, [, 2]).

Note that (dpw, @, x]) € T(5p,0) M (G) since op([e, x]) + [Opx, @] = 0.
The tangent space to M(G) at a stable Higgs bundle [51:, 4,0] is thus identified with

{(a,9) € Q" (P[6°]) & Q10(P[mT]) | Fp¢) + [, ] = 0)}
{Opz,p,2]) € QOH(P[6F]) @ QLO(P[mC]) [z € Q(P[HC]) }

Ti5, M(G) = (6.1)

The tangent space fits into a very useful exact sequence.
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Proposition 6.1. For a stable G-Higgs bundle (513, <p), we have an eract sequence

0— 1 (P[p]) == HO(P[m®] @ K) —~Tj5, y,M(G)

(6.2)

1 C 1 C
(e i (PIsE]) o 11 (P) 5 1),
where the map © is induced by the inclusion

HY(P[m"] ® K) —>T(5, 4 H(G),
2 (0,),

and the map m is induced by the projection

(o0, H(G) —= Q1 (P[BT]).

(Y, a) ———a.

Remark 6.2. In fact, the sequence (6.2) is exact on the right, however we have not developed the
techniques to prove this. Using exactness of this sequence, a Riemann—Roch calculation implies
that the real dimension of the tangent space at a stable Higgs bundle is given by dimg(G)(2g—2).

Proof. First, the elements in the kernel of the map ad, correspond to tangent vectors of one
parameter families of automorphisms of (513, cp). Thus stability implies that ker(ad,) = 0.

Next, note that the kernel of the map i: H(P[m%] ® K) — 115, 4, M(G) is given by the set
of (0,v) = (51:37, [, x]) Thus, the kernel of i equals the image of the map ad,: H° (P[hc]) —
H'(P[m®] ® K).

The projection T )’H(G) — Qo1 (P[E)C]) descends to a map

5}37@

m: T, gM(G) = H'(P[6%])

51:’7()0
since o + Opx defines the same cohomology class as . Any representative of an element of the
kernel of 7 is a pair (apx,w) such that dpyp + [8px,g0] = 0. Any such pair is equivalent to
(0,7 — adyx). Thus, the kernel of 7 is the image of 1.

Finally, the condition dpt) + ¢, o] = 0 implies that ad, () is zero in the cohomology group
H! (P [mC] ® K) Thus, the image of 7 is the kernel of ad,. |

Remark 6.3. For any Higgs bundle we have an analogous sequence which fails to be exact on
the left and may or may not also fail to be exact on the right. One way to describe this is with a
deformation complex (see [5]). Namely, the sheaf map ad,: P[h¢] — P[m®] ® K defines a long
exact sequence in hypercohomology

0 (Op, ) ——= H(P[s€]) - HO(P[T] & K) — B! (3r.¢)

C e (Pl 1 (P )

ady

H2(3p, o) 0.

In general, H° (<‘§p, cp) is the space of infinitesimal automorphisms of (51:, go), and for stable Higgs
bundles, the tangent space T[gp’w]/\/l(G) is identified with H! (Bp, 4,0).
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6.2 The C*-action

There is a natural action of C* on the G-Higgs bundle moduli space given by scaling the Higgs
field

C* x M(G) —= M(G),
C&[ép,@])%“>[5p,A¢]

Note that the Hitchin fibration (5.1) is equivariant with respect to a weighted C*-action:

h( [5]3) A 90]) = ()\m1+1p1(¢)7 s Amrk(G)Jrlprk(G) (90)) :

Thus, the fixed points of the C*-action are contained in the nilpotent cone h~1(0). Moreover,
the properness of h implies that )l\in%) [ap, )«p] always exists and is a C*-fixed point.
—

Since we are dealing with isomorphism classes, being a C*-fixed point does not imply ¢ = 0.
Rather, it implies that there is a holomorphic gauge transformation g, such that Adg_up =y
A

for all A € C*. For SL(n,C), the C*-fixed points are classified by the following proposition.

Proposition 6.4. Let (E,®) be a polystable SL(n, C)-Higgs bundle. Then (E,®) is gauge equiv-
alent to (E,\®) for all A € C* if and only if there is a holomorphic splitting E = E1 & --- ® Ey
wn which the Higgs field is given by

0
¢1 0

w1 0
where pj: Ej — Ej1 ® K is a holomorphic bundle map.

Remark 6.5. We will usually represent such a fixed point schematically as

Ey Eo - E; D1 Ey,

©1 v2 T T

where we suppress the twisting by K from the notation. The moduli space of such fixed points
is a special case of the moduli of holomorphic chains.

For SL(n,C) we have HC = SL(n, C) and m® = sl(n, C). For SL(n, C)-Higgs bundles fixed by
the C*-action, the H®-bundle has a holomorphic reduction E = E; & - -- @ E}, to a subgroup of

block diagonal matrices. Such a reduction gives a Z-grading on the bundle £ [m(c] =End(F) =
@D, End(E)p, where

End(E); = @ Hom(E,, Ey).
b—a=j

Moreover, with respect to this Z-grading we have ® € H°(End(FE); ® K). The characterization
of G-Higgs bundles fixed by the C*-action is given by the following proposition.

Proposition 6.6. A polystable G-Higgs bundle (P,y) defines a fized point of the C*-action
on M(G) if and only if
1. There is a Z-grading g© = D, g;C =@, b;c @ m;C so that [gj, 8] C Gitj-
2. There is a holomorphic reduction PH‘g C P to an HS-bundle, where HS < HC is the Lie
group with Lie algebra l‘)g.
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3. With respect to the decomposition PH% [mC] = EBj PH%: [mﬂ, we have
@€ HO(PHg [mf] ® K).

Remark 6.7. In terms of vector bundles, the G-Higgs bundles which are C*-fixed points are
given by holomorphic chains with extra symmetries which reflect the symmetries of a G-Higgs

bundle. For example, the SL(p + ¢, C)-Higgs bundle associated to an SO(p, ¢)-Higgs bundle
(V,W,n) is given by (V oW, (2 7{;) ), so the associated fixed points are direct sums of holo-
morphic chains of the form

Nr No—r Nr—2

V.

and

771 Ns—1 77T 1 m
—s s — s— —s
Wy Vi1 e Vies

W_s.

Here r and s are half integers and the additional symmetry on the grading comes from the
orthogonal structure. Namely, the quadratic forms give isomorphisms W_; = W7 and V_; = V*.

6.3 Critical points of a Morse—Bott function

So far we have not used the full power of the nonabelian Hodge correspondence. Since we have
a special metric associated to each polystable Higgs bundle, we can take the L?-norm of the
Higgs field. Namely, consider the nonnegative function f: M(G) — R defined by

F([0r.0]) = /X P, (6.3)

where the norm |¢| is taken with respect to the Hermitian metric associated to (9p, ¢) from the
nonabelian Hodge correspondence (see Remark 3.2).

Remark 6.8. Note that the function f (51:, cp) = 0 if and only if ¢ = 0. Equivalently, the global
minima of f are given by points in the moduli of polystable HC-bundles M(H) c M(G).

For A € U(1), the metrics from the nonabelian Hodge correspondence associated (51:, 4,0) and
(ép,)\cp) are the same.* Thus, the function f is U(1)-invariant. Moreover, in [21, Section 8],
Hitchin showed that the U(1)-action is Hamiltonian with respect to the symplectic structure wy
from Remark 3.14, and that the function f is a moment map for this action. That is,

grad(f) = X,

where X is the vector field generating the U(1)-action. This implies that f is a Morse-Bott
function on the smooth locus of M(SL(n,C)) and critical submanifolds of f are exactly the
components of the fixed point set of the U(1)-action. In fact, Hitchin’s arguments also hold for
the moduli space M (G).

Since the moduli space M(G) is usually not smooth, we cannot use the full power of Morse
theory to do things like compute the cohomology ring. However, using Uhlenbeck compactness
Hitchin showed that the function f proper [19] even on the singular locus. Hence, f attains
a minimum on every closed subset. In particular, we have the following upper bound on the
number of components

|mo(M(G))| < |mo({local minima of f})|.

There are three subvarieties which intersect at a C*-fixed point [ép, cp]

4This is not necessarily true when A € C*.
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1) W2([9p,¢]) = {[0p, 9] | lim [0, A0] = [0p, ]},
2) W ([3,¢]) = {8 0] ]l [ 20] = (3, ]).

3) WO([ép, cp]) the connected component of the fixed point locus containing [51:, go].

For a stable fixed point [513, go} , these are exactly the stable, unstable and critical submanifolds
of the Morse-Bott function f at the critical point [81:, gp] A fixed point [8p, go] is thus a local
minima of f if and only if W“([@p, goD = {[81:, cp] }

Remark 6.9. Recall from before that we have a lower bound on 7y(M(G)) given by mo(M(H)).
Moreover, when H is semisimple we have 7o(M(H)) is in bijective correspondence with topolog-
ical H-bundles By (X). This gives the following inequality

|mo(M(H))| < |mo(M(G))| < |mo({local minima of f})].

We now have a strategy for counting the components of the character variety X(G). Namely
we should classify local minima of f and show that every component of local minima defines
a component of the moduli space. In particular, if the only local minima have ¢ = 0, then every
Higgs bundle can be reduced to H, and if a component of M(G) has the property that the Higgs
field can never be deformed to zero, then no representation in the associated component of the
character variety can be deformed to a compact representation.

6.4 Local minima criterion

We first describe how for fixed points of the C*-action we get a decomposition of the tangent
space into weight spaces. Recall from Proposition 6.6 that associated to a polystable G-Higgs
bundle (P, ) fixed by the C*-action there is a Z-grading g© = @ ; b;c &) mg»: and a holomorphic
structure group reduction Py so that p € H 0 (PHg [m(lc] ® K).

For such a fixed point, the map ad,: P[b(c] — P [m(c] ® K defines a map

ady: Pyc (0] = Ppg[miia] © K.

For stable fixed points this gives a decomposition of the exact sequence (6.2), that is, for all j
we have

0= H"(Pys [05]) —% H* (P[] © K) T, M(G)

Cﬁwwwnﬁm@qmmm

where, similarly to (6.1), 7T} M(G) is defined by

[3]

{(a.v) € Q% (Pyg [b7]) © Q10 (g [m1]) [9p¢ + [, 0] = 0}
{(Opa, [pr]) € Q1 (Puc[07]) © QL0 (Pyg[mF]) [ € QF (PHC (051}

. M(G) =

[Op,¥]

The following result was proven for SL(n,C) by Hitchin in [21], the general case follows
from arguments analogous to the Morse-Bott function’s index computation of Hitchin in [21,
Section 8§].

Theorem 6.10 (Hitchin [19, 21]). Let f: M(G) — R be the Morse-Bott function from (6.3).
For a stable G-Higgs bundle we have the following:
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. [513, <,0] 1s a fized point of the C*-action if and only if it is a critical point of the function f,
° ﬂép,w]wu([ép7(p]) @Ta ol M(G),

(G),

* Tiop W ([0P, ¢]) = T[%P A M(G).

° T[épw]ws([ép’ﬂ) @ Tap,w]

Corollary 6.11. A stable fized point [5p,<p] € M(G) is a local minimum of f if and only if
@ TJ M(G) =0.

Op.¢l

Using the sequence (6.2), if ad,,: P[h;-c] — Pm;;1] ® K is an isomorphism for all j > 0, then
T [%P ¢]M(G) = 0 for all j > 0 and we are at a local minimum of the f. In fact the converse
holds as well (see [6, Section 3.4]), and we have a classification of stable local minima of the
Morse-Bott function f.

Proposition 6.12. A stable G-Higgs bundle (51:, gp) which is a C*-fized point is a local minima
of the function f from (6.3) if and only if

ady: P[b5] = Plmj] @ K

is an isomorphism for all j > 0.

6.5 Some component results

We have now developed necessary tools to show the map 7: X(I',G) — Bg(9S) from (1.1) is
injective. In fact, the proof is very simple with the above set up.

Theorem 6.13 (Garcia-Prada and Oliveira [12]). Let G be a complex reductive Lie group with
mazximal compact subgroup H. Then there is a bijection between the components of the moduli
space of polystable G-Higgs bundles and the moduli space of polystable G-bundles:

m0(M(G)) = mo(M(H)).

Proof. By the above discussion and Remark 6.9, it suffices to show that a polystable G-Higgs

bundle [P, ¢] is a local minima of the Morse-Bott function f from (6.3) if and only if ¢ = 0. Let

[P, ¢] be a local minima of f. Since [P, ¢] is a C*-fixed point, by Proposition 6.6 there is a Z-

grading g = @D, h;-c @m;c so that (P, ¢) is isomorphic to (Pyc, ) with ¢ € H° (PHg [mf] ® K).
First suppose [513, gp] is a stable local minima of f. Then by Proposition 6.12 we have

adwz PHC[b ]_>,PH(C[ ]+1] QK

is an isomorphism for all j > 0. But, since g is complex, we have h© =2 m®, and the only way
PH% [f);c] can be isomorphic to PHS[ +1] ® K for all j > 0 is for PHC [f) ] =0 forall j >0. In
this case we have ¢ = 0.

To rule out strictly polystable minima with nonzero Higgs field, we note that a G-Higgs
bundle which is strictly polystable has a holomorphic reduction to a Levi factor L of a parabolic
subgroup of G which is stable as a L-Higgs bundle. Now repeat the above argument for the
moduli space M(L). [ |

As a immediate corollary we have the following.
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Corollary 6.14. If G is a complex reductive Lie group, then every polystable G-Higgs bundle
[ap, go] can be continuously deformed to a polystable G-bundle, i.e., a polystable G-Higgs bundle
with zero Higgs field.

Using the nonabelian Hodge correspondence, Theorem 1.7 now follows as a corollary of the
above theorem.

Corollary 6.15. If G is a complex reductive Lie group with mazximal compact H, then the map
7: mo(X (T, G)) = Bg(S) from (1.1) is injective. In particular, every representation p: I' — G
can be deformed to a compact representation I' - H — G.

Using the methods described above, Hitchin gave a complete component count of
M(PSL(n,R)). The proof idea is to first classify the stable local minima using Proposition 6.6,
then construct explicit deformations of strictly polystable fixed points with nonzero Higgs field
which decreases the value of f.

Theorem 6.16 (Hitchin [21]). For n > 2, the only local minima of the Morse-Bott func-
tion (6.3) on M(PSL(n,R)) are ¢ =0 and the image of 0 in the Hitchin section.

We thus have the following corollary.
Corollary 6.17.

4g—-3 n =2,
|mo(M(PSL(n,R))| =< 3 n-odd,
6 n > 2 and even.

Proof. For n = 2 the component count is the same as for M(SOg(1,2)). For n > 2 and odd
we have Bpg) (,, k) = Z2 and there is only one Hitchin component. This gives three components.
For n > 2 and n-even we have Bpgy (, ) is isomorphic to Zg X Zg or Z4 depending on the parity
of § (see (1.2)). Moreover, there are two Hitchin components by Remark 2.11, this gives six
components. By Theorem 6.16 there are no other components. |

For the character variety X'(I', PSL(n,R)) we of course have the same count.

Corollary 6.18.

49g—3 n=2,
|0 (X (T, PSL(n,R))| = ¢ 3 n-odd,
6 n > 2 and even.

Theorem 6.16 also gives a dichotomy for deformations of representations into PSL(n,R),
namely for n > 2 the components of X' (I, PSL(n,R)) are either deformations spaces of compact
representations or deformation spaces of special Fuchsian representations.

Corollary 6.19. For each n > 2 and each p € X(I',PSL(n,R)), exactly one of the following
holds

e p can be deformed to a compact representation

I' - PSO(n) — PSL(n,R),

e p can be deformed to a representation

where ppyen € Fuch(T') is a Fuchsian representation and iy is the principal embedding
from (2.2).
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7 SO(p, q)-Higgs bundles

We now apply the techniques of the previous section to understand the components of the
SO(p, q)-character variety X' (I, SO(p, q)). In her thesis [1], Aparicio-Arroyo discovered that the
Higgs bundle moduli space M (SO(p, q)) has stable local minima of the Morse-Bott function (6.3)
with nonzero Higgs field and which do not arise from the Hitchin section. This was done by
classifying stable SO(p, ¢)-Higgs bundles which are fixed points of the C*-action and satisfied
Proposition 6.12. Due to the potential singularities, these results are not strong enough to
classify the components of the moduli space M(SO(p, q)).

It should be noted that the methods outlined in the previous section are not the only approach
to studying the question of components. For example, by examining spectral data on generic
fibers of the Hitchin fibration for M(SO(p + ¢,C)), Schaposnik and Baraglia [4] have given
evidence for the existence of additional components of the moduli space M(SO(p, q)). Although
these methods do not currently distinguish connected components, they provide an intriguing
alternative perspective.

We start by recalling the classification of stable minima.

Remark 7.1. The case SO(2, q) is rather special since SO(2,¢) is a group of Hermitian type.
This special type of group has its own very interesting connected component results. Since we
have not said much about this situation, we will only discuss the non-Hermitian case, that is,
for 2 < p < q. For the case of SO(2, q) we refer the reader to [2, 10].

Recall the notation of K, = KP~!' & KP3 @ - & K3 P @ K!'"? from (5.2) and the map
v(0,...,0): £, = Kpr1 ® K from (5.3). Denote by 7o the following transpose
o =9(0,...,007: K, > Ky 190K.

Theorem 7.2 (Aparicio-Arroyo [1]). Suppose 2 < p < q. If [V,W,n] is a stable SO(p, q)-Higgs
bundle, then (V,W,n) defines a local minima of the Morse—Bott function (6.3) if and only if one
of the following holds

1) n=0,

2) there is a stable rank ¢ —p+1 orthogonal bundle Wy with determinant bundle I = det(Wy)
such that

(V,W,n) = (Kp®1,(/cp_1®1)@wo, (%()) :V—>W®K>,

3) ¢ = p+ 1 and there is a line bundle M € Pic(X) with d € (0,p(2g — 2)] and p €
H°(M~'KP)\ {0} so that
0
VW)= |Kypy MoKy 1M |{n|:VWaK |,
ym

wherenM:(O - 0 u):ICp—>M*1K.

Remark 7.3. Note that in case three of the above theorem when deg(M) = p(2g — 2) the
existence of a nonzero section of M ~'KP implies M = K?. In this case, the minima is the
minima in the SO(p, p + 1)-Hitchin component defined by ¥(0,...,0) from (5.3).

In [2] all of the local minima are classified. The result basically says that the only minima not
accounted for in Theorem 7.2 arise from polystable Higgs bundles with zero Higgs field and from
Higgs bundles similar to the second case of Theorem 7.2, but where the bundle Wy is allowed
to be strictly polystable.
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Theorem 7.4. Assume 2 < p < q and (V,W,n) is a polystable SO(p, q)-Higgs bundle. Then
(V,W,n) defines a local minima of the Morse—Bott function (6.3) if and only if

1) n=0,

2) there is a polystable rank ¢ — p + 1 orthogonal bundle Wy with determinant bundle I =
det(Wp) such that

Vv = (K, o 1,06 808 W (B) Vo W k).

3) p+ 1 and there is a line bundle M € Pict(X) with d € (0,p(2g — 2)] and p €
-1

?’JOZ(M K?)\ {0} so that

0
VW)= | Ky MoKy oM |{n|:VoWaK |,
ym

wherenM:(O - 0 u):ICp—>M*1K.

To show that each of the above local minima types defines a connected component of moduli
space M(SO(p, q)), we define a map O, , from a parameter space into M(SO(p, q)) so that

1) ©p 4 is a homeomorphism onto its image,
2) the image of ©, , is open and closed,

3) each component of the image of ©,, contains exactly one connected component of the
local minima with n # 0 from Theorem 7.4.

The connected components of the local minima of type 2 in the above theorem are determined
by the number of components of polystable O(q — p + 1, C)-bundles, that is, the components of
M(O(¢q—p+1)). For ¢ > p+ 1 the group O(q — p+ 1) is simple thus, by Theorem 1.6

mo(M(O(g — p+ 1)) = [Bog—p+1)(S)] = 22971,

When g = p+1, we have M(O(g—p+1)) = M(0O(2)) and the number of connected components is
229+1 1. Combining these with the p(2g —2) components of local minima of type 3 in the above
theorem gives 2291 — 1 4 p(2g — 2) connected components of local minima in M(SO(p,p + 1))
with 7 # 0. Finally, when ¢ = p we have ¢ — p+ 1 = 1 and thus there are 22971 components of
local minima with n # 0. In this case all such minima define Hitchin components.

Combined with the 2297 '-components of M(S(O(p) x O(q)), for 2 < p < ¢ the following
theorem of [2] establishes the component count of M(SO(p, q)).

Theorem 7.5. For 2 < p < q, we have

229+1

q=Dp,
[mo(M(SO(p, q)))| = 229F! + {22941 — 14 p(2g—2) g=p+1,
229+1 else.

To sketch the idea of the proof of the above theorem, we need to slightly generalize our notion
of Higgs bundles.
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Definition 7.6. A KP-twisted G-Higgs bundle is a pair (P, ¢) where

e P — X is a holomorphic H®-bundle,

e ¢ is a holomorphic section of the associated bundle P [m(c] ® KP.

The notions of stability for KP-twisted Higgs bundles are defined similarly to the notions of
stability for regular Higgs bundles, i.e., for K'-twisted Higgs bundles. We will denote the space
of polystable KP-twisted G-Higgs bundles and the resulting moduli space by

HP(G)  and  Mgs(G) = H2,(G)/Gye.

Recall from Section 4 that an SO(1,n)-Higgs bundle is given by a triple (V, W, n) = (A"W,
Wo,n), where n € HO(AYWy ® Wy ® K ). The map 1 can be interpreted as a holomorphic bundle
map n: AWy — Wy ® K. Similarly, a KP-twisted SO(1,n)-Higgs bundle is given by a triple
(A"Wo, Wo,n,) where 1, € HY(AYWy @ Wy ® KP), which we may interpret at as holomorphic
bundle map 7,: K77 — Wy ® K.

~ P .
Recall the definition of the map VU: @ H°(K*) — H(SO(p,p + 1)) from (5.3). Taking an
j=1
transpose of this map defines the SO(p + 1, p)-Hitchin component. For our applications we need

~ p-1 )
the map for defining the SO(p, p — 1)-Hitchin component. We call this map ¥: @ H° (KQJ) —
j=1
H(SO(p,p — 1)) as well, explicitly it is given by

1 g ... qp2
W(QQ?"‘?QQP—Q) = ICpana’Cp—vap—lu : ]Cp_>ICp—1 ® K
1 q2
Consider the map
p—1
Opq: Hpr(SO(1,q—p+q)) x P H(K¥) — H(SO(p,q)) (7.1)

1

<.
Il

defined by

~

Op.a(Wor s @2, - s @2p—2) = (I @ Ky, (1 @ Kp—1) & Wo, (U(qa, .., qap-2) 7p)),
where I = AYPH1, and
=0 - 0 n): I9(K" 0K ?a. o K*PoK'™?) 5 Wyo K.

Remark 7.7. Note that AP(I ® Kp,) = IP and A1((I @ KP~1) @ W) = I?, so this indeed defines
an SO(p, q)-Higgs bundle.

Remark 7.8. Note also that for W a polystable orthogonal bundle of rank ¢ — p + 1, we can
take 7, = 0. In this case the image of ©,,(1),0,0,...,0) is given by

(AT (Wo) @ Ky, (ATPH (Wo) @ K1) & Wo, (B(ga, .. g2p2)  0))-

In particular, the SO(p, q)-Higgs bundle is a direct sum of an SO(p, p — 1)-Higgs bundle in the
Hitchin component (twisted by an O(1, C)-bundle) with a polystable O(¢ — p+ 1)-Higgs bundle.



30 B. Collier

Theorem 7.9 ([2]). For 2 <p <gq, the map énq from (7.1) induces a map

p—1
Opq: Mrr(SO(L,q—p+1)) x P H(E¥) — M(SO(p,q)),

=1
which is a homeomorphism onto its image. Moreover, the image of ©), 4 is open and closed.
The proof has four steps.

1. Well defined: show the SO(p, ¢)-Higgs bundles in the image of ©, , are polystable.

2. Injectivity: Every S(O(1,C) x O(¢ — p + 1,C)) gauge transformation of a KP-twisted
SO(1, ¢ — p+1)-Higgs bundle induces a unique S(O(p, C) x O(q, C)) gauge transformation
preserving the image of ©, ,.

3. Openness of image: This is the most difficult and technical step. We first note that
-1

dim | Mg»(SO(1,q —p+1)) x @ H(K%) | = dim(M(SO(p, q)),
j=1

bS]

then analyze the local structure of the singularities of the image of ©, ,.

4. Closedness of the image: Use properness of the Hitchin fibration, this is analogous to the
proof of closedness of the Hitchin section.

To see that the component count of Theorem 7.5 is a corollary of Theorems 7.4 and 7.9 we
prove the following proposition.

Proposition 7.10. For all p > 1 the component count of Mg»(SO(1,n)) is given by

229 n=1,
To(Mg»(SO(1,n))) = 229+ — 1+ p(2g —2) n=2,
229+1 n> 2.

Remark 7.11. The proof of the n = 1 and n > 2 are by direct computation, namely we
show that every fixed point of the C*-action can be deformed to on with zero Higgs field.
The additional p(2g — 2) components in the n = 2 case are analogous to the components
in Theorem 4.2. In particular, the Higgs field in these components is never zero and these
components are parameterized by certain vector bundles over an appropriate symmetric product
of the surface.

As a direct corollary of the component count for M(SO(p, q)) we have the following compo-
nent count of the character variety X' (I, SO(p, q)).

Corollary 7.12. For 2 < p < q, the component count of the character variety X (I, SO(p, q)) is
given by’

22g+1

q=p,
[mo(X (1, S0(p, q)))| = 2971 + {22041 1 4 p(2g—2) g=p+]1,
929+1 else.

"When p = ¢, the extra 229 components arise from switching V' and W in the image of ©,,,.
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Combining Remarks 7.8 and 7.11 it follows that if 2 < p < ¢ — 1, then every Higgs bundle
in the image of ©,, can be deformed to the direct sum of a polystable orthogonal bundle Wy
and a Higgs bundle in the SO(p, p — 1)-Hitchin component twisted by the determinant of Wj.
Applying the nonabelian Hodge correspondence to this statement gives a dichotomy for the
character variety X (I, SO(p, q)) when ¢ > p + 1 which is analogous to Corollary 2.12.

Theorem 7.13. Suppose2 < p < q—1. If p € X(I',SO(p, q)), then there is a dichotomy: either p
can be deformed to compact representation or p can be deformed to a Fuchsian representation
of the form

(Lp,q O lpr © pFuch) @ det(a) D a, (72)

where

pruch: I' = PSL(2,R) is a Fuchsian representation,
tpr: PSL(2,R) — SO(p,p — 1) is the principal embedding,
tpq: SO(p,p — 1) = SO(p, q) is the embedding given by (2.3),

e a: ' = O(q—p+1) is a compact representation.

In particular, every component of X(I',SO(p,q)) is either the deformation space of compact
representations or the deformation space of certain Fuchsian representations.

Remark 7.14. Recently, Guichard and Wienhard have developed a notion called positivity
which conjecturally characterizes components of the character variety which deserve the name
“higher Teichmiiller spaces” [16]. In this work, the classical groups which have such a positive
structure are split groups, Hermitian groups (of tube type) and SO(p,q) for 1 < p < ¢. For
the split and Hermitian groups, positive SO(p, q)-representations are exactly the set of Hitchin
representations and maximal representations respectively. Moreover, it is not hard to show
that the representations in (7.2) define positive representations. Thus, if certain conjectures
of Guichard—Wienhard hold, the components defined by Theorem 7.9 are exactly the higher
Tiechmiiller components for the group SO(p, q).

Remark 7.15. For the case SO(p,p + 1) there is a trichotomy, since their are p(2g — 2) — 1
components which cannot be deformed to compact representations and cannot be deformed to
Fuchsian representations. In [9], the SO(p,p + 1)-case is studied in detail, and it is conjectured
that every representation in these p(2g — 2) — 1 components is Zariski dense.
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