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ABSTRACT. In this paper we give a gauge theoretic construction of the joint moduli space of stable
G-Higgs bundles on closed Riemann surfaces, where the Riemann surface structure is allowed to
vary in the Teichmiiller space of the underlying smooth surface. This joint moduli space has many
interesting structures that are preserved by the mapping class group of the surface. We describe a
surprising relationship between four key objects: the isomonodromic foliation, a canonical hermitian
form arising from the Atiyah-Bott-Goldman symplectic structure on the character variety, a canonical
holomorphic form which vertically lifts vector fields on Teichmiiller space, and the energy function
for equivariant harmonic maps. One consequence of this work is the construction of pseudo-Kéahler
metrics on many examples of components of character varieties which include rank two higher Te-
ichmdtiller spaces. This recovers some of the recent work on the subject by various authors.
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1. INTRODUCTION

Let X be a connected closed oriented surface of genus ¢ > 2 and G a connected complex
semisimple Lie group. Associated to this data is a holomorphic symplectic orbifold X(G), the
moduli space of irreducible’ representations of the fundamental group of ¥ into G. This moduli
space is the orbifold locus of the G-character variety of ©, and the holomorphic symplectic form is
known as the Atiyah-Bott-Goldman form. It is biholomorphic and symplectomorphic to the moduli
space of irreducible flat G-connections on X. One of the many interesting aspects of character vari-
eties is that they carry a natural action of the mapping class group of the surface ¥ which preserves
the holomorphic symplectic structure.

For each choice of Riemann surface structure X = (%, j) on X, the moduli space Mx(G) of stable
G-Higgs bundles on X is another interesting holomorphic symplectic orbifold. For example, the
Higgs bundle moduli space contains the cotangent bundle of the moduli space of holomorphic
stable G-bundles as an open dense set, and its completion has the structure of an algebraically

1By irreducible we mean the representation does not factor through a proper parabolic subgroup.
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complete integrable system [50]. Since its definition depends on the choice of a Riemann surface
structure on ¥, Mx(G) does not carry a natural action of the mapping class group.

The nonabelian Hodge correspondence (proved by Hitchin [47], Simpson [81], Donaldson [29] and
Corlette [26]) provides an identification between Mx(G) and X(G). More precisely, the nonabelian
Hodge map

Hy : Mx(G) — = X(G)

is a real analytic isomorphism. Moreover, Hx extends to a real analytic homeomorphism between
the moduli space of polystable G-Higgs bundles and the G-character variety. In this paper, we will
focus only on the stable loci of these spaces. Importantly, Hx is neither holomorphic nor sym-
plectic, but the nonisomorphic structures combine to define a hyperKéhler structure on Mx(G).
In particular, pulling back the real part of Atiyah-Bott-Goldman form by Hx defines a Kédhler
structure on Mx(G).

In addition to this rich geometry, the theory of Higgs bundles has been an effective tool for
studying various questions concerning character varieties. We briefly discuss two such applica-
tions relevant to this paper: parameterizing higher Teichmiiller spaces and establishing (non) unique-
ness of equivariant minimal surfaces in noncompact Riemannian symmetric spaces.

There are certain real forms GR of G for which the GR-character variety has distinguished com-
ponents. These components are usually called “higher Teichmiiller spaces,” as they generalize
various features of the Teichmiiller space of 2 when it is identified with the connected component
of the PSLyIR-character variety consisting of holonomy representations of hyperbolic structures
on X. The first family of such components is the Hitchin components, which exist for the split
real form GR of any semisimple complex Lie group G, e.g. SL,R < SL,C. They were first intro-
duced by Hitchin [48] who parametrized them using Higgs bundles. The dynamical significance
of these components was discovered by Labourie [56] and, from a different perspective, by Fock-
Goncharov [40]. A generalization of Hitchin’s Higgs bundle parameterization was used in [15] to
enumerate and parametrize all expected higher rank Teichmiiller spaces predicted by Guichard-
Wienhard’s theory of 6-positivity [45, 44, 10]. This built on and generalized previous work on
higher rank Teichmiiller spaces [16, 18, 19, 11, 5, 21].

For a fixed representation p € X(G), the corresponding Higgs bundle on a Riemann surface X
is constructed from the existence of an essentially unique p-equivariant harmonic map from the

universal cover X of X to the Riemannian symmetric space G/K of G. From Labourie’s work on
Anosov representations [58], for representations in higher rank Teichmiiller spaces there exists a
Riemann surface structure X on X such that the associated harmonic map is a conformal immer-
sion. Equivalently, its image is a p(7r1X)-invariant minimal surface in G/K. The uniqueness of
such a p-invariant minimal surface was proven for all representations in higher rank Teichmdiller
spaces when the real form has real rank 2. There are two families: the case of Hitchin represen-
tations was proven by Labourie [55], see also [62, 57] for SL3IR and [78] for SO(2,2), and the case
of so called maximal representations into rank 2 hermitian Lie groups was proven by the first two
authors with Tholozan [23]. For Hitchin representations in rank at least 3 (and hence many other
higher rank Teichmiiller spaces of rank at least 3), Markovi¢, Sagman and Smillie [76, 65, 66] re-
cently showed that uniqueness of the minimal surface fails. All of these results used a detailed,
and different, understanding of the associated Higgs bundles.

Both of the above applications involve understanding some aspect of how the Higgs bundle
associated to a fixed representation depends on the choice of Riemann surface structure. It is
natural to ask how various features of the nonabelian Hodge correspondence depend on the choice
of Riemann surface. For example: other than components for real forms of G, are there interesting
subvarieties of Mx(G) whose image under the nonabelian Hodge map Hx is the same for all
Riemann surfaces X? For a given representation p € X(G), is the set of p-invariant (branched)
minimal surfaces in G/K discrete or not?
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A natural setting for questions of this nature would be to have a joint moduli space of G-Higgs
bundles, where the underlying Riemann surface is allowed to vary in the Teichmiiller space T(X)
of 2. In fact, Simpson gave an algebro-geometric construction of a related space, where the Higgs
bundle moduli space is constructed in the relative case for a family of smooth projective curves
over a scheme of finite type over C [83]. In this context, he proves that the nonabelian Hodge map
is a homeomorphism with the relative character variety [84, Theorem 7.18]. With a small amount
of work, Simpson’s construction produces a complex analytic space that may be regarded as a
moduli space over T(X) (see [2, §7]). However, many questions of interest are inaccessible by al-
gebraic methods. For example, metric structures, and even the higher regularity of the nonabelian
Hodge map in the joint setting is not transparent.

The starting point for this paper is therefore to give a gauge theoretic construction of the joint
moduli space of stable G-Higgs bundles and to study its mapping class group invariant structure.
The first result is the following.

Theorem A. Let X be a closed oriented surface of genus ¢ > 2 and G be a complex semisimple Lie group.
Then there is a complex orbifold M(G) such that:

(1) M(G) fibers holomorphically over the Teichmiiller space T(X) of complex structures on X
m:M(G) — T(X),

where each fiber w=1(X) is biholomorphic to the moduli space of stable G-Higgs bundles on the
Riemann surface X.

(2) The mapping class group of X acts holomorphically on M(G) covering the standard action on T(Z).

(8) M(G) is equipped with a mapping class group invariant closed 2-form wq which is compatible with
the complex structure and which restricts to the standard Kihler form on the fibers 7 1(X).

(4) On M(G) there is a nonzero holomorphic section ® of Hom(rt*(TT (X)), VM(G)) that is invariant
under the action of the mapping class group. Here, VM(G) denotes the vertical holomorphic tangent
bundle of 7t.

Remark 1.1. Quotienting by the action of the mapping class group Mod(X) of %, gives a holomor-
phic fibration (in the orbifold sense) over the moduli space of genus ¢ curves M,:

M(G)/Mod(E) — M.

We will discuss the technical aspects of the construction of M(G) and its important properties in
§1.3. For now, let us mention the following key points: the complex orbifold M(G) is isomorphic
to the analytification of the coarse moduli space constructed by Simpson using algebraic methods,
and, as expected, the nonabelian Hodge map for a fixed Riemann surface extends to a real analytic
map (see Theorem 4.23)

H: M(G) — X(G).

The closed 2-form wy is defined by pulling back the real part of the Atiyah-Bott-Goldman form on
X(G) by the map H and taking the part compatible with the complex structure on M(G). Note that,
in contrast to the Weil-Petersson symplectic form on Teichmiiller space, the definition of wy does
not require choosing a conformal metric on .

1.1. Isomonodromic foliation and energy. We now describe a surprising interplay between four
different objects defined on the joint moduli space M(G) constructed in Theorem A: the isomon-
odromic foliation, the hermitian form associated to wy, the holomorphic section ®, and the energy
function.

Given p € X(G), the level set £, := H~Y(p) is called an isomonodromic leaf. The isomonodromic
leaves fit together to define the isomonodromic foliation. Its tangent bundle is called the isomon-
odromic distribution and will be denoted by D.
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Denote the complex structure on M(G) by I and the hermitian form associated to wy by
ho(-, ) = 2(wo(L:, -) + iwo(:, -))-
As above, let VM(G) be the vertical tangent bundle of the fibration 7w : M(G) — T(X). The ho-

perpendicular space will be denoted by H and referred to as the horizontal distribution. Since hy is
positive definite on VM, we have an hy-orthogonal splitting

TM(G) = VM(G) & .

It turns out that the hermitian form hy (equivalently, the closed 2-form wy) is not nondegenerate
everywhere. In fact, the kernel of h is intimately related to the complex tangencies of the isomon-
odromic distribution D and the holomorphic section ©, as the next result illustrates.

Theorem B. Let (ho, I) denote the hermitian form and complex structure on M(G). Then hy is nonpositive
on the horizontal distribution H. In particular, the kernel Ky of hy at x € M(G) is contained in H, and,
when hy is nondegenerate, it has signature (dime X(G), 3g — 3). Moreover,

Ky = Dy NI(Dy) = ker(0y),

where © is the holomorphic section from Theorem A, and in the last equality we have identified the horizontal
distribution H with 7w TT(Z).

As mentioned above, for a fixed representation p € X(G), the associated Higgs bundle on a

Riemann surface X is constructed from the unique p-equivariant harmonic map u, : X — G/K.
Taking the Dirichlet energy of 1, on a fundamental domain defines a smooth function E : M(G) —
R. Restricting E to the isomonodromic leaf of p defines a function on Teichmdiller space called the
energy function of p,

& :TE) — R.
The following theorem relates the complex Hessian of &,, the hermitian form /¢ on the horizontal
distribution H and the holomorphic section ©.

Theorem C. For x € M(G), let X = 71(x) be the associated Riemann surface, and let p = H(x) be the
associated representation. For each tangent vector [u] € TxT(X), let w, € Hy be the unique horizontal
lift. Then the complex Hessian of &, at X in the direction [u] is given by

(1.1) Augp = —SHZUyH%O = 8H®x([?/‘])’|%o .

Remark 1.2. Since [|@([u])[|;, > 0, Theorem C implies that the energy function &, is plurisubhar-
monic. This recovers special cases of results of Toledo [89].

The kernel of the complex Hessian of £, corresponds to the directions in which &, is not strictly
plurisubharmonic, and it is identified with a subspace Q, C Hy of the horizontal distribution by
Theorem C. The following corollary is immediate from Theorems B and C.

Corollary 1.3. Let x € M(G). Using the notation from Theorem B, we have
Qy = Ky = Dy NI(Dy) = ker(Oy).

Remark 1.4. In [90], Tosi¢ also used Higgs bundles to study the complex Hessian of the energy
function &, for the group SL,C along 1-parameter families of deformations of X. In particular,
he describes the directions in which the complex Hessian of £, vanishes, the space Q, above, by
certain equations involving the Beltrami differential y and the Higgs field ®. These equations are
given in (5.10) and also play a fundamental role in our analysis since their solutions are equivalent
to being in the kernel of the holomorphic section ®. While we do not use Tosi¢’s work to establish
the above, Theorem C and other results in §5 provide a new, more geometric perspective on many
of the statements in [90]. For completeness, in Appendix D we indicate why Equation (1.1) is the
same as the formula in [90, Theorem 1.10].
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One consequence of the approach taken here is that the rank of the kernel of iy defines a map-
ping class group invariant stratification

(1.2) MG = [] My,
0<d<3g—3
where M; = {x € M(G) | dim(K,) = d}. From the relation with ® in Corollary 1.3, it follows
that each stratum M, is a holomorphic subvariety of M(G), and in addition they are preserved by
the natural holomorphic C*-action defined by multiplying the Higgs field by an element of C*.
Moreover, My is open and dense, while M3, _3 is closed.
Theorems B and C give the following characterization of the open stratum M.

Corollary 1.5. For x € M(G), let X = m(x) and p = H(x) be the associated Riemann surface and
representation, respectively. Then the following are equivalent:

(1) x is contained in the open stratum My,

(2) the hermitian form hy is nondegenerate at x with signature (dim X(G), 3g — 3),
(3) the isomonodromic distribution Dy is totally real,

(4) the restriction of wy to the isomonodromic distribution is nondegenerate,

(5) the energy function &, of p is strictly plurisubharmonic in a neighborhood of X.

At the other extreme, we have the following characterization of the closed stratum M3, 3.

Corollary 1.6. With the same notation as in Corollary 1.5, the following are equivalent:

(1) x is contained in the closed stratum Msg_3,

(2) the isomonodromic distribution Dy and the kernel Ky of ho are equal,

(3) Dy is a complex subspace of T M(G),

(4) the restriction of wy to the isomonodromic distribution vanishes,

(5) the complex Hessian of the energy function &, vanishes in all directions at X.

Apart from compact representations, it would seem very hard to characterize when a general
isomonodromic leaf is entirely contained in a fix stratum. However, we are able to prove that
the isomonodromic leaves in the so-called Cayley components of [15] are contained in the open
stratum M. Let us first briefly describe the relevant objects.

Guichard-Wienhard [45] classified four families of real forms of complex simple Lie groups
which admit a 0-positive structure: split real forms, hermitian real forms of tube type, groups
locally isomorphic to SO, with 1 < p < g, and the quaternionic real forms of type Eg, E7, Eg,
and F4. For each such real form GR, there is an special class of representations p : T~ — GR
called 6-positive representations. These representations have a number of interesting geometric and
dynamical properties. Most notably, 6-positive representations define higher rank Teichmiiller
spaces [10, 44], which, by definition, means they are a union of connected components of the GR-
character variety X(GR) which consist entirely of discrete and faithful representations. For split
and hermitian families, 0-positive representations coincide with the more well known classes of
Hitchin and maximal representations, respectively.

Reference [15] gave a Higgs bundle parameterization of special components, called Cayley com-
ponents, of the GR-character variety for each of the four families of f-positive structures. It is
expected that the set of f-positive representations coincides with the Cayley components. Indeed,
the Cayley components are included in the set of 8-positive representations by [15] and [10]. For
Hitchin and maximal representations the equality holds by construction, and for the third family
equality follows from the component classification of [5].

Theorem D. Let p € X(G) be such that it defines a 6-positive representation into some real form GR of G
which is in a Cayley component, and let L, be its isomonodromic leaf. Then,

1) [,p is contained in the open stratum My,
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(2) L, is a symplectic submanifold of Mo which is totally real and wy(l-, -)-isotropic, and
(3) ho has signature (3g — 3,3g — 3) on TL, © (TL,).

The following corollary recovers results of Slegers [86] for Hitchin representations in SL,,IR; it is
immediate from Theorem D and Corollary 1.5.

Corollary 1.7. Suppose p is a 8-positive representation in a Cayley component. Then the energy function
&, is strictly plurisubharmonic.

Our next theorem gives equivalent characterizations of isomonodromic leaves which are con-
tained in the closed stratum.

Theorem E. For a representation p € X(G) with isomonodromic leaf L, the following are equivalent:

(1) L, is contained in the closed stratum Mzg_3,
(2) L, is a holomorphic submanifold of M(G),
(3) the energy function &, of p is constant on T(X).

A representation p : X — G is called totally elliptic if the action of p(y) on G/K has zero
translation length for each essential simple closed curve v C X (see [64]). By a classical argument
of Schoen-Yau [77, Lemma 3.1] and Sacks-Uhlenbeck [74, Theorem 4.3], we have the following
immediate consequence of Theorem E.

Corollary 1.8. If p € X(G) is a representation such that the isomonodromic leaf L, C M(G) is holomor-
phic, then p is totally elliptic.

Remark 1.9. Observe that in the examples above, the dynamical behaviors of the representations
with isomonodromic leaves in My or M3,_3 are opposite: the first are Anosov (in particular, they
are quasi-isometric embeddings), while the second behave similarly to compact representations.
On the other hand, for G = SL,(C), it follows from [95, Theorem 1] that for every nonelementary
representation p, the leaf £, lies in My over a nonempty open set in T(Z). It would be interesting
to find a dynamical characterization of which strata My an isomonodromic leaf £, can intersect.

Let us describe four classes of representations with holomorphic isomonodromic leaves:

e For representations valued in a compact subgroup of G, the harmonic map is constant, and
so has zero energy. In this case, our theorem recovers results of Biswas [13].

e The second class was explained to us by Pierre Godfard. Given a modular functor, one ob-
tains a finite set of projective representations {r;}c; of the mapping class group Mod(Z,1)
of the punctured surface X, 1, and so representations {p; } ;s of 711(X¢) by restriction of r; in
the Birman exact sequence. Godfard proves in [43] that each r; yields a complex variation
of Hodge structure on the moduli space M 1. Pulling back to to the fibers of the universal
curve over T(X), one sees that £, is fixed pointwise by the C*-action, and hence is holo-
morphic. Note that applying this construction to the Witten-Reshetihin-Turaev modular
functors implies the representations considered by Koberda-Santharoubane in [53] have
holomorphic isomonodromic leaves (see also [14]).

e There is a class of examples arises for punctured spheres, and so does not fit in the con-
struction presented in this paper. In [27], Deroin-Tholozan discovered compact compo-
nents of the relative character variety in PSL2IR, and the underlying representations are
monodromies of CVHSs for every choice of Riemann surface structure on the punctured
sphere. Analogous construction exist in higher rank by Tholozan and the second author
[88], Feng-Zhang [38], and Wu [97].

e As pointed out to us by Daniel Litt, there is a set of examples coming from Kodaira-Parsin
families, see Example 3.1.10 in [60].



HIGGS BUNDLES, ISOMONODROMIC LEAVES AND MINIMAL SURFACES 7

1.2. Minimal surfaces. We now discuss applications of our construction to minimal surfaces in
the symmetric space of G which are preserved by an action of the fundamental group of X.

Associated to the p-equivariant harmonic map u, : X — G/K there is a holomorphic quadratic
differential on X called the Hopf differential of u,. The Hopf differential of the corresponding har-
monic map defines a holomorphic map from Mx(G) to vector space of holomorphic quadratic
differentials on X. The preimage of zero is a complex subvariety which we denote by Wx(G).
The corresponding harmonic maps are called conformal harmonic. By [75, Theorem 1.8], branched
equivariant minimal immersions (in the sense of [46]) X — G/K are exactly the conformal equi-
variant harmonic maps. Hence, Wx(G) is the space of equivariant branched minimal surfaces with
induced conformal structure X.

The above picture easily generalizes to the joint moduli space. There is a holomorphic map

@? : M(G) — T'T(Z),

such that preimage of the zero section is a complex subvariety W(G) corresponding to equivariant
branched minimal immersions. We call W(G) the moduli space of equivariant minimal surfaces. The
space W(G) has the same dimension as X(G), but is not smooth in general. However, the space

(1.3) Wy = W(G) N My,

is a smooth complex submanifold of M(G). This follows from the following proposition character-
izing the strata M from (1.2).

Proposition 1.10 (see Proposition 7.4 below). A point x € M(G) lies in the stratum My if and only if
d = dim coker(d,@?).

Recall that the closed 2-form wy is defined by pulling back the Atiyah-Bott-Goldman form on
X(G) by the nonabelian Hodge map H and taking the I-invariant part. It turns out that on the space
of minimal surfaces W(G), the pullback of the Atiyah-Bott-Goldman form is already I-invariant.
From this we obtain the following.

Theorem F. On the space of minimal surfaces Wy defined in (1.3), the 2-form wy is the pullback of the
Atiyah-Bott-Goldman symplectic form by the nonabelian Hodge map

(1.4) H: Wy — X(G).
In particular, H is a symplectic immersion at x € Wy if and only if ho|w, is nondegenerate at x.

Note that since the hermitian form h is indefinite, nondegeneracy does not automatically pass
to complex submanifolds. However, we show that nondegeneracy of hy on M(G) does imply
nondegeneracy on W(G) for points which are fixed by the action of the subgroup of k*'-roots of
unity in C* for k > 3. Such fixed points are usually called k-cyclic Higgs bundles.

Theorem G. Let k > 3 and x € My be a k-cyclic Higgs bundle in the open stratum. Then x € Wq and hy
is nondegenerate on TxWy. In particular, the nonabelian Hodge map (1.4) is a symplectic immersion at x.

Since Baraglia’s influential thesis [8], cyclic Higgs bundles have appeared in many different
setting that are listed in §7.3. Theorem G applies to all of these cases. Since the space of k-cyclic
Higgs bundles is a complex submanifold of M(G), we conclude the following.

Corollary 1.11 (Theorem 7.13). Let k > 3 and Z be the space of k-cyclic Higgs bundles in the Hitchin
component for the split real form of G. Then the nonabelian Hodge map restricts to a symplectic immersion
on Z. In particular, hg restricts to a pseudo-Kihler metric on Z.

Corollary 1.11 strengthens a result of Labourie [55] in the case when k — 1 is the length of the
longest root in g, see also Remark 1.12. Namely, for such a k, Labourie proved that the nonabelian
Hodge map is an immersion. For this case, the signature of the metric is ((2k — 1)(g — 1),3g — 3).
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For any p € X(G) corresponding either to a maximal representation in SO, , or to a Hitchin
representation for rank(G) = 2, a Higgs bundle x € H!(p) is in Wy if and only if it is 4-cyclic.
Applying Theorem G to these cases equips these spaces with a pseudo-Kahler metric.

Theorem H. Let Y C X(G) be either the submanifold of Hitchin representations in case rk(G) = 2, or the
submanifold of maximal SO, ,-representations in case G = SO, 42(C). Let W(G) C M(G) be the space of
equivariant minimal surfaces, H be the nonabelian Hodge map, and let Z = H=1(Y) N W(G). Then,

(1) wo is nondegenerate on Z, and
(2) H: Z — Y is a symplectomorphism.

In particular, hy defines a mapping class group invariant pseudo-Kihler metric on Y, compatible with the
Atiyah-Bott-Goldman symplectic form, and of signature ((dim G — 3)(g — 1), 3¢ — 3).

Remark 1.12. Theorem H, for Hitchin representations, and Corollary 1.11, in the case k — 1 is the
length of the longest root in g, were recently obtained with different methods by El Emam-Sagman
in [36, Thm. A and A’].

Remark 1.13. Theorem H provides a uniform proof of all cases where Labourie’s conjecture [58]
holds. As mentioned above, there exist Hitchin and maximal representations in groups of rank at
least 3 admitting various equivariant minimal surfaces [65, 66, 76].

The study of pseudo-Kéhler structures on moduli spaces of representations was initiated by
Mazzoli-Seppi-Tamburelli in [67]: adapting Donaldson’s construction of the Teichmdiller space,
they construct a para-hyperKéhler structure on the Hitchin component for SO;,. In a similar
spirit, Tamburelli-Rungi constructed in [73] a pseudo-Kéhler structure on a neighborhood of the
Fuchsian locus in the SL3IR-Hitchin component. Both constructions rely on choosing an adapted
metric on the underlying Riemann surface; it is not clear how their structures relate with ours.

1.3. Technical aspects of M(G) and its structures. We now describe more precisely the construc-
tion of M(G). The method used in this paper is a combination of the work of Ebin and Tromba on
the differential geometric description of Teichmdiller space (see [34, 92]), and the classic construc-
tion of Kuranishi slices in gauge theory (see [6, 41] for early treatments of this method, as well as
Hitchin’s original construction in [47] for Higgs bundles). We note that alternative formulations
can be found in Earle-Eells [33] in the case of Teichmiiller space, and more recently in the work of
Diez-Rudolph [28] for Teichmiiller space as well as Yang-Mills connections.

For a fixed principal G-bundle P, we consider a configuration space C(P) that is an infinite dimen-
sional complex Fréchet manifold. Stable G-Higgs bundles correspond to points x € C(P) solution
to an equation F(x) = 0, where F is a holomorphic map on C(P) valued in some complex vector
space. This realizes M(G) as a topological quotient F~1(0)/ Auto(P) where Auty(P) is an infinite
dimensional Lie group (see (4.1)). A manifold structure is then obtained by proving a slice theorem;
namely, one can locally find complex finite dimensional submanifolds S of F~1(0) such that the
action map Auto(P) x S — F —10)is open and a diffeomorphism onto its image (moduli the center
of G). The local slices then patch together to form a holomorphic atlas on the quotient M(G).

The local structure of the map F and of the action of Auty(P) is encoded in a deformation complex
(B®, 6g) which turns out to be elliptic. Given a Riemannian metric on C(P), one can then define
harmonic representative in the cohomology H'(B®) of the complex and construct the slice using
the implicit function theorem. If the metric is Auty(P)-invariant and compatible with the complex
structure, one can hope to obtain a Kdhler structure on M(G).

Surprisingly, finding such a natural Riemannian metric on the configuration space is tricky. Our
approach consists in defining a map

H:C(P) — J(E) x AP),
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where J(X) is the space of complex structures on % and A(P) the space of connection on the
underlying smooth principal G-bundle. For any s € R, we then have a closed two-form

ws = H*(s- wwp ® wage) ,

where wyp is the Weil-Petersson form on J(X) and wapg is the real part of the and Atiyah-Bott-
Goldman form on A(P).

Let ws denote the (1,1)-part of w;. For any s > 0, the hermitian form h associated to ws fails
to be positive definite on the entire configuration space. Nevertheless, for any x € C(P), one
can find s large enough such that ks is positive definite on T,C(P). Remarkably, the harmonic
representatives of H(B®) using /s are independent of s (see Proposition 4.14) and each wj is closed
in the direction of the harmonics (see Corollary 4.15). As a result, all the structure descends to the
quotient M(G) where we get a family (ws)ser, of closed 2-forms compatible with the complex
structure and such that

Us = {x € M(G) ‘ (hs)x > O} ’

defines an increasing exhaustion of M(G) by open Kéhler manifolds which contain the nilpotent
cone for sufficiently large s (see Theorem 7.6).

For s = 0, we no longer have a notion of harmonic representatives associated to hy. Rather,
classes in H'(B®) are represented by an infinite dimensional space of representatives we term semi-
harmonic. It turns out, however, that the /iy norm is independent of the choice of semiharmonic
representative of a given class (Proposition 4.18). Thus, hq gives a well-defined hermitian form on
H! (B®), which, as discussed above, is nondegenerate at points in My.

In addition to the aforementioned work of Simpson, let us note here several variants used by
various authors to describe joint moduli spaces. For instance, the moment map point of view
developed by Donaldson in [30, 31] was used by Trautwein [91] in his thesis to obtain partial
results (see also [42, 3, 67, 73] for related constructions). The curvature of connections appears
in the realization of the deformation theory of pairs (X, ), £ — X a holomorphic bundle, as a
differential graded Lie algebra (see Huang [52]). In a similar way, Ono [71, 72] produces local
Kuranishi models for joint deformations of Higgs bundles (in higher dimensions as well), and
proves local triviality of the fibration. The gauge theoretic approach taken here allows for a precise
description of the isomonodromic distribution.

Structure of the paper. Section 2 is devoted to preliminaries in gauge theory. In Section 3 we
introduce the configuration space and study its main properties. The construction of the joint
moduli space is done in Section 4. In particular, we prove Theorem A and discuss the family of
hermitian forms (h;)scRr, - In Section 5, we define the horizontal and isomonodromic distributions
and study their relation with the energy function, proving Theorems B and C. The stratification
of M(G) is treated in Section 6, where we prove Theorems D and E. Finally, the perspective on
minimal surfaces and Higgs bundles is treated in Section 7 where Theorems F, G and H are proved.
The four sections of the Appendix serve to fix notation, relate the Dolbeault and Cech deformation
complexes, give an alternative expression for ®, and show how (1.1) recovers Tosi¢’s formula.
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After work on this paper was completed, we became aware of several other related articles. The
preprint [51], among other results, has a description of the isomonodromic distribution similar
to the one in Lemma 5.12. The characterization of holomorphic leaves in Theorem E (1) also
appears there. Theorem E has also been obtained in [59], and Corollary 1.8 in [61]. An alternative
derivation of the result in Theorem C appears in Hitchin’s note on the universal Higgs bundle
moduli space [49]. Finally, the preprint [4] gives a construction of a universal space which builds
on the authors’ previous partial results in Trautwien’s thesis [91, Chapter 7].

2. GAUGE THEORY PRELIMINARIES

Throughout the paper, we will fix

e X a connected closed oriented topological surface of genus g > 2;

e G a connected complex semisimple Lie group with center Z(G), Lie algebra g, and Killing
form x4; and

e 71p : P — X a smooth right principal G-bundle.

2.1. Principal bundles.

2.1.1. Basic definitions. The vertical bundle of P is the distribution VP defined by VP = ker(drp). It
tits into the exact sequence

2.1) 0— VP — TP —» 75(TE) — 0.

Since the right G-action preserves the vertical bundle, every element X € gin the Lie algebra spans
a vertical vector field that we denote by X*.
Given a linear representation p : G — GL(W), the associated bundle is defined by

P(W) := G\(P x W),

where g (p,v) = (pg~ !, p()v). The projection on the first factor turns P(W) into a vector bundle
over .. The main example is P(g), where p is the adjoint representation. We will denote the space
of P(W)-valued k-forms on X by QK E, P(W)).

Denote the space of W-valued k-forms on P by QF(P, W), and let QF(P, W)® denote the subset
of forms which are equivariant with respect to the natural G-action. A vector field V on P defines
a contraction map iy : QF(P, W) — QF~1(P,W). A W-valued k-form ¢ € QF(P, W) is called basic
if it is equivariant and 1y (1) = O for all vertical vector fields V € VP. Denote the spaces of basic
W-valued k-forms by QI;(P, W).

Given a basic form ¢ € Qf(P, W), define ¢ € QK(Z, P(W)) by

l/)x(ulr ceey uk) = [(p/ lI}p(ﬁll ceer ﬁk))] s
where x € X, uy,...,u, € TyX, and p, 1y, ..., iy are lifts of x,uy, ..., uy, respectively. One checks
that this is independent of the choices of lifts, and defines a isomorphism Q’,j (P, W) = QK(Z, P(W))
between basic W-valued k-forms on P and k-forms valued in P(W).
There is a natural bracket

[, 1: Q%P, ) x Q'(P,0) — Q*(P, 0)

defined by
[CnlVe, - Vi) = 160V, Vi) i (Vi -+, Vo))

Note that [(, 1] = (—1)"“1[17, ], and that [, r7] is basic whenever { and # are basic. This defines a
bracket on P(g)-valued forms on X which we also denote by [-, -].
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2.1.2. Connections on principal bundles and associated bundles. There are many ways to think about
connections on principal bundles, we will use the following equivalent definitions.

Definition 2.1. The following are equivalent definitions of a connection P :

(1) A G-equivariant 1-form B € QY(P, g)® such that B(x*) = x for any x € g.
(2) A G-equivariant projection B : TP — VP.
(3) A G-invariant splitting of (2.1).

Denote the space of connections on P by A(P).

By (3), a connection B defines a splitting TP = VP & Hp, where the distribution Hp is defined
by the kernel of B and is called the horizontal distribution of B. Since the difference between two
connections on P is basic, A(P) is an affine space modeled on Q%}(P, g). Explicitly, given a basic
1-form ¢ € Q}(P, g), in the splitting TP = VP & Hp the connection B + ¢ is given by

Bty (Ig lé’) . VP& Hp — VP & Hj,

where we have identified Q}](P, g) with G-equivariant bundle maps 7,(TX) = Hg — VP.
The curvature of a connection B is the g-valued 2-form

Fg =dB + [B, B].

One checks that F is basic and so can be considered as an element in Q?(Z, P(g)). Equivalently,
the curvature can be defined using the Lie bracket of horizontal vector fields: given V, W € Hjp,
we have

Given a representation p : G — GL(W), let dp : g — End(W) denote the associated Lie algebra
representation. For a connection B € A(P), define

(2.2) dg : QX(P, W) — QP W),

by dp(#) = dyy + (dp o B) A 7. One checks that dp preserves basic forms and hence defines a covari-
ant derivative dp : QK(X, P(W)) — QF1(Z, P(W)).

2.1.3. Structure group reductions and metrics. Let K < G be a maximal compact subgroup of G and
t C gits Lie algebra. As ¢ is a real form of g, it is the fixed point subalgebra of a conjugate linear
involution 1 : g — g called the Cartan involution associated to £. The Killing form «, of g is negative
definite on £, and hence defines a K-invariant hermitian inner product on g defined by

(x,y>m = Kg(xr _TO(]/)) .

For y € g, the hermitian adjoint of ad,, is ad (). Hence we use the notation —7(y) = y*.

A reduction of structure group of P to K is the choice of K-invariant subbundle Px C P. Using the
canonical identification between the associated bundles P« (g) and P(g) and K-invariance of (-, -) 4,
the extensions of 7y and (-, -), to P(g) define a hermitian metric on P(g).

Equivalently, such a reduction is given by a Cartan involution on P, thatis a G-equivariant map 7 :
P — End(g) (where G acts on End(g) via conjugation by Ad) such that 7(p) is a Cartan involution
for any p € P. The corresponding hermitian metric is then given by

(51,52)2(x) = —xg(s1(p), T(p)s2(p))

for local sections s, of P(g), regarded as G-equivariant maps o, : P — g for the adjoint action.
The Cartan involution and hermitian metric extend to P(g)-valued 1-forms as follows.

Definition 2.2. Consider 01,0, € QNZ, P(g)) of the form 0, = &, ® s, with a, € QYZ,C) and
sa € Q°(Z, P(g)).
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(1) The extension of the Cartan involution to Q!(Z, P(g)) is defined by
T(0) ;= a2 ® T(S) .

We use the notation: ¢* = —7(0) = & ® s*.
(2) The Killing form defines

k(01 ® 02) 1= K4(51,82) @ & € QUT*'L ® T*L,C),
Kg(01 A 0) = K4(s1,82)a1 Ay € QZ(Z,C) .
(3) The combination of x; and 7 defines:
Ko(o1 A 03) 1= —Kg(s1, T(s2))a1 A &2 .

For each Riemann surface structure X = (%,]) on X, the hermitian metric defines an L%-inner
product on P(g)-valued (p, q)-forms. The following signs are important (see Appendix A).

Lemma 2.3. Suppose 01, 0> are (p, q)-forms valued in P(g), then
i [ Kolorn3) i (pa) = (1,0
—i [ meiAe3) i () = ©01)

2.2. Complex structures on principal bundles. We now describe the space of complex structures
on a principal G-bundle.

<0’1,0’2> = /XKg(SLS;)“l N *0y =

Definition 2.4. A (principal) complex structure on P is an almost complex structure | € End(TP)
satisfying

(1) J commutes with the right G-action: for any ¢ in G we have J o (Rg)« = (Rg)« o J.

(2) Forany X € g, we have J(X%) = (iX)%.
We denote by 7 (P) the space of principal complex structures on P.

One checks that a complex structure on P is always integrable since the obstruction to integra-
bility of | lies in Qg’z(P, g). Denote the space of (almost) complex structures on X by [J(X). There
is a projection map

g J(P) = J(Z).
Here j = 717(]) is defined by j.(u) = J,(#) for any lift (p, 1) of (x, u) to TP. Since | preserves the
vertical bundle and commutes with the G-action, 7t 7(]) is independent of the choice of lift.

2.2.1. The Chern-Singer connection. A connection B € A(P) is compatible with a complex structure |
if the horizontal distribution of B is J-invariant. Equivalently, B is compatible with | if and only if
B is of type (1,0) with respect to |, meaning that Bo | = iB.
Given a connection B € A(P) and a complex structure j € J(X), there is a unique complex
structure | € 7131 (/) which is compatible with B. In the splitting TP = VP & Hjp, it is given by
i 0

23) 1=(o %)
Proposition 2.5. Let Px C P be a structure group reduction to a maximal compact subgroup K < G.

(1) Foreach ] € J(P), there is a unique connection A; € A(Pg) which is compatible with ].

(2) The set of connections on P compatible with a complex structure | € [J(P) is an affine space

modeled on QYO(Z, P(g)), where the type is computed using w7 (]).

(8) The projection w7 : J(P) = J(X) turns J(P) into an affine bundle where the fiber over j is
modeled on Q% (Z, P(g)).
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Item (1) is due to Singer [85] and is the principal bundle analogue of the Chern connection on a
holomorphic hermitian vector bundle. We will refer to the isomorphism

(2.4) S: J(P) — A(Px),

as the Chern-Singer map, and the unitary connection S(J) = A;j as the Chern-Singer connection. We
will use the same notation for the extension of Aj to a connection on P.

Proof. For item (1), let ] € J(P). For each p € Pg, consider the J-invariant space Hy(]) :=
T, Pk N J(TpPx). Since K is a real form of G, Hy(J) intersects trivially the vertical space V,Px. Fur-
thermore, since T Pk has co-dimension % dim(G), then Hy(]) has dimension at least 2. In particular,
T,Px = V,Px ® Hp(J) and so {H(])} pep, defines a horizontal distribution. Such a distribution is
K-invariant because | commutes with the G-action.

For item (2), consider a connection B compatible with ]J. In the splitting TP = VP @ Hp, any
other connection B’ is given by

, (1d B >
B = ( 0o 0/’

where 8 € Q},(P, g). The condition B’ o ] = iB’ is equivalent to f o j = ip for j = m4(]).
For item (3), fix a background connection B on P. In the splitting TP = VP & Hp, a point | in
the fiber 771 (j) has the form
J
_(i B

for some basic 1-form B € Q}(P,g). The condition J> = —Id is equivalent to i + p o 7*j = 0.
Hence, under the identification Q;(P, 9) = QYZ, P(g)), B is a (0, 1)-form with respect to ;. 0

2.2.2. Dolbeault operator on associated bundles. We now explain how a complex structure | on P
defines a Dolbeault operator on associated bundles. Given a representation p : G — GL(W) and a
connection B on P compatible with ], define

9; : Q%X, P(V)) — Q"{(X, P(V)) : s —> (dps)"" .

Lemma 2.6. The operator d; is a Dolbeault operator on P(V) that is independent of the choice of compatible
connection B.

Proof. The fact that d; is a Dolbeault operator follows directly from the Leibniz rule for dg. The

second statement follows from item (2) of Proposition 2.5. In fact, any other compatible connection

differs from B by a (1, 0)-form, hence its (0, 1)-projection is the same. 0
3. DIFFERENTIAL GEOMETRY OF CONFIGURATION SPACES

3.1. Tangent spaces and complex structures. The tangent space at a complex structure j € J(X)
is given by
T;,J () = {m € QZ,TL) | jm +mj = 0} .

The condition jm + mj = 0 implies that the complex linear extension m® of m has the form

m® = <9 ”) Tz TV — Tz e TV':.
u 0 j j j j

The tensor 1 € QY(Z, T}’OZ) is called a Beltrami differential.

Definition 3.1. Post-composing with j defines an almost complex structureI : T7 (X) — TJ (X),
L:T,J(S) — T;J(S) : m— jm.

In terms of Beltrami differentials, the almost complex structure is I;() = ip.



14 COLLIER, TOULISSE, AND WENTWORTH
Given a complex structure | € J(P), let Q°(End(TP))® denote the space of equivariant sections.
The tangent space T} 7 (P) is given by
T;J(P) = {M € Q°(End(TP))® | M(X) = 0 for all X € Q°(VP) and JM + M] = 0} .

Let B € A(P) be a connection which is compatible with | € J(P). In the splitting TP = VP & Hp,
tangent vectors are given by

(3.1) M= (8 5[) ZVP@HB —>VP@HB.

Using (2.3), we have
]M+M]:<O iB+ B ot )

0 mom*j+m*jom
Since M is equivariant,  is identified with a basic g-valued (0, 1)-form B € Qg’l(P, g), and m is the

pullback of a tangent vector T;J (¥).
As in Definition 3.1, we have an almost complex structure I : T7(P) — T.J (P) defined by

(3.2) I : T, 7(P) — T;J(P) : M—s JM.
If B € A(P) is a connection compatible with ], then writing M = (B, m) as in (3.1), we have
I;(B, m) = (iB, jm) .

In particular, the projection 7y : J(P) — J(X) is holomorphic. The complex structures I and
holomorphic projection 7t; extend to the product

T (P) x (P, 9)
Definition 3.2. The configuration space of Higgs bundles C(P) is defined by
C(P) ={(J, ®) € T(P) x (P, g) | @ ] = i®}.
Denote the restriction of the projection map by 7t 7 : C(P) = J(X).
The tangent space of C(P) is given by
T,0)C(P) = {(M,0) € T;T(P) x Qp(P,g) | PoM+00] =ib} .
Lemma 3.3. For each tangent vector (M, 0) € T(; ¢)C(P) we have
0=y +5Pop
where Y has type (1,0) with respect to 177 (], ®) and p is the Beltrami differential associated to drt 7 (M, 6).
We will write ® o i simply as ®pu.
Proof. The condition ® o M + 6 o | = if is equivalent to §OV = %q) o M . Moreover, since ® is
basic and of type (1,0), ® o M = ®u, where y is the associated Beltrami differential. 0
For (M, 0) € T(;#)C(P) we have
Do (JM)+ Joo ] =i]e.

Indeed, J6 = i since 0 is valued in vertical bundle and ®(JM) = i®u by definition of (J, ) € C(P).
In particular, C(P) is a holomorphic submanifold of 7 (P) x Q},(P, g) and so inherits a complex
structure I. Explicitly,

I(],(p) : T(Lq))C(P) — T(],q;,)C(P) : (M,G) — (]M,]G) = (]M,ZG) .
Fix a structure group reduction Pk to a maximal compact subgroup K of G. Let (], ®) € C(P) be

a Higgs bundle and A; be the associated Chern-Singer connection of |. The following lemma is
immediate from the above discussion.
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Lemma 3.4. In the splitting TP = VP & Hy,, a tangent vector (M, 6) € T(;,¢)C(P) is given by
_ (0 ﬁ) _<0 lIJ+21-<DV>
M= (0 m) 0=\ " o )

where y is the Beltrami differential associated to m € T;J(X). In particular, (M, 0) is uniquely determined
by a tuple (u, B, ), where y is a Beltrami differential, B € Qg’l(P, g)and € Q;’O(P, 9).

3.2. The holomorphic section ©. As above, let 77 : C(P) — J(X) be the holomorphic projection.
We now define a holomorphic section © of the bundle Hom(7t%, TJ (X), ker(d7 7)) over C(P).

To start, consider the bundle map @:TC (P) — TC(P) defined at (J, ®) € C(P)
O.0) : Te)C(P) — T@)C(P) : (M,6) — (300 M,0).

Since ® takes values in the vertical bundle, © takes values in the subbundle ker(dms). Since ®
is basic and has type (1,0) we have ® o M = ®u, where y is the Beltrami differential associated to

dm 7(M). Hence, © defines a bundle map
(3.3) O : ;TJ(X) — ker(drry) : ((J, D), u) — ((J, dD),(zliq) ou,0)).

Remark 3.5. As in Lemma 3.4, fixing a structure group reduction Px C P allows us to write
tangent vectors (M, 0) as (i, B, ). In terms of this data, we have

O(p) = (0, 5Py, 0).
Lemma 3.6. The bundle map © is holomorphic.

Proof. To prove the lemma, we will show that ©, seen as a smooth map from TC(P) to itself cover-
ing the identity, is holomorphic.The derivative of ® at (J, ®, M, 6)

d(],q),M,Q)@(X, gol NI 19) = (X/ (P/ %q’ o M + %@ o N, O)
The complex structure Ton T(j,0,m,0)(TC(P)) is given by T(X, ¢, N,0) = (JX,igp, IN,id). Hence,
d0meO0(X, 9, N,8) = djomeOUX, ig, N, i9)
= (JX,ig, Fipo M+ 2P0 JN,0)
= (JX,ig,i(39 0 M+ %P o N),0),

where for the last equality we used ® o [N = ® o (iv) where v is the Beltrami differential associated
to d7mt(N). Since ¢ o M 4 ® o N is a vertical vector, we have

(JX,ip,i(po M+ L®oN),0) =1(X, ¢, Lpo M+ L®oN,0).
Thus, dO is complex linear as desired. O

3.3. The closed 2-form wy and the hermitian form /. In this subsection we fix a structure group
reduction Px C P to a maximal compact subgroup K < G. Recall that —7(X) = X* is the hermitian
adjoint of X with respect to the hermitian metric x4(-, —7(-)), where 4 is the Killing form.

3.3.1. The Atiyah-Bott-Goldman form. For a principal G-bundle P, the vector space Q'(Z, P(g)) has
a complex symplectic form called the Atiyah-Bott-Goldman form. It is defined by

wgBG(’ﬁ/ 772) = /ZKg(Ul A 772)-

Since the space of connections A(P) is affine over Q}Z, P(g)), “’EBG defines a nondegenerate 2-
form on A(P). Moreover, w$ . is closed since it is independent of the base point.
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The structure group reduction Px C P defines a real symplectic form on .A(P) which we denote
by wapg. Writing 7 = X +iY for X, Y € O (Pk, £), we have

WSl 2) = @S+ %1, Xa + 1) = [ (A Xe = Vi AY2)+i [ (X1 A Yo+ Y1 A Xo).
The Killing form «; is real on €, wpc is defined as the real part of w§p:

(3.4) Wans(X1 + Y1, Xo +1%0) = [ 1(Xi A Xe = Y1 A ).

3.3.2. The pullback of the Atiyah-Bott-Goldman form. Recall from (2.4) that the structure group re-
duction Pk C P defines the Chern-Singer isomorphism S : J(X) — A(Px), where we denote
S(J) = Aj. The defining property of Ajis Ajo ] = iA;. Consider the following smooth map

(3.5) H: J(P)x Qy(P,g) — AP) : () — Aj+ 5 (¥ — %)
We start by computing the derivative of the Singer map.

Lemma 3.7. For | € J(X), the differential of the Chern-Singer map S at | is given by
d;S(M) = 5 (B+ B,

where M = (8 i) in the splitting TP = VP @ Hy, associated to Aj.

Proof. Consider a path J; € J(P) with | = Jp and %‘ . Jt = M. In the splitting TP = VP @ Hy, P,

t=

() e sr-me (5 1)

where 1, ay € Q,lj(P, g) satisfy 7; = —#; and a; o J; = in; and are both zero when t = 0.
Denoting the derivatives of 77; at t = 0 by 77, we have d;S(M) = 7. The equation A}, o J; = iA},

is given by
o o/\0 j/ \0 0/

Hence, a; + 7 0 j; = in;. Differentiating at 0 and using 179 = 0, we have

we have

prioj=iy
where g = & o & Thus, p = 2i(17)*!, and so
B+ B = 200" —2i (™) = 2i()™ +2i(7)'°,
where we used 7 = —7j . O]
The following lemma is now immediate.
Lemma 3.8. The derivative of the map H : J (P) x Q}](P, g) at (J,'Y) in the direction (M, 0) is
dnHM, 0) = 3B+ B7) + 56 — 67),

where M = (8 i) in the splitting TP = VP @ Hy, associated to Aj.
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Note that the decomposition d;v)H(M, 0) = X +1iY for X,Y € Ql(Pg, ) is given by
X =L(B+BY) and Y =—-1(0-106).
Using (3.4), the pullback of wapc by H is thus given by

1
H*wapc((My,61), (M, 02)) = ——

* * 1 * *
4 ZKg(lBlAIB2+151/\lBZ) +1AK9(61A92 +91 A 67)

(3.6) )
- /Z;cg(el NG+ 65 A 63)

Lemma 3.9. The first two integrals in (3.6) are I-invariant and the third integral is I-anti-invariant. More-
over, all three integrals define closed 2-forms on J (P) x O (P, g).

Proof. For (J,¥) € J(P) x Q;(P, g), recall the complex structure I acts on a tangent vector (M, 6) =
(4, B,0) by I(u, B,0) = (iu,ip,i0). Hence, the first two integrals are I-invariant, and the third is
I-anti-invariant. The last two integrals are closed because they are independent of the base point
(J,¥) in J(P) x Q;(P, g). The first integral is now closed because w45 is closed. O

3.3.3. The closed 2-form wq and hermitian form hy. We denote by H : C(P) — A(P), the restriction
of the map H from (3.5) to the configuration space of Higgs bundles C(P). By Lemma 3.9, the
restriction of the I-invariant part of H*w 4p¢ to C(P) is closed.

Definition 3.10. The closed 2-form wy on C(P) is defined to be the I-invariant part of the pullback
of the Atiyah-Bott-Goldman form by the map H. Denote the associated hermitian form by hy:

ho(v1,v2) = 2(wo(I(v1), v2) + iwo(v1, V2)).

Lemma 3.11. Fix (J, ®) € C(P) and tangent vectors v1, vy with v, = (Ua, Pa, ) and 6, = P, + %@ya.
Then

(1) the form wy is given by
1 1
wo(v1,v2) = ~1 /ZKg(ﬁl A By + B A B2) + 1 /)2 Kkq(01 A 05 + 67 A 62)
1 * * 1 * *
= —5 Lo x(Br B+ BiAB) + 5 [ kel A3+ 91 A2)

+ 1176 /ZKB(CDM A D, + Oy A Puo) .
(2) The hermitian form hg is equal to
ho(v1,02) = (B1, B2) + (Y1, ) — §(Pp1, Pa),
where (-, -) denotes the L?>~inner products from Lemma 2.3.

Proof. For wy, the first equation follows from (3.6). The second follows from 0, = ¥, + %CDya and
0; = ¢; — +P*%,, and the fact that ¢, and ®y, has type (1,0) and (0, 1), respectively.
For the second item, we compute hy(v1, v2) = 2wo(I(v1), v2) + i2wp(v1, v2) to be

. o o 1 —
ho(v1,v2) = _I/ZKQ(.Bl A B2) +1/2Kg(¢1 Ar) + Eéxg(¢ﬂl N D7,)
The result follows from § and ®u being (0, 1)-forms, ¢ being a (1, 0)-form and Lemma 2.3. O

3.4. The family of forms w; and h;s. Unlike the Atiyah-Bott-Goldman form wp¢, the closed 2-
form wy (equivalently the hermitian form hy) is not everywhere nondegenerate. Even when hy is
nondegenerate, it might not be positive definite. In this section, we modify these forms by adding
a multiple of the Weil-Petersson form on 7 (X) to obtain a positive definite form /, on the tangent
space T(; )C(P). The scale sy € R, will depend on the point (], ®).
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3.4.1. Weil-Petersson form. For each complex structure j € J(X) on Z, let p denote the associated
conformal Riemannian metric with constant curvature —1. This choice defines nondegenerate 2-
form wwp on T;J (¥) called the Weil-Petersson form. For tangent vectors mq,m; € T;J (%), it is
defined by

1 ) 1 _ —
wwp(my,m) = 5 [ temjmavy = o [ gty = i) v,

where v, is the area form associated to p (see Appendix A for our conventions). The associated
hermitian form is given by

hwp(p1, p2) = 2cowp(ipy, pa) + 2iwwp(pa, p2) = /Z]/llﬁz Vp .

The Weil-Petersson form wyyp is not closed on 7 (X), but it does descend to a closed form on the
Teichmiiller space of %, see the proof of Corollary 4.15 below.

3.4.2. The forms ws and hs.
Definition 3.12. For s € R>, let ws be the 2-form on C(P) defined by
Ws = S+ Wwp + Wp.
The associated hermitian form will denoted by hs = s - hywp + ho.
Explicitly for tangent vectors vy, v with v, = (U, Ba, Pa), the hermitian form h; is given by

(3.7) hs(v1,02) = 5 - hwp(p1, p2) — 3 (Pp1, Ppa) + (B1, B2) + (Y1, ¥2) -
Equivalently, we have

— i * i *
hs(vq,v2) = /Z(S — ey v — 5 /Z kg(B1 A\ B2) + 5 /Z kg(P1 N 3),
where |®| is the pointwise norm of ®. The following is immediate.

Lemma 3.13. For each (], ®) € C(P), there exists so > 0 such that hs is positive definite on T j ¢)C(P) for
any s > so.

3.5. Exponential maps. In our moduli space construction we will need a holomorphic “exponen-
tial map” from the tangent space of T(;4)C(P) to C(P). This is more involved than the exponential
map for the affine space of connections.

3.5.1. Almost complex structures. Following [92, §4], we describe explicit local I-holomorphic charts
on J(X) centered at ;.

Definition 3.14. For a complex structure j € J(X), the exponential map at j is defined by
exp; : U C TiJ(E) — J(D) : m—s (Id+Ljm) ojo (1d+ Ljm)
where U; is the subset of where (Id + % ]m) is invertible.
In terms of Beltrami differentials, one computes that U; C T;J(S) is the complex subset
Uy = {u € Q"UTI8), |u* < 4}.
The following lemma justifies calling the map in Definition 3.14 an “exponential map.”

Lemma 3.15. Let j € J(X), the exponential map exp; satisfies the following:
(1) exp(0) =
(2) do exp; = Id, and
3) exp; is holomorphic.



HIGGS BUNDLES, ISOMONODROMIC LEAVES AND MINIMAL SURFACES 19

Proof. Item (1) is obvious. For item (2) and (3), fix j € J(X) and set k = expj(m). The differential
of exp; at m € T;J(¥) is given by

duexp () = Ljmj (Id + 3jm) " — (1d + Ljm) j (1d + Ljm) ]’2” (1d + Ljm) "
— 1(1d — kjyrir (1d + Ljm) ",

where we used that tangent vectors m € T,,(T;J (X)) satisfies jm + mj = 0. Evaluating at m = 0,
we have doexp; = Id, proving item (2). Item (3) is equivalent to Dy, exp; oj = ko Dy, exp;. The
result follows from direct computation

-1 -1
dpexp;of = 3(1d —kj)j (1d + 3jm) ~ = 3(+K) (Id+ 3jm)  =kod,exp;.

Analogous to Definition 3.14, for | € J(P) define the exponential map
-1
exp, : Uy C TIJ(P) — J(P) : M— (Id+ 3JM) ] (d+ /M)

where U = {M € T;J (D) | (Id + %]M) is invertible}. Parallel to Lemma 3.15, we have that exp,
is holomorphic and satisfies exp;(0) = J and dp exp; = Id.

Lemma 3.16. Let B € A(P) be a connection compatible with | € J(P), let j = 1t 7(]) and write tangent
vectors M = (B, m) € T;J(P) as in (3.1). Then, in the splitting TP = VP & Hpg, we have

(1) Uy = Qp'(P,g) x Uj,

. L)~
(2) exp,(B,m) = (6 g (Ic:x—; %jﬂn;) )
j

Proof. For Item (1), in the splitting TP = VP ¢ Hp we have

1 _(1d L >
(Id+2]M)_<o Idi%jm '

Hence (Id + 3] M) is invertible if and only if (Id +3 ]m) is invertible. Specifically,
-1
- Id 5B (Id+ 3j
(1d+ 17Mm) T 3B ( +2]m_)1 .
0 (Id +1 jm)

Item (2) now follows by a direct computation using that B has type (0, 1) with respect to ;. O

3.5.2. Higgs bundles. Before defining the exponential map for the configuration space C(P) of
Higgs bundles, we prove the following lemma.

Lemma 3.17. Fix (], ®) € C(P) and a tangent vector M € T;J(P). Then, for n € QUY1(P, TP), we have

(@ +7) (Id — 1JM) o exp,(M) = i - (@ + 1) (Id — }]M).
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Proof. Using the definition of exp;(M), we compute

(@ +17) (1d — 1TM) 0 exp, (M) = (@ + 1) (1d — LJM) (1d + M) ] (1d + M)
— @ +7) (1d = }yMjM) ] (1d + Lm)
— @+ )/ (1d - 1) (1d + 1ym) "
— i (@+n) (1d— M) (1d+ Lm)
=i (®+7)(1d— /M)
where we used J2 = —Id, JM = —M] and (® + )] = i(® + 7). O

With the above lemma, we define the exponential map for C(P) as follows.

Definition 3.18. Let (], ®) € C(P), and for (M, 8) € T(j )C(P), write = ¢ + %be. The exponential
map at (J, ) is defined by

exp(;4)(M, 6) = (exp; (M), (® + ) (Id — }/M)),
where the domain is the set V; = {(M, 0) € T C(P), (Id + 3] M) is invertible}.

As with J(P), the exponential map satisfies the following.

Lemma 3.19. For each (], ®) € C(P), the exponential map exp(; o) is holomorphic and satisfies

(1) eXp(],@(O) = (J, @), and
(2) do eXp o) = Id,

Proof. The first item is obvious. For M € T;J(P), set K = exp ](M). The differential of exp; ¢ at
(M, 0) e T(]@)C(P) is

Ay exp(y 0y (M, 6) = (30d — KM (1d + 3TM) ", 1d — }]M) + (@ + p)(—11M)),

where § = l/J + %CI)Z\./I, and the first term is computed as in the proof of Lemma 3.15. The second
item now follows by evaluating at (M, ¢) = 0. Namely,

doexpy; gy(M, 6) = (M, § + LOM) = (M, 9),

where we used that ® o | = i®. The exponential map is holomorphic since the complex structure
at K is given by postcomposing the first factor by K and multiplying the second factor by i. The
first term is holomorphic since exp; is holomorphic. ]

Fix a reduction Px C P of the structure group to a maximal compact K < G. Let (J,®) € C(P)
be a Higgs bundle and A; the Chern-Singer connection associated to J. The following lemma is
immediate from the above discussion.

Lemma 3.20. In terms of the tangent data (i, B, ), the exponential map exp ; ¢ = T(j,0)C(P) — C(P) is

exp ), B, 9) = (expy (1, B), P+ 9+ 3P+ P)p) .
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4. CONSTRUCTION OF THE JOINT MODULI SPACE

This section is devoted to the construction of the joint moduli space M(G) of stable G-Higgs
bundles. This moduli space is a complex orbifold equipped with a holomorphic submersion to
Teichmiiller space and a holomorphic action of the mapping class group of the surface . Further-
more, M(G) admits an exhaustion by open sets U equipped with mapping class group invariant
Kahler forms ws, see Theorem 4.6. We have included a fair number of details in this section which
are likely well known to experts. We hope the exposition benefits those who are not familiar with
the various subtleties.

4.1. The automorphism group. An automorphism of P is a G-equivariant diffeomorphism ¢ : P —
P. Such an automorphism preserves the fibers of P, and so covers a diffeomorphism of . We will
be interested in the subgroup Auty(P) < Aut(P) which covers the identity component Diffy(X) of
Diff(X). In particular, the group Auty(P) fits into the short exact sequence

4.1) 0 — G(P) — Autyp(P) — Diffp(X) — 0.

The subgroup G(P) is called the gauge group of P. We note that Auty(P) is not necessarily con-
nected since it has the same components as the gauge group G(P). The quotient Aut(P)/ Auty(P)
is isomorphic to the mapping class group of .

On the Lie algebra level, the above exact sequence gives

0 — Q% P(g)) — aut(P) — Q°(Z, TZ) — 0.

The Lie algebra aut(P) of Aut(P) consists of G-invariant vector fields on P. The Lie algebra of G(P)
consists of G-invariant vertical vector fields on P, which is identified with sections of the adjoint
bundle P(g).

For a structure group reduction Px C P the groups G(Px) and Auty(Px) are defined analogously.

Remark 4.1. The invariance has the following two consequences which will be used later on.
(1) If V € aut(P) vanishes on a K-subbundle Px C P, it is identically zero on P.
(2) If X € g, then [X?, V] = 0 for all V € aut(P).

The automorphism group Aut(P) acts on the configurations space C(P) from Definition 3.2 and
the projection map 7w : C(P) — J(X) is equivariant with respect to the actions of Autg(P) and
Diffy(Z).

4.2. The holomorphicity condition and the Hitchin equations. Recall from Definition 3.2 that
the configuration space of Higgs bundles C(P) is defined by

C(P) = {(J,®) € T(P) x (P, g) | o] = id}.

A pair (J,®) € C(P) is called a Higgs bundle if ® is holomorphic with respect to J. The holomor-
phicity condition will be encoded as the zero level set of the map

(4.2) F:C(P) — Q}P,g) : (J,®)— 0;D.

Recall that tangent vectors in T(; ¢)C(P) are written (u, B, 0) where 6 = 1 + %be, and ¢ has type
(1,0). Recall also that the complex structure I on C(P) acts on (i, 8, 6) by multiplication by 1.

Lemma 4.2. The map F is holomorphic.
Proof. Fix (], ®) € C(P) and a reduction Px C P. By Lemma 2.6, F is given by
11
F(J,®) = d® +[A}, @] = (ds@) ",

where Aj is the Chern-Singer connection of J. Using Lemma 3.7 we get

(43)  dgaF(u 6 = do+ LB+ B, @1+ (A, 0] = 39 + & (da Pp) " + LB,
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where for the second equality we used the fact that this 2-form is basic, so its (2,0) and (0, 2) parts
both vanish. Hence, d ;&) F(ip, i, i0) = id(; o) F(u, B, 8) and we conclude that F is holomorphic. [

To construct a moduli space of Higgs bundles on a fixed Riemann surface, it is necessary to
restrict to the set of so-called polystable G-Higgs bundles. This notion, as well as the notions of
(semi-)stability come from Geometric Invariant theory and are relevant for constructing the mod-
uli space as an algebraic variety. We will not need any of the technical definitions of stability for
this paper. Instead, we will use the equivalence between stability and irreducible solutions to the
so called Hitchin equations. Before explaining this, we mention a few important features.

Fixing, a Riemann surface X = (X, ) and recall there is a holomorphic projection 7 : C(P) —
J(X). The set

Mx(G) = {(J,®) € F(0) | 77(J, ®) = j and (], ®) is stable} /G(P)
has the structure of a normal quasi-projective variety (with only orbifold singularities) called the
moduli space stable G-Higgs bundles on X. The smooth locus of Mx(G) consists of isomorphism
classes of stable G-Higgs bundles whose automorphism group is the center of G. We will refer to
such Higgs bundles as reqularly stable.

We will make use of the following property of stable G-Higgs bundles, see [12]. which we will
use are the following.

Proposition 4.3. The automorphism group of a stable G-Higgs bundle is finite. In particular, at stable
points, F=1(0) C C(P) is locally a holomorphic submanifold.

We now describe the relation between stability and solutions to the so called Hitchin equation.
This requires fixing a structure group reduction Px C P to the maximal compact subgroup K < G.
Consider the map C(P) — Q%(P, g) defined by

(I/ qD) — FA] + %[qD/ q)*] ’
where F,, is the curvature of the Chern-Singer connection and ®* is the adjoint of ®. The equation
(4.4) Fy, + 3[®, @] =0
is called the Hitchin equation, and the set of (J, ®) € F~1(0) solving equation (4.4) is called the space
of solutions to the Hitchin equation. Recall from (3.5) that the map H : C(P) — A(P) sends (], P)

to the G-connection D(j ¢) := Aj + %(CD — ®*). For (J, P) a solution to the Hitchin, the connection
D(; &) is flat. Indeed,

Fpye) = Fa, + %[CD' o] + %SICD - %aICD*-

Remark 4.4. The factor of ; appears naturally since the configuration space is defined in terms of
almost complex complex structures instead of d-operators, see Lemma 3.7.

Since the Hitchin equation requires fixing a structure group reduction, the space of solutions
is preserved by the K-gauge group G(Px) but not the G-gauge group. The following theorem of
Hitchin for SL,C, and Simpson in general, relates solutions to the Hitchin equation and stability.

Theorem 4.5 ([47, 81]). A Higgs bundle (], ®) € F~1(0) is polystable if and only if there exists a gauge
transformation g € G(P) such that g - (J, @) solves the Hitchin equations (4.4). Moreover, g is unique up
to the actions of the G(P)-stabilizer of (], ®) and the compact gauge group G(Px). In particular, for (], ®)
stable, g is unique up to the action of G(Px).

As a consequence, for each structure group reduction Px C P to the maximal compact K < G,
the moduli space of stable Higgs bundles on a fixed Riemann surface can be equivalently de-
scribed as

Mx(G) = {(J,®) € F1(0)* | (J, ®) satisfies (4.4) with 71(],®) = j} /G(Pk).
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4.3. The joint moduli space. Fix a structure group reduction Px C P. Consider the map F from
(4.2), and denote the set of stable (resp. regularly stable) Higgs bundles by F~1(0)* C C(P) (resp.
F~1(0)"® C C(P)). The joint moduli space of stable G-Higgs bundles is the space

M(G) = FL(0)* / Auty(P) = {(J, ®) € F(0)* | (], D) satisfies (4.4)}/ Auto(Pk).

There is a natural projection to 77 : M(G) — T(X) to the Teichmdiller space of X. Moreover, the
mapping class group Mod(X), identified with Aut(P)/ Auty(P), acts naturally on M(G) covering its
standard action on T(X). Recall from §3.4.2 that C(P) has a 1-parameter family of closed 2-forms
{ws}ser and an associated family of hermitian forms {/;}scr. Finally, recall the holomorphic
bundle map ® from §3.2.

Theorem 4.6. The joint moduli space M(G) of stable G-Higgs bundles on X is an orbifold equipped with
an integrable complex structure 1, a holomorphic submersion 7t : M(G) — T(X) to the Teichmiiller space of
% and a holomorphic bundle map
O : T'TT(X) — ker(dmn).
In addition, M(G) is equipped with a 1-parameter family {ws}ser of closed 2-forms which are compatible
with 1, and the associated hermitian forms hs satisfy the following:
(1) The open sets
Us := {p € M(G) | (hs), > 0}
define an increasing exhaustion of M(G) as s goes to +oo.
(2) The restriction of hs to 711(j) is independent of s, positive and 7w=(j) is isomorphic as a Kihler
manifold to the moduli space of stable Higgs bundles on the fixed Riemann surface X = (%, j).
Moreover, all of these structures are invariant under the action of Mod(Z).

Remark 4.7. We note also that (2, 0)-part of the pullback of the Atiyah-Bott-Goldman form defines
a closed holomorphic 2-form on M(G).

The rest of this section is devoted to setting up and proving the Theorem 4.6. The standard
approach to prove such a theorem is to construct a local slice for the action. First, following Atiyah-
Bott [7, p. 577], let us denote Auty(P) := Auty(P)/Z(G), where the inclusion Z(G) — Auty(P) is
by constant gauge transformations in the center Z(G). Then Auty(P) still acts on C(P). Now, given
a point p in M(G), and a lift x € F~1(0)* which solves the Hitchin equations (4.4), we seek a
holomorphic submanifold S, of F~1(0)*! through x such that the orbit map

Auty(P) x S, — F~10)*

is a diffeomorphism onto an open neighborhood of x in F ~1(0)** (or more generally a finite rami-
fied cover). If the slice is natural, in the sense that S, = g - Sy for ¢ € Auty(Px) and y = g - x, then
the slices define a holomorphic (orbifold) atlas on M(G).

By Lemma 3.13, for sufficiently large s the hermitian form #; is positive at x. We use this metric
to complete all relevant Fréchet spaces to Hilbert manifolds using the Sobolev topology. The slice
is constructed as follows: the deformation complex arising from the infinitesimal action of Auty(P)
on C(P) and the variation of the holomorphicity equation F turns out to be elliptic, and so has a
finite dimensional space of harmonics. Applying the exponential map from Definition 3.18 to the
space of harmonics, and an implicit function theorem to project back to F~1(0)*, one obtains a
complex submanifold Sy of F~1(0)*. When x is regularly stable, this is shown to be a local slice
using properness and freeness of the action of Auto(P). For x stable but not regularly stable, the
stabilizer of x in Auty(P) is finite and preserves Sy, yielding an orbifold structure on M(G).

Surprisingly, the harmonics at x, defined with respect to the metric ks for s sufficiently large,
are independent of the parameter s. Using the explicit form of the harmonics, we show that dw;
vanishes on the tangent spaces to the slices for all s. For sufficiently large s, this implies that the
real part of h; defines a Kéhler metric in a neighborhood of p € M(G).
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4.4. Sobolev completion. In order to work with Hilbert manifolds, it is classical to complete the
different spaces. Fixing a background metric on X and structure group reduction Px C P define
the Sobolev W¥2-norm on spaces of tensors valued in associated bundles (where the W*2-norm is
defined using the L?-norm of the first k derivatives). This norm can be used to complete C(P) into
a Hilbert manifold C(P)*. Compactness of ¥ implies that the Wk'z—topology is independent of the
choices.

Similarly, Auto(P) has a Sobolev completion Auty(P)*! and the different maps (exponential
map and holomorphicity) extend smoothly to those completions and their extension will be de-
noted with an exponent k. We will refer to the subspaces C(P) and Auty(P) of the respective
completions as the smooth tensors (or symmetries). We will also assume k large enough to ensure
our tensors to be C2 and that W*? is closed under taking products.

Let us highlight two classical issues coming with this completion:

(1) The Hilbert topology and the Fréchet topology on C(P) are different.
(2) Even if the action of Autg(P) on C(P) is smooth, that of Auty(P)**! on C(P) is not.

The first issue will be fixed using elliptic regularity: the equation F(x) = 0 is elliptic and thus
the Sobolev and smooth topology will coincide on F~!(0). For the second issue, even is the action
of Auty(P)**! on C(P)¥ is not smooth, given x € C(P)F which is a smooth tensor, the orbit map

Auty(P) — C(PYf : g gx
is smooth. We now gather some properties of the action of Auty(P)**! on C(P)~.

Proposition 4.8. The action of Auty(P)**1 on C(P)* is proper, and acts with finite stabilizer on the space
of stable Higgs bundles. The stabilizer is Z(G) for reqularly stable Higgs bundles. Moreover, given a smooth
x € C(P) and an element g € Auty(P)<+1, if gx € C(P), then g € Auty(P).

Proof. The proof will follow from the same statement for the action of DiffSH(Z) on JKX) proved
by Tromba [92] as well as for the action of G*1(P) on 1-forms proved by Freed-Uhlenbeck [41].

Indeed, for properness, let (x,),en and (g,:)nen be sequences in C(P)F and Auto(P)*+! respec-
tively such that (x,),en and (gxXn)nen converge. Since the projection 77 : C (P)F — JKZ) is equi-
variant under the map p : Auttt(P) — Difka(Z), we get that (77(x,))nen and (p(g1)7T(x1))neN
both converge in [ k1(x). By the properness of the action of Diff’é“(Z) on J*(X) (see [92, Theorem
2.3.1]), up to extracting, we have that (p(g,))nen converges in Diff’é“(Z).

For any n, let h;, be a lift of p(gn)~! to Aut’(‘)H(P) such that (h,),en converges. The sequence
(huxn)nen and (h,gnxn)nen are then converging sequences in a fixed fiber of 7r, and one can apply
Freed-Uhlenbeck properness [41, Proposition A.5]: up to extracting again, the sequence (l,gn)neN
converges in GL(P). Since (My)nen already converges, (gn)neN converges in Auté“(P). This
proves properness.

To show that if x and gx are both in C(P) then ¢ must be in Auty(P) we follow the same trick:
projecting to J(X) and applying [92, Remark 2.4.3] we get that p(g) is in Diffy(X). Taking a lift i
of p(g) in Auto(P), we get that hg is a gauge transformation in G¥*+1(P) mapping a smooth element
x € C(P) to a smooth element hgx € C(P). Hence, hg € G(P) by [41, Proposition A.5], and so
g € Auty(P).

Finally, freeness of the action of Auty(P)**! on regularly stable Higgs bundles follow from free-
ness of the action of Difng(Z) on JK(Z) (see [92, Theorem 2.2.1]) and freeness of the action of the
gauge group G(P)/Z(G) on regularly stable Higgs bundles. The finite stabilizer property is proved
analogously. O
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4.5. Deformation complex. Fix a stable Higgs bundle (J, ®) € F~1(0)*". By stability, up to acting
by an element in Auty(P), we can furthermore assume that (J, @) satisfies the Hitchin equations
(4.4). The deformation complex in our situation is given by

50 51
*5) (B*,35) : 0 — aut(P)f —— T;,0)C(P)F —= (P, g)* ' —0,

where the map (53 is the derivative at the identity of the action of Auty(P)**1 on C(P), i.e., taking
the Lie derivative of (J, ®), and 5]13 is the derivative of F¥ at 0.

Consider the Auto(P)kH—equivariant projection % C(P)F — J(Z). For j = (], P), we geta
subcomplex (A®, 53 ) isomorphic to the deformation complex for Higgs bundles on the fixed Rie-
mann surface (X, j) and a quotient deformation complex isomorphic to the deformation complex
for j € J(X). We thus obtain an exact sequence of complexes of Hilbert spaces

0° — (A®,63) — (B®,d5) — (C®,6%) — 0°.

Denote (ﬂk)*l(j) by C(P)*, the complexes (A®, 6% ) and (C*®,J¢) are given by

59 5
(A%8%): 00— O)(P,0) =T C(P)f —> (P, g)" 1 —0.
(50
(C*,62) : 00— QUTL)f —— T;J () 0

The maps 83 and 62 are the derivative at the identity of the actions of the gauge group G(P) and
the diffeomorphism group, respectively, and the map d} is the differential of the holomorphicity
condition.

We now give a more explicit description of the above maps, which will serve to simplify the
computations of the harmonics in the next section. Recall that we are assuming (], ®) € F~1(0)*
solves the Hitchin equations. Following Simpson, we introduce the following operators acting on
P(g)-valued forms on %,

(4.6) D" =04, + 5P and D' =04, 4 (3P)" .

The holomorphicity condition implies (D”)> = 0 and (D’)> = 0, and the assumption that (J, ®)
solves the Hitchin equations (4.4) for the reduction Pk implies D”"D’ = —D'D".

The maps 6% and 6} are defined by applying the operator D” to the appropriate spaces. In
terms of the operators D’ and D", the map &3 is described as follows.

Lemma 4.9. For (i, B,0) € T(ja)C(P)* with 6 = ¢ + LD, we have
33(1, B, 0) = D" (B, ) + D' (30n).
Proof. The map &} is the differential of the map F at 0. By (4.3), we have
Ob(, B,0) = dO + 1B+ B, D1+ [Af, 0] = 3 + [, B] +9a, (1),

where we used that the (0,2) and (2,0) parts vanish. The first two terms are D" (B, ¢) and third
term is D'(5 ). O

We now give an explicit description of 63. For V € aut(P), we will denote the contraction of V
with the Chern-Singer connection by 7y = Aj(V).
Lemma 4.10. Suppose (], @) is a stable Higgs bundle satisfying (4.4) such that 7(J,®) = j. Let V €
aut(P)* and denote the projected vector field by v € QO(T?’O)Z)". Writing 5%(V) = (u, B, 6), we have

p=2io and (B,0) = 2iD" (ny) + D'(®(V)) + D"(d(V)) .
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Proof. We first compute the action of aut(P)* on the tangent space T;J (P)*.
Denote this by

aut(P)f — TJ(P)* : V> Vj =Ly o] —JoLy € Q)(End(TP)),

where Ly denotes the Lie derivative.
For general vector field W € Q°TP), denote the vertical and horizontal parts with respect to

the Chern-Singer connection by W, and W;,. By Remark 4.1, V]ﬁ(W) = VIﬁ(Wh). Hence,
V(W) = [V, jWal = J(LV, Wil)
= v, Wil = J(nv, Wil) + [Vi, jWi] = J([Vi, Wi])

The decomposition of the image of V]Ij into its vertical and horizontal parts corresponds to the
decomposition of the tangent vector M = (m, ) from (3.1), where y is the (0, 1)-part of m. Hence,
we have

BW) = [1v, jWilo — ilnv, Wilo + [Vi, iWilo — il Vi, Wilo
= 2i([v, W, T + [Vi, W)
Using Fa ](V, W) = —[V}, Wy, ], has type (1, 1) and the Hitchin equations, we have

B =2i (3)(nv) + 1,00, Ea, ) = 2i (3;(gv) — L [@(V), @*]) = 2id;(pv) + [(:@) ", (V)] .
The horizontal piece depends only on the projected vector fields v/, w’ of V, W. Thus,
m(@w') = [0, jw'] - j([o', w')).
Denoting the (1,0)-part of v’ by v, the (0, 1)-part of m is given by y = 2id;v. Finally we compute
the Higgs field term. For a vector field W € Q%TP) we have
Ly®(W) = dd(V, W) + WP(V).
Since @ is basic, the (2,0) part of d® + [A}, @] vanishes. By the holomorphicity condition, we have

Ly®(W) = —[A;, ®I(V, W) + WD(V)
= [®W), nv] + [A;(W), (V)] + WD(V)
= ([, 7v]+da,®(V)) (W)
Adding the expressions for g and Ly ® and using [®, §(V)] = 0 gives the desired result. O
Remark 4.11. The (0, 1)-part of Ly® is D”(®(V)). This is indeed 5.y since, using the notation

above,
D"(®(V)) = Ip(P(V)) = 9j(P(v)) = (3j0) = 5P(n),
where we used the expression for v from Lemma 4.10, and that @ is basic and holomorphic.
Lemma 4.12. The sequence (B®, 63) is a complex, i.e., 5, 0 53 = 0.
Proof. Let V € aut(P). Then, by the above remark,
35(65(V)) = D"(2iD"(y1v) + D'"(@(V)) + D" (P(V))) + D'(D"D(V)).
The result follows from the fact that (D”')> = 0 and D’'D"(®(V)) = —D" D'(®(V)). O
Lemma 4.13. For (], @) stable, the sequence
0 — HY(A®*) — H'(B*) — HY(C*) — 0

is exact and all other cohomology groups vanish.
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Proof. Since Diffy(X) acts freely on J (), the cohomology group H°(C®) is vanishes. The assump-
tion that (J,®) is stable and G is semisimple implies that H’(A®) = 0 and, by Serre duality,
H?(A®) = 0, see Proposition 4.3. The statement now follows from the associated long exact se-
quence in cohomology. O

4.6. Harmonic and semiharmonic representatives. Recall that (J, ®) is a fixed stable Higgs bun-
dle which solves the Hitchin equation. Let s € R be large enough such that the hermitian form
hs is positive on T(; $)C(P), and use it to define the different adjoints in the above diagram. Recall
that, at (J, @), hs involves the hyperbolic metric on X which uniformizes the induced Riemann
surface. Denote the adjoints of 63 and J§ with respect to hs by (63)* and (63)*, respectively. The
adjoints of the operators D" and D" from (4.6) satisfy the Kéahler identities (see Appendix A):

(4.7) (D")* = —i[A, D'] and (D')* = i[A,D"],

where A denotes the contraction with the area form of the hyperbolic metric on X.
Standard Hodge theory yields the following orthogonal decomposition

T.C(P)* = Im(63) & H'(B*) & Im((53)")

where H!(B®) = ker(5]13) N ker((ég)*) is the space of harmonics which is naturally identified with
H'(B*). The harmonics are given by the following proposition.

Proposition 4.14. Let (], ®) be a stable Higgs bundle satisfying (4.4), and s € IR be large enough so that the
hermitian form hy is positive definite at (], ®). A tangent vector (u, B,0) € T(;¢)C(P) with 0 = 1 + %CDy
is harmonic with respect to hs (that is, it is in H'(B®)) if and only if it satisfies

(1) D"(B, )+ D'(3:p) = 0;

(2) D'(B, ) = 0;

(3) *u=0.
In particular, the space of harmonics is independent of the parameter s and consists of smooth tensors, i.e.,
vectors tangent to C(P) in the Sobolev completion.

Proof. Ttem (1) is the property of being in the kernel of 6. For (2), we compute the terms in
the expression (3.7). Let (1, B, ¢) € ker(63). As above, let 5y = Aj(V) for any V € aut(P) and
(u1,B1,61) = 5%(V). From Lemma 4.10, Remark 4.11 and the K&hler identities (4.7) we have

((Br, 1), (B, 9)) = (2i D"y, (B, )) + (D' (@(V)), (B, ¥))
= —2i(ny,iAD'(B, §)) + (@(V),iAD"(B, ¥))
= (v, 20D (B, 9)) — (@(V),iAD' (3P1)) ,
where we have the definition of ker(é}). On the other hand
~HDpy, D) = —HD"(@(V)), Dp) = —(D"(@(V)), 4®p) = +(D(V),iAD’ (Lp)).

It follows that _
(03(V), (1, B,0)), = —(17v, 2AD' (B, 1)) + 2is (v, 0" pywp -
Since V' € aut(P) was arbitrary, the result follows. O

We have the following corollary.
Corollary 4.15. For any s the form dws vanishes on H'(B®).

Proof. Recall from §3.4.2 that ws = s - wwp + wp, where wy is the closed 2-form from Definition
3.10 and wywp is the Weil-Peterson form on [J(X). The result follows from the fact that the Weil-
Petersson symplectic form is closed on the space of harmonic Beltrami differentials, see [1,96]. [
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The hermitian form hj from Definition 3.10 does not make use of a conformal metric on ¥, and
so we have no notion of harmonic representatives for Beltrami differentials. This motivates the
following definition.

Definition 4.16. Let (], ®) be a Higgs bundle satisfying (4.4). We say a vector (y, B, ) € T(j4)C(P)
is semiharmonic if it satisfies

e D"(B, )+ D’ (%be) =0, (holomorphicity condition);
e D'(B,y) =0, (gauge condition).
In other words, we impose no condition on the Beltrami differential (item (3) in Proposition 4.14).

There is an infinite dimensional space of semiharmonic representatives for a given cohomology
class in H(B®). The following result characterizes these.

Lemma 4.17. Let (J,®P) be a Higgs bundle which solves the Hitchin equations, V &€ aut(P) and set
nv = A;(V). If (u, B,0) and (u1, B1,601) = (1, B,0) + 5%(V) are both semiharmonic, then V is horizontal
with respect to the Chern-Singer connection Aj.

Proof. From Lemma 4.10, we have 1 = p + 2idv, and

(B1, ¥1) = (B, ) +2iD" (33v) + D'(®(V)) .

Applying the gauge condition to both sides, we have D’D”(17y) = 0, and therefore 17y € H°(B®).
But since stable implies simple, 77y must take values in the center. Since G is semisimple, r7y = 0,
and therefore V is horizontal. O

An important consequence of the above is the following.

Proposition 4.18. The difference of any two semiharmonic representatives of a given cohomology class
[(1, B, 0)] lies in the kernel of the hermitian form ho. In particular, hy is a well-defined on H'(B®).

Proof. Suppose (1, B, ) and (y1, B1, 1) are cohomologous, and (ui2, B2, 02) € ker 6%. Then, by the
previous lemma we have

<(ﬁ1/1*l)1) - (:3’ 1*/))1 (13214]2» = <D,(¢(V)), (ﬁ2/¢2)>‘

The Kéhler identities and the holomorphicity condition twice gives

(D'(@(V)), (B2, ¥2)) = (®(V),iAD" (B2, 42)) = (D"(D(V)), 3Pp2).
Using Remark 4.11, we have

((B1, 1) — (B W), (Bo, ¥2)) = (£@(u1 — 1), Pua) .
Hence, <(‘1/11, ,31161) - (]/l, ﬁ' 9)/ (.uZ’ ﬁZI 92)>h0 = 0. M

4.7. Constructing a local slice.

Proposition 4.19. Fix p € M(G) and let x € C(P) be a lift of p that satisfies the Hitchin equation (4.4).
Let B® be the associated deformation complex from (4.5). Then there exists a complex submanifold Sy of
F~Y(0) which passes through x and satisfies the following:

(1) TuSx = H'(B*);

(2) Sy is biholomorphic to a neighborhood of 0 in H'(B®);

(3) if g € Auto(Px) and y = gx is another lift of p solving the Hitchin equations, then S, = ¢Sy; and

(4) if x is regularly stable, then the action map Auty(P) x Sy — F~Y(0) is a diffeomorphism onto an

open neighborhood of x.
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Proof. Let s € R be large enough such that g is positive definite on T,C(P)* and consider the
Hodge decomposition

T,C(P)F = Im(6%) @ H'(B*) ® Im((5})") -
This decomposition is orthogonal with respect to hs and I-invariant since both F¥ and the or-

bit Auto(P)*!- x are holomorphic. Given neighborhoods U and V* of the origin in H!(B*) and
Im((63)*), respectively, we consider the holomorphic map

vk .= Fro <exp’;|u®w) UV — Of(P, ).

Using that dgexpt is the identity, we obtain that d()¥* is the restriction of 5} to H!(A®) @
Im((5}3)*). In particular, its restriction to the second factor is a linear isomorphism. By the im-
plicit function theorem for complex Hilbert manifolds, up to shrinking U if necessary, there exists
a unique holomorphic map ¢* : U — V¥ such that for (1,v) € U x V¥ we have ¥*(u,v) = 0 if and
only if v = gok(u).

Lemma 4.20. The map ¢* described above takes value in T,C(P) (in particular it is independent of k and
will be denoted ¢). Moreover, it satisfies dogp = 0

Proof. For the first item, observe that doing the same construction with the Sobolev completion
Wk+12 instead of W*? yields a map ¢**! : U — VK1 such that for (u,v) € U x V¥ we have
Y*1(4,v) = 0 if and only if v = ¢*T1(u). Nevertheless, C(P)**! is contained in C(P)¥, so V1 =
VKN T,C(P)F! and ¥¥+1 is the restriction of ¥* to U & V¥t1. Hence, for all u € U we have

P (w, @) = ¥, ¢ (W),

so the uniqueness part of the implicit function theorem gives ¢**1(u) = ¢*(u). In particular, ¢
takes value in (e Vk+e which is equal to VENT.C(P).
To compute dog, we differentiate the equation Y*(u, (1)) = 0. It gives

where d''¥* and d?¥* are respectively the differential of ¥* with respect to the first and second
variable, and so their value at (0,0) coincides with the restriction of (5113 to H'(A®) and Im((é}g)*)
respectively. Since H!(A®) is contained in ker(d3), the above equation gives dpp = 0. U

Consider now the immersion
(4.8) o:UCH(B) — CP) : ur—— exp (u, o)),
and let Sy = o(U). The above lemma and discussion imply that Sy is a holomorphic submanifold
of C(P) contained in F~1(0) and passing through x with TSy = H!(A®). Furthermore, if y = gx
is another lift of p solving the Hitchin equation, then ¢ € Auty(Pk) and so preserves the harmonic

metric. By the uniqueness part of the implicit function theorem, we easily obtain that 0, = g0,
and so S, = gSx.

Lemma 4.21. If x is reqularly stable, up to shrinking Sy if necessary, the action of Auty(P)**! on Sy
defines a map
k. Ar (pyktl =10 -
Pt Autg(P)T X S — (FY) T 0) : () — gV,
which is a diffeomorphism onto an open neighborhood of x in (F¥)~1(0).
Proof. First note that since Sy is contained in C(P), the map ©* is smooth. Moreover, its differential
at (Id, x) is given by
(8%, 1) - aut(PY x HY(A®) — ker(03),
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where [ is the natural injection. Using the decomposition ker(é}g) = Im(é%) @ H(B*), we get that
D14, pk is a linear isomorphism. By the inverse function theorem, up to shrinking Sy, there exists
a neighborhood W of Id in Auto(P)**! such that @ restricts to a diffeomorphism from W x Sy
onto an open neighborhood of x in (F¥)~1(0).

The only thing that remains to be proved is that, up to shrinking Sy if necessary, then for any
y € Syits Autg(P)**1-orbit does not intersect Sy at a different point. Assume to the contrary that
this is false. Then there are sequences (¥,),eN in Sy and (gn)nen in Autg(P)**1 such that (Yn)neN
converges to x and (g,Yx)neN is a sequence of Sy converging to x. By Proposition 4.8, the action
of Auty(P)¥*! on C(P)* is proper, so the sequence (g,),cn subconverges to some ¢ € Auty(P)F.
In particular, gx = x, and so ¢ = Id since the action is free on regularly stable Higgs bundles
(Proposition 4.8). But this implies that g, € W for n large enough, contradicting the fact that o is
a diffeomorphism. O

The proof now follows from Proposition 4.8: if y € C(P) and ¢ € Auty(P)*! is such that
gy € C(P), then g € G(P). 0

4.8. Proof of Theorem 4.6.

Proof of Theorem 4.6. Let us first prove the theorem on the open set M"(G) corresponding to regu-
larly stable Higgs bundles. In this case, the slices constructed in Proposition 4.19 form a smooth
atlas for which the quotient map 7z : F~1(0)"® — M"$(G) is a smooth principal Auty(P)-bundle. To
prove this atlas is holomorphic, the key remark is that the almost complex structure I on F~1(0)"®
naturally induces an almost complex structure (still denoted by I) on M"*(G) as follow: given a
tangent vector u € T,M"(G), define

Ip(u) := dyt(Ix(v)) ,

where v € T,F~1(0) is such that d,71(v) = u. Since I is Auty(P)-invariant and I preserves ver-
tical vectors, one easily checks that the above definition is independent of the choice of the lift.
Moreover, the restriction of 7r to the slices is holomorphic. Since I is integrable on C(P) (by the
exponential maps), it is on the slices, and hence on M"*(G). Furthermore, the transition functions
for nearby slices are holomorphic, defining a holomorphic atlas on M"*(G).

For points lifting to stable but not regularly stable Higgs bundles x in F~1(0), the complex
submanifold Sy of Proposition 4.19 is invariant under the stabilizer of x in Auty(P) (by item (3)).
Since this stabilizer is finite, we get an orbifold structure on M(G).

To see that the holomorphic bundle map © : 7*TJ(X) — ker(dmts) from §3.2 descends to M(G),
it suffices to check @ ¢)(1) is tangent to F ~1(0) for each (J,®) € F~1(0) and each € T*TJ ().
This is equivalent to ©(; ¢)() being in the kernel of the boundary map 43 from Lemma 4.9. By
Remark 3.5, we have

58 (Og@)(1) = 03 (0, 3:0p,0) = D" (3:Pp,0) = |®, 3P = 0.
For s € R+, the hermitian form &, descends to M(G) via
hs(u, U)p = hs(ﬁ, ’UA)x

where I and 9 are harmonic vectors lifting # and v. Since h; is Auty(Px)-invariant, such a defini-
tion is independent of the choice of x lifting p (as soon as x satisfies the Hitchin equations). The
corresponding 2-form is closed by Corollary 4.15.

For s = 0, it suffices to define /iy on M(G) by evaluating along semiharmonic lift: by Proposition
4.18, it defines a hermitian form on M(G). O

Remark 4.22. It is important to note that if 4 € T (X) corresponds to a trivial deformation of X,
then ®(u) € ImD”. However, it may be the case that ®(y) € ImD” even for nontrivial classes in
HY(X, Tx).
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4.9. Nonabelian Hodge and variation of the metric. We end this section by proving two impor-
tant propositions concerning the regularity of the nonabelian Hodge map and the first variation
of the metric along the slice.

The G-character variety of the surface X is the affine GIT quotient Hom(71%, G) // G of the space
of group homomorphisms ™2 — G by conjugation (see [63], and also [79] and the references
therein). As in the introduction we denote the irreducible locus of the character variety by X(G),

(4.9) X(G) ¢ Hom(m%,G) // G.

The holonomy map hol from the moduli space of irreducible flat G-connections to X(G) is a com-
plex analytic isomorphism usually called the Riemann-Hilbert correspondence.

Recall that the map H from (3.5) sends a Higgs bundle (], ®) to the G-connection A + %(@ —
®*), and that H(J, @) is flat if (J, @) solves the Hitchin equations (4.13). Since H is equivariant with
respect to the action of Aut(Px), it descends to a map from the joint moduli space M(G) to the
moduli space of flat G-connections. Post-composing with the (Riemann-Hilbert) holonomy map
hol defines a map from the joint moduli space M(G) to X(G) which we also denote by H

(4.10) H: M(G) — X(G) : [J,®] — hol([A] 4+ L(® — ®")]),

and which we call the nonabelian Hodge map. By work of Hitchin [47], Simpson [81], Donaldson
[29] and Corlette [26], the restriction Hx : Mx(G) — X(G) is a real analytic diffeomorphism (in the
orbifold sense) for each X € T(X). According to [84, Theorem 7.18], the map

M(G) — T(Z) x X(G) : [J, @] — ([j], HIJ, P])

is a homeomorphism. As expected, the relative nonabelian Hodge map is real analytic, at least on
the stable locus. For a closely related result, see Slegers [87]. In the following, we assume a fixed
real analytic structure on the underlying principal bundle P — X.

Theorem 4.23. The nonabelian Hodge map H : M(G) — X(G) is real analytic.

Proof. Fix a point x € C(P) corresponding to a point p € M(G). We assume x = (Jo, Pp) satisfies
(4.4). Recall from §2.1.3 that a structure group reduction to a maximal compact Px C P is equiva-
lent to a Cartan involution 7. Let 1y denote a harmonic metric for (Jy, @g). Let Sy be the slice ob-
tained in Proposition 4.19. By Theorem 4.5 of Hitchin and Simpson, for each (], ®) € Sy there is a
unique harmonic metric 7 satisfying (4.4). We may therefore view T asamap 7 : Sy x P — End(g).
We first claim that 7 is real analytic. To see this, recall that we may express T = Ad,-1 1 Ady for
some g. Let k = (Ad,)* Adg, where the adjoint is with respect to the hermitian structure on P(g)
defined by 1) (see §2.1.3). Analyticity of k implies that of 7; indeed, T = Tk. Now for each
(J, ®) € Sy, Equation (4.4) in the adjoint representation becomes

(4.11) SA?(k‘laA?k) +Fp + [P, klo*k] =0,

where A(} is the Chern-Singer connection with respect to (J, 79). By the continuity of H, we may
assume k is uniformly invertible. Then in local coordinates and trivializations, (4.11) is a second
order nonlinear elliptic system in k. Moreover, since the map ¢ from (4.8) defining the slice is
holomorphic, in particular real analytic, and since A(]J is analytic in ], the coefficients of (4.11) are
real analytic on Sy. By a theorem of Morrey [68], k (and therefore also T) is real analytic on Sy x P.
Next, from the analyticity of T it follows that the Chern-Singer connection Aj associated to (J, T) is
real analytic as well. Hence, the family

De) = Aj + (@ + (D))

of flat connections is real analytic on S, x P. Finally, from the analyticity of the Riemann-Hilbert
map, the result follows. O
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We now show that the first variation of the metric solving the Hitchin equations is zero along
the slice associated to the semiharmonics. The following theorem generalizes [54, Theorem 3.5.1]
and [25, Proposition 3.12] to the setting of the joint moduli space.

Theorem 4.24. Fix a Cartan involution T on P, and let (], ®) be a stable G-Higgs which solves the Hitchin
equation for T. Suppose (J;, D¢) is a 1-parameter family of Higgs bundles with (], ®) = (Jo, Po) which
is contained in a slice S(j ) from Proposition 4.19. As in the proof of Theorem 4.23, let (T(t)) be the
1-parameter family of Cartan involutions such that (J;, @) solves the T(t)-Hitchin equation. Then

d
- =0.
dt{;—o K

Before proving the theorem, we prove an auxiliary lemma. Let (J;) and (1) be 1-parameter fam-
ilies of complex structures on P and Cartan involutions, respectively, and denote the associated
d

Chern-Singer connection by Aj,. Set T = 7(0) and T = dt|,_g 7(t). Note that 77 is a derivation.
Since g is semisimple there is section Z of P(g) with 7T = ady.

Lemma 4.25. With the above set up, we have

(4.12) (AP = —(da, TP + T((A)").

Proof. Let X be a smooth section of P(g), independent of the parameter. By definition of the Chern-
Singer connection, d 4 | (X)) = 1(da | X). Differentiating this at t = 0, we have

[A}, T(X)] + da, T(X) = 7(da,X) + T([A}, X])
[Af, T(X)] + da,[t(2), ©(X)] = [1(Z), T(da, X)] + [T(Ap), T(X)]
[A) + da,T(2), T(X)] = [T(A)), T(X)].
Since X was arbitrary, A j = —da,T(2) + T(A 7). Taking the (1, 0)-part completes the proof. O

Proof of Theorem 4.24. Let (J;, ®;) be a 1-parameter family in a semiharmonic slice §(; ¢ such that
(Jo, ®0) = (J,®) and 7; be the 1-parameter family of Cartan involutions which such that (J;, ®;)
solve the 7;-Hitchin equation

(4.13) Fa, — 3@, 1(@)] = 0.
Set (% By = ((A N, (d'D)lfo). By assumption (B, ¢) are semiharmonic, hence
(4.14) 0=3D'(B,¢) =du, (38) + [(3®) 29| = 2da B — {T(@),¢]
We first compute the first variation of (4.13) att = 0. Set T = 1.

() = T(P) + H(®P) = T(P) + T(T7(P)) = T(P) + T([Z, D]).

Since @ has type (1,0), the (0, 1)-part of @ does not enter in the computation, and we have

[®, T(®)] = [, T(@)] + [@, T(¥)] + [®, [1(Z), T(@)]].

For the curvature term, we have F A =d AI(A 7)- Using (4.12), and % B = (A ])O'l, we have

Fay = 2daB+da, (T(£B) — (da,T(2)"°) = Lda p+ 7 (%da,B) — da,((da,T(2)").
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Hence, using [®, T(¢)] = T([t(P), ¢]) and (4.14), the linearization of the Hitchin equations (4.13)
is given by
0= 3:da p — 3IT(®), ]+ T (5da, p— 1[T(@), ¥]) — da, (da, T@ZN") — {[@, [1(2), 7(®)]]
= —da,((da, T(ZN") = {[®@, [T(Z), T(P)]]
= —D" ((da,T(2)"° - 1[T(2), T(®)])
= —D"D'(1(2)).
By the stability assumption, this implies 7(Z) = 0, completing the proof. O

5. ISOMONODROMIC AND HORIZONTAL DISTRIBUTIONS AND ENERGY

Recall that wy is the closed two form on M(G) defined by the I-invariant part of the pullback
of the Atiyah-Bott-Goldman form by the nonabelian Hodge map (4.10). The associated hermitian
form hy is given by

ho(-,-) = 2(wo (I, -) + icwo(-, -))-

In this section we prove Theorems 5.15 and 5.22 concerning the relation between the kernel of
ho, the isomonodromic distribution and the energy. These are equivalent to Theorems B and C
from the introduction. We start by defining the isomonodromic distribution and deducing some
immediate consequences.

5.1. Horizontal and isomonodromic distribution. Recall that the hermitian form hy is positive
definite on the fibers of 7t : M(G) — T(X). Denote the vertical tangent bundle by

VM = ker(dmr) C TM(G).

Definition 5.1. The horizontal distribution is the subbundle H C TM(G) which is hp-perpendicular
to the vertical tangent bundle. For each x € M(G) and each tangent vector [u] € T T(X), there
is a unique lift wy,) € H, which we call the horizontal vector associated to [u].

Note that the horizontal vector wy, is the lift of [¢] with minimal hp-norm.
The fibers of the nonabelian Hodge map H define a foliation of M(G) called the isomonodromic
foliation. The leaves of the foliation are called isomonodromic leaves and will be denoted by £, =

H!(p). The leaf £, can also be interpreted as the image of a section
sp : T(Z) — M(G).

Definition 5.2. The isomonodromic distribution is the subbundle D C TM(G) defined by D =
ker(dH). For each x € M(G) and each tangent vector [u] € Ty T(X), there is a unique lift £[;,) € Dy
which we call the isomonodromic vector associated to [p].

In the §5.2, we will prove the following proposition relating the holomorphic section ® from
§3.2 and Theorem 4.6 with the horizontal and isomonodromic distributions, see Remark 5.10 and
Lemma 5.13.

Proposition 5.3. For x € M(G) and [u] € Ty T(X), let wy,) and £y, be the horizontal and isomon-
odromic lifts of [u]. Then

@ llwyall;, = = 1©x[uDI5,, and

@) wyg = 3 (U — Wgi)-

The following two lemmas are immediate from the definition of wy.

Lemma 5.4. Let x € M(G) and D, C T,M(G) be the isomonodromic distribution at x. Then D, N 1(Dy)
is contained in the kernel of wq and hence the kernel of hy.
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Proof. Suppose ¢ € D, NI(Dy). For any tangent vector u € T,M(G) we have
wo(l,u) = (H wapc(l, u) + H wapc(£), I(1))) = 0
since ¢ and I(¢) are in the kernel of d,H. O
We will prove the kernel of wy at x is exactly D, N I(Dy) in the next subsection.

Lemma 5.5. Both isomonodromic distribution D and 1(D) are isotropic with respect to the real part of hy.
In particular, for any isomonodromic vector £ € D we have ||¢ Hzo =0.

Proof. The real part of hy is 2wy(I-, -). For £,u € D we have
2wo(I(f), u) = H*'wapc(I(€), u) + H* wapc(—¢,1(u)) =0
since ¢ and u are in the kernel of dH. The proof is the same for I(D). O

Remark 5.6. Lemma 5.5 implies that /g is nonpositive on the horizontal distribution H since D
and H are both transverse to the vertical bundle VM and hy is positive definite on VM.

5.2. Semiharmonic representatives. For this section, we fix a stable Higgs bundle (], ®) solving
the Hitchin equation and let x = [], ®] be the associated point in M(G). We now relate the semi-
harmonic representatives of horizontal vectors and isomonodromic vectors.

Recall that the tangent space T,M(G) can be represented by the space of semiharmonic tangent
vectors at (J, ®). The nonabelian Hodge map on the configuration space is defined by

H(J,®) = Aj+ 0+ (@) .
As before, we write this flat connection as D = H(J, ®) and decompose D = D" + D’, where
D=3 +4i®  and D' =04+ (4@)

Now D’ and D" satisfy the Kéhler identities (4.7), and since D is flat we have D'D"” = —D"D’. As
in Definition 4.16, a tangent vector (i, 8, ) € T(;¢)C(P) is called semiharmonic if

(5.1) D"(B, )+ D' ($0u) =0 and D'(B, ) =0.
. Finally, recall that the hp-norm of a class v = [(i, B, )] € TM(G) is

loll7, = = llz@ul® + 16w,

where (p, B, ¢) is any semiharmonic representative of v (see Proposition 4.18), and where hence-
forth || - || (unannotated) always denotes the L2-norm. At (], ®), the section ® from §3.2 associates
to a Beltrami differential y the vertical vector

Note that @(j ¢)(1) is not usually harmonic. Its harmonic representative is Pler(D)) (%@y), where

PTyer(pyy 18 the L?-orthogonal projection onto ker(D’). By holomorphicity of ®, this only depends
on the class [y] of y. The following proposition is immediate.

Proposition 5.7. Let x € M(G) and [pu] € Ty T(X) be a tangent vector. Then

H@x([,u])”%o = ||[PTyer(pr) (%CDV) I?,
where (], @) is a stable Higgs bundle solving the Hitchin equation with x = [], ®].
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5.2.1. Semiharmonic horizontal vectors. We have the following lemmas characterizing the semihar-
monic horizontal vectors and their norms.

Lemma 5.8. Fix a Beltrami differential y, and suppose (i, B, ) satisfies D" (B, ) + D'(3:®u) = 0. Then
(1, B, ) is the semiharmonic representative of the horizontal vector wy,) € Hy if and only there exists a

unique n € QZ, P(g)) such that D'(7) = (B, ¢). In this case, D" () = Plim(p7) (%CIDV) , where pry i
denotes the orthogonal projection of onto Im(D").

Proof. If (4, B, ) is a semiharmonic horizontal vector then it satisfies D"(B, ) + D'(3-®u) = 0 and
is ho-perpendicular to all vertical vectors. But vertical vectors are given by triples (0, B1, ¢1) with
(B1,¥1) € ker(D"). Thus,

0= {( B, 9), (0, B1,91))ne = ((B, ), (Br, 1))
implies (8,9) € ker(D”)* = Im(D’). So there exists 7 € Q%(Z, P(g)) such that D'y = (B, ).
Uniqueness of 77 follows from the stability assumption. Conversely, if such an 7 exists, then (3, ) is
ho-perpendicular to the vertical space and semiharmonic since D> = 0. Hence (1, B, ) represents
a horizontal vector wy,) € H.

Now suppose (i, B, ) is a semiharmonic horizontal vector, and write (8,1) = D’z. It remains
to prove D"y = prlm(D/,)(%CDy). The D” and D’ Laplacians on QY(Z, P(g)) are given by (D”)*D"
and (D')*D’, respectively. By the stability assumption, both of these operators have trivial ker-
nel. Let Gp» and Gpr be the associated Green’s functions (i.e. bounded two-sided inverses) of the
respective Laplacians. Using D'D” = —D"D’, one checks that Gpr = Gpr.

Since (i, B, ) is semiharmonic, we have D"(B,¢) = —D'(5;®u). By the Kéhler identities, we
can write 17 as

7= Gp(D')'D'y = Gp/(D')"(B,¢) = —iGpy AD' (%:®p) = Gpi(D")* (%:Pu) .
Using the Hodge decomposition, write 5-®u = D”u + v, where v € ker(D")*. Then
(5.2) D"y = D"Gpn(D")" (%:®p) = D"Gpr(D")"(D"u) = D"t = prypy oy (£Pp)
This completes the proof. O

Lemma 5.9. Let (i, B, ) is a horizontal semiharmonic vector. Then
M 1B = lprimon (5:00) 17 and

@ 116 B9, = = IPriery (1) I,
where PLm (D and Plyer(Dr) 47€ the orthogonal projections onto Im(D") and ker(D'), respectively.

Remark 5.10. Combining Item (2) of Lemma 5.9 with Proposition 5.7 gives the proof of Item (1) of
Proposition 5.3.

Proof. Let (1, By, ¥y) is a horizontal semiharmonic vector and 77 € Q%Z, P(g)) be as in Lemma 5.8.
Then, using the Kihler identities and D" (B, ) = —D/(%q)}l), we have

1By, $)|I* = (D'n, D'y = (n,(D')'D'y) = (3, —iAD' (1®p)) = (D"n, 1 Op).
Item (1) now follows from the fact that D"y = prlm(Dn)(%be).
Item (2) follows from Item (1) and the fact that ker(D’) = ker((D"”)*). Namely,

1G, B 913, = — | 5 @ul2 + 1B )2
= — || 2®u[ + [[primon (1) |2

= _Hprker(D’) (%q’ﬂ) H2~
This completes the proof. O
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5.2.2. Semiharmonic isomonodromic vectors. We now characterize semiharmonic representatives of
the isomonodromic distribution. We refer to these as semiharmonic isomonodromic vectors.

Lemma 5.11. Let D = H(J, ®) be the flat connection associated to (J, ®). Fix a Beltrami differential u,
and suppose (1, B, ) satisfies the holomorphicity condition D"(B, ) + D'(3®u) = 0. Then, (u, B, ) is
a representative of the isomonodromic vector £[,) € D if and only if there exists a unique { € Q%%, P(g))
such that

dg,eH, B,¥) = DC.

Proof. A tangent vector (i, B, ) defines an isomonodromic vector if and only if the d(; o)H(, B, ¥)
is zero when projected to the moduli space of flat connections. This is equivalent to being in the
image of the flat connection D. Uniqueness follows from the assumption that (J, @) is stable. [

From the computation of the derivative of H in Lemma 3.8, and using Theorem 4.24, the equa-
tion d(;.e)H(p, B, ) = D( is written explicitly as

(53) 0+ [F0,] +oal+[(3®) .7 =% (B+w+Eou+p —y - (Fop) ).

Lemma 5.12. Suppose (u, B, §) is a semiharmonic isomonodromic vector, and let { be the unique solution
to d(j.eH(u, B, ¥) = DC. Then { = ¥, and

(5.4) D'¢=%(B+y—(Fo1)) and D'f =% (B —y*+fou).
Proof. Suppose (i, B, ) is a semiharmonic isomonodromic vector, then we have
D{=D'¢+D"¢= 2% (B+B +p— 9"+ 5Pu— (5Pu) ).
Using (D')?> = 0 and D'(B,4) = 0, we have
D'D"{ =D'(—y*, ")+ D' (o) - D' ((%ou) ).
The term D’ (%CD"M)* vanishes since
D' (zon) = [(zon) . (zon) ] =0
For the term D’ (—¢*, ﬁ*) , we have
D' (—¢",B") = =94, +[(£®) ,B1= @+ [2®,8))" = —(D"(B,¢)" =D (4op) ,
where we used the holomorphicity condition in the last equality. Hence, we have
D'D"g =L (D' (@) + D' (Lon)).
From this expression and the fact that DD’ = —D’D”, we conclude
D//D/ér — (D/D,/C)*.
On the other hand, one checks that (D'D"{)* = D'D"{* for any { € Q°(Z, P(g)). Hence,
D//D/(C _ g*) _ O

Since Im(D’) = Im(D")* and stability implies ker(D’) = 0, we conclude { = {*, as desired.
We now deduce the expressions for D' and D”. The (1,0) part of (5.3) is

Iad+ [52] =5 (B +y - (F0n))
Using { = (¥, we have
o4 — (4,0 =040 — 150, 01= (50 + [(32)"2]) =4 (B — ¢+ (3on)).
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Combining these two equations gives
Ial=gw—(3on))  and  [F@] =3B
It follows that [(%QD) : , C] = 2% B, and we conclude
D=3 (B+y—(3%n)),
as desired. The formula for D" follows from a similar computation. O

5.2.3. Relating the semiharmonic vectors. We now use Lemmas 5.8 and 5.12 to relate the semihar-
monic isomonodromic and horizontal vectors.

Lemma 5.13. Let (u, B, ) be a semiharmonic horizontal vector, and (u, B1, Y1) and (iu, B2, 2) be semi-
harmonic isomonodromic vectors, then (B, ) =  ((B1,¥1) — i(B2, ¥2)) . In particular,

(1, B, ) = % (1, Br, 1) — Wip, Ba, 1)) -

Proof. Let (1, B1, 1) and (iy, B2, 2) be semiharmonic isomonodromic vectors. Consider the vector

w = (]/l/ %(ﬁl - iﬁZ)/ %(1/]1 - leZ)) = % ((‘ur ﬁl/ 1/71) - I(Z‘M, ,82/ 1[’2)) .
By Lemma 5.12, there are hermitian sections 1, (> € Q%Z, P(g)) such that

D'iy =4 (Bt — (5on)) and D'iy =4 (Ba+ ¢ — (2@in)).
Hence
D'(ig1 + 32) = 3 ((B1, 1) — i(B2, ¥2)) -

Since w is semiharmonic and 3 ((B1, 1) — i(B2, ¥2)) is in the image of D’, Lemma 5.8 implies w is
a semiharmonic horizontal vector. [

Remark 5.14. Using the same notation as the above lemma, note that

(5.5) D" (i¢1 —G2) = —B" + 9"
Indeed, —B* + ¢* = (B} +iBs + ¢; + iyp;) and
D' = 4 (~Bi—9i+4Px)  and  D'Go= (B39 + 5Pin)

5.3. Proof of Theorem B. The following is equivalent to Theorem B from the introduction.

Theorem 5.15. Let H and D be the horizontal and isomonodromic distributions on the joint moduli space
M(G), respectively, and © : T*TT(X) — VM be the holomorphic bundle map from Theorem 4.6. Then the
hermitian form hy is nonpositive on ‘H, and for each x € M(G) the kernel Ky of hg is given by

Kx={w e H| w|}, =0} = Dy N1(Dy) = ker(©),

where in the last equality H has been identified with 7w*TT(X) via d7t. In particular, if hg is nondegenerate
at x then it has signature (dim X(G), 3g — 3).

Proof. Fix x € M(G) and a horizontal vector w € H. Let (J,®) be a Higgs bundle solving the
Hitchin equations with x = [(J, ®)] and (i, B, ¢) be a semiharmonic tangent vector for (J, ). By
Item (2) of Lemma 5.9, we have

Il = 1 B9, = =Py (3:00) 17 < 0.
Hence, hg is nonpositive on the horizontal distribution and

K= {w e H||wll, =0}
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The signature of g at points where it is nondegenerate follows immediately.

It remains to prove Ky = Dy N1(Dy). The inclusion D, NI(Dy) C Ky is proven in Lemma 5.4.
We now prove the opposite inclusion. Since K is complex, it suffices to prove Ky C D,. Suppose
w € K. By the above, w is in the horizontal distribution and has ||w||%0 = 0. Hence, by Lemmas

5.9 and 5.8, %CDV € Im(D") and there is a unique 77 € Q°(X, P(g)) such that
Dn=Bp+vy and D"y = Lopu.

Since %CIDy is a (0, 1)-form, we have %be = 3]17 and [%CID,U] = 0. Hence,
Similarly, since B and ¥ have type (0,1) and (1,0), respectively, we have = [(%CID)* ,1] and
Y = BA]17. Thus, p* = —[%@,17*], and

By the above calculations, we have

dHya)(, B 9) = 5 (B+ 9+ 3®u+ B~y — (3®1) ) =D (5 (1 —17)) -

By Lemma 5.11, this implies the vector w is in the isomonodromic distribution Dy, as desired. [

5.4. The energy function on M(G). Recall that we have fixed a structure group reduction Px C P
to the maximal compact subgroup. Let (], @) be a stable G-Higgs bundle which solves the Hitchin
equation for the fixed reduction Px. The L>-norm of the Higgs field defines the energy function
E : M(G) — RR. Explicitly,

56 B, @D = @ = 2 [ xy (¥ A¥ o)),

where ¥ = %(d) — ®*) and j = 7(J) is the induced complex structure on X.

Definition 5.16. Fix a representation p € X(G). Let s, : T(X) — M(G) be the section whose image
is the isomonodromic leaf of p. Then the energy &, of p is defined to be the function

& =Eos,: T(Z) = R.
Remark 5.17. As mentioned in the introduction, &,([X]) is the energy of the (unique) p-equivariant
harmonic map X — G/K (cf. [26, 29]).

The first and second variation formula for harmonic maps is classical (see [35, §6]). Here we
give a formulation of this for Higgs bundles (see also [90]).
Let (J;, ;) be a family of stable Higgs bundles which solve the Hitchin equations. Denote the

tangent vector at t = 0 by (j, <i>) and letm = dn j(]) € T;J(Z). The associated first and second
variation of the energy is given by

(5.7) E(]t,cbt):—2/Kg(2‘fA\ifoj+\P/\‘Fom),
z

(5.8) E(J,, 1) = —2/ q (2\If/\iifoj+2‘ifwifoj+4wwifom+‘PA\Pon'1) .
z
The first variation of E in semiharmonic directions is given by the following lemma.

Lemma 5.18. Let (1, B, ) be a semiharmonic vector at (], ), then the first variation of E in the direction
(4, B, ) is given by

E(, B, ) = 2Re (@, — (£®p) ") +2Re (@, (1@n)") = 2Re (@, 9).
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Proof. By Theorem 4.24, the first variation of the metric in semiharmonic directions vanishes. So,
P=y+iop  and  ¥Y=1(p+iop—y - (op)).
Since i and 5 ®u have types (1,0) and (0, 1) respectively, we have
—/ng (2¥A¥oj) = ;/Kg (@ @) A (ip —itop+iy* —i(Lop)))
S L (et don) +  [ra (v (200)) 1)
=Re (@, — (Lou)")

Similarly, since ¥ o m = 1 ®u + (%be)* we have
i N *
—/ng(lmqfom):i/zxg@—op YA (Rou+ (hon))

- ;/ZKQ (®A Lop) +£/Z;<g ((Zon) ro¥)
=Re (@, (Lou)).
Adding the two terms and using (5.7) completes the proof. H

Along the horizontal and isomonodromic distributions we have the following.

Lemma 5.19. Let x = [], ] € M(G) and let Wiy € Hy and E[y] € D, be horizontal and isomonodromic
vectors, respectively. Then the derivative of E in the directions wy,) and £, are

dE (wy,;) = 0 and dE(fy,)) = 2Re (@, (Lop)") .

Proof. Let (i, B, ) be a semiharmonic representative of the horizontal vector wy,). By Lemma 5.8,

¥* = 0;1 for some 17 € Q°(Z, P(g)). By Lemma 5.18 and Stokes’ theorem we have E(u, 8, ¢) = 0.
Similarly, let (1, B, 1) be a semiharmonic representative b of the isomonodromic vector £[;. By

Lemma 5.12, ¢* — (%CIDy) = o for some { € Q%Z, P(g)). Hence, by Stokes’ theorem, along the
isomonodromic distribution we have

(5.9) —/ng (2% n¥of) =o0.

Lemma 5.18 now implies E(y, B, ) = 2Re(D, (%@y)*> O

Remark 5.20. The second equation in Lemma 5.19 agrees with the well-known first variation of
the energy &,, the formula for which goes back to Douglas (cf. [32, Equation 12.29]).

We will also need the second variation of E along the isomonodromic distribution.

Lemma 5.21. Let (J;, ;) be a path of Higgs bundles whose tangent vector is an isomonodromic semihar-
monic vector (u, B, ). Then the second variation of E is given by

E(J;, @) = —2/}2Kg (2¥ AYom+¥A¥orit) = 8Re (94,(i0), (£®p)) —2/2;<g (Y AY o),

where { € OO, P(g)) is given by Lemma 5.12.
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Proof. The second variation is given by Equation (5.8). By differentiating Equation (5.9), along the
isomonodromic distribution, we have

0= —/ K (2‘PA‘~'I"oj+2‘ifA‘i’oj+2‘ifA‘ifom>.
T
Hence, for a path (J;, ;) which is tangent to the isomonodromic distribution at t = 0, we have

E(J,, @) = —2/ ke (¥ A¥om+¥AYor).
)

To complete the proof, we compute — [ x; (Z‘F ANYo m) By Lemma 5.11 and Lemma 5.12,
there is a unique ¢ € Q%% P(g)) such that { = {* and ¥ =d A, Hence,

_/ZKQ (2% n¥om) = —2/2Kg (dag A (Fop+ (2op)"))
_ Zi/ZKg (da, (D) A Lop) — 21'/2Kg ((on)" Ada i)
=2(da,(@0), (£0p) ) +2 ()", da, (i)
= 4Re (04,(i0), (2@n)"),
where we used that { = {* implies (dA](iC))* = —d,(i0). O

5.5. Proof of Theorem C. Fix a representation p € X(G). The complex Hessian of the energy
function &, : T(X) — R of p is defined by 99E,. The following is equivalent to Theorem C of the
introduction.

Theorem 5.22. Fix a representation p € X(G) and let £, : T(X) — R be the energy function of p. Fix a
point [j] € T(X) and let x € M(G) be the point in the isomonodromic leaf of p in the fiber over [j]. Then for
each tangent vector [u] € T T(X), the complex Hessian of €, at [j] along the complex line spanned by [u]
is

Oy = —2[wpalli, = 210D,

where wyy) is the horizontal vector associated [y], and © is the holomorphic section from Theorem 4.6.

Remark 5.23. Note that the complex Hessian of E along the complex line spanned by the isomon-
odromic vector £, is different than what is computed above since the isomonodromic distribution
is not complex.

Since H@([y])H%O > 0, the following corollary is immediate from Theorem 5.15.

Corollary 5.24. Let p € X(G). Then the energy function &, is plurisubharmonic. Moreover, for [j] € T(Z),
the set of directions [u] in which &, is not strictly plurisubharmonic is identified with the intersection of
ker(©) and the tangent space to sp([j]).

Remark 5.25. The first statement in Corollary 5.24 was proven by Toledo [89], in a more general
context, and later also by Tosi¢ [90]. The formula in Theorem 5.22 above makes plurisubharmonic-
ity manifest. In Appendix D, we show that this formula agrees with the expression found in [90,
Theorem 1.10]. Additionally, in [90, Theorem 1.6] it is shown that y is in the kernel of the complex
Hessian of the energy function if and only there exists a ¢, € Q%P(g))

(5.10) 0;C, = Py and [E, @] = 0.

This, too, is clearly equivalent to being in the kernel of ©. Indeed, by definition, u € ker(®(; ¢)) if

and only if J-®y is in image of D", which is equivalent to the existence of such a &,. In this way,
the holomorphicity of the degeneracy locus is also immediate.
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Proof. Let j(s, t) be a two parameter family of complex structures on X which is holomorphic in the
variable s + it and satisfies j(0,0) = j. If m,, m; are first variations of j(s, t) at 0 with respect to s, t,
respectively, then the complex Hessian of £, at j in complex line m; + im; is given

d2g,  d2%¢
(5.11) 9,0y = 4<d2+dtzp)

Let m, m1; be the second variations at 0 of j(s, t) with respect s and ¢, respectively. Then, as in [89,
Equation 17], differentiating the Cauchy-Riemann equations implies

(5.12) s + 1y = 2jm?>.

Hence, the complex Hessian is computed by adding the two second variations from Lemma
5.21 for the isomonodromic vectors E[y] and é[iy], where the sums of the two m terms satisfy (5.12).
Furthermore, it is straight forward to check that 2jm? = 2|u/?;.

Let {1,0, € OYZ, P(g)) be the associated sections from Lemma 5.11 for the semiharmonic
isomonodromic vectors (i, B1, 1) and (iy, B2, P2), respectively. We have

19009 = —;/ng (YA olul) +Re (9a,iC0), (2®p) ") +Re (94,(i02), (L ®in)") .
For the first term we have
; g (TA%W):J/ ulPrg (—ig@ A (20) +i (L) A Lo)
=i [ s (30 (32))
= llzn*
Using Stokes’ theorem and D' (%:®p) = dy, (£®p), we have
19y0dmEp = |1 3Pp|? + Re(@4, il — 2) A (F01))
= 0ulP+ Re {i [ xy (24,001 — ) A how)
— || Lp|? — Re {i/ng (G — ) A D! (%qm))} .

Let w, = (u, B, ) be a semiharmonic horizontal vector associated to y. Recall that

D’ (%cpy) =-D"(B+y)=—oyp —[®,8],

and, by invariance of the Killing form, we have
ko (21— 02 A (59 B]) = ([59 (01— 2] 7 B).
Using D" = 9 + 5 d> Stokes’ theorem and (5.5), we have

290dmEp = |u¢MV+Re{/nga—éﬂADWﬁ+¢D}
— I 3onl? —Re {i [ x (D"G5— ) A 6+ )}

— [30ul? ~Re {i [ xs (4" + BN B+ )}

=z @ull* = 18I = lIw]*.
This completes the proof since [[w, |7 = [[#]* + [ B]1* — || 5 Pull*. O
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6. STRATIFICATION AND ISOMONODROMIC LEAVES

We now discuss the C*-action on the joint moduli space M(G), Higgs bundles for real forms of
G and the C* and mapping class group invariant stratification of M(G) defined by the rank of the
kernel of the hermitian form ho, or equivalently, the 2-form wj. We then prove Theorems 6.16 and
6.8 which are equivalent to Theorems D and E from the introduction, respectively.

6.1. C*-action. Given a complex manifold N, we denote by C*[N] the group of nowhere vanish-
ing holomorphic functions on N. When N = 7 (%), the group C*[J (X)] acts on the configuration
space C(P) via

E:CLIEIXCP) — C(P) = (f,(J,®) — (, f(rg (1)P) .

This action preserves the space F~1(0)° of stable Higgs bundles. If we denote by p : J(Z) — T(X)
the quotient map, the pullback gives p* : C*[T(X)] — C*[J (X)]. We can thus define the action of
an element f € C*[T(X)] on x € M(G) by

frx:=[E(p*f,x0)] ,
where xo € F~1(0)° is any lift of x. Restricting the action to constant functions yields a C*-action

on M(G) that restricts to the usual C*-action of Hitchin on each fiber.

Proposition 6.1. The action of C*[T(X)] on M(G) described above is holomorphic.

Proof. For a Higgs bundle x = (J,®) € C(P) and a vector (f, (i, 3,0)) € TfC* [T ()] x T:C(P),
(where canonically, T,C*[7 (£)] ~ C[J (£)]) the differential of E is given by

d(f,x)E(ff (Vl ﬁl 9)) = (V/ IB/fCD + fQ)
and so =2 is holomorphic.

The pullback map p* and the projection 7r : F~1(0)* — M(G) are both holomorphic. Around
any point y € M(G), one can find a holomorphic slice § in F~1(0)° such that the restriction of 7 to
§ is a biholomorphism onto a neighborhood of y. The action of C*[T(X)] on M(G) is then locally
given by the composition 7t o Z o 7r|§1, which is thus holomorphic. U

6.1.1. The horizontal distribution. We now show that the restriction of this action to U(1) preserves
the horizontal distribution H from Definition 5.1.

Proposition 6.2. For A € U(1) denote the multiplication map m, : M(G) — M(G). Then, the derivative
dm, preserves the horizontal distribution H.

Proof. The map m, is induced from the map m, : C(P) — C(P) defined by m,(J,®) = (J, AD).
Let x = (J,®) be a stable Higgs bundle which solves the Hitchin equations. Then for A € U(1),
y = (J, A®) also solves the Hitchin equations. It suffices to prove d,m, : T,C(P) — T,C(P) sends
horizontal semiharmonic vectors at x to horizontal semiharmonic vectors at m1, (x).
For a tangent vector v = (i, B, ) € TxC(P), we have d,m)(v) = (i, B, Ap). By Lemma 5.8, v is

semi-harmonic and horizontal if and only if there exists # € QO(P[g]) such that

Dim=y)  and  DY(B)+ Di(3Pp) =0,
where D}, = d4, + (9)* and D} = 514] + - ®. Setting

Dy =94, + (5:A®)* and Dy =94, + AP,
we have

ADY(B, ) + AD(%:®p) = 94 A + LIAD, Bl + £04,ADp

= D}/(B, Ap) + Dy(A 5, ®p).
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Since A € U(1), we have
Dy(An) = 94, A + [(3ADR)*, Al = Ad a1 + [(5P)F, 7] = Ay + B.

Hence, (1, B, M) is a semiharmonic horizontal vector in T,C(P) if and only if (y, B, ¥) is a semihar-
monic horizontal vector in T,C(P). This completes the proof. 0

6.1.2. C*-fixed points and cyclic Higgs bundles. The fixed points of the C*-action on the moduli
Mx(G) of Higgs bundles for a fixed Riemann surface X are important from many perspectives.
For example, Simpson showed that, under the nonabelian Hodge correspondence, C*-fixed points
correspond to complex variations of Hodge structure [81, 84]. In addition, Hitchin showed that
C*-fixed points are the critical points of the energy function Ex on Mx(G) [48]. This also holds on
the joint moduli space.

Proposition 6.3. A point x € M(G) is a critical point of the energy function E from (5.6) if and only if it
is a C*-fixed point.

Proof. By Lemma 5.19, the first variation of the energy is always zero in the horizontal distribution.
By the above discussion, the first variation of the energy in the vertical directions vanishes exactly
at the C*-fixed points. This completes the proof. O

In [84], Simpson proves that a Higgs bundle is a C*-fixed point if and only if it is fixed by an
infinite order element of U(1) < C*. As a result, we denote the set of C*-fixed points by
Yo = M(G)C .
The set of Higgs bundles fixed by a cyclic subgroup of C* are also of interest.

Definition 6.4. Let k € IN and Z; < C* be the subgroup of k-roots of unity. A k-cyclic Higgs
bundle is a point in M(G) fixed by the action Z. Denote the set of k-cyclic Higgs bundles by Y.

We have the following proposition concerning the sets of fixed points.

Proposition 6.5. For any k € IN U {oo}, the set Yy is a holomorphic subbundle of 7t : M(G) — T(X) such
that for any x in Yy, the horizontal space H, is contained in T, Y.

Proof. Let { be a unit norm complex number generating Zj. So

Y, = {x € M(G) | {x = x}
is the set of fixed points of a holomorphic action, hence is a holomorphic submanifold. Given
x € Yy, we have

TxYk = ker(dm§ - Id) .

By Proposition 6.2, the horizontal space H, is preserved by dm;. The fact dm; is the identity on
H. follows directly from 7({y) = 7 (y) for any y € M(G). In particular

Hx C ker(mg —1d) = T, Y .
Since d, 7t restricts to an isomorphism on H,, 7t restricts to a holomorphic submersion on Y;. [

Let us now describe a nice application of Proposition 6.5. The uniformization theorem asso-
ciates to any point X € T(X) a Fuchsian representation px € X(PSL>C), and hence a uniformizing
Higgs bundle defined by

u(X) := Hy'(ox) € Mx(PSL2C) .
We thus obtain the uniformizing section u : T(X) — M(PSL,C).

Proposition 6.6. The uniformizing section is holomorphic and horizontal.

Proof. For any choice X € T(X), the uniformizing Higgs bundle u(X) is an isolated C*-fixed point
in Mx(PSL,C), [47]. Hence, the image of the uniformizing section is a connected component of
Y., and is thus holomorphic and horizontal by Proposition 6.5. O
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6.2. Stratification. Recall from Theorem 5.15 that the kernel K, of the hermitian form h at a point
x € M(G) is identified with the kernel of the holomorphic section ® at x. The dimension of the
kernel of ® defines a stratification of the moduli space M(G) which is preserved by the actions
both C* and the mapping class group of .

Theorem 6.7. Let My = {x € M(G) | dim(K,) = d} . Then

(1) My is a C*-invariant complex subvariety of M(G) which is mapping class group invariant and

empty ifd > 3¢ — 3,

(2) the closures of the subsets are nested, i.e., they satisfy My C [ [y« M,

(3) My is nonempty, open and dense, and -

(4) M3 is nonempty and closed.
In particular, M(G) = [ My is a C*-invariant stratification.

0<d<3g—3

Proof. The proof mainly follows from the identification between the kernel of the hermitian form
ho the kernel of the holomorphic section ® from Theorem B (see Theorem 5.15). The points that
do not immediately follow from Theorem B are the nonemptiness of My and Mjs,_3. For the
nonemptiness of My, the points in the so called Hitchin section are always in My, see Example
6.13 below. For nonemptiness of M3, 3, note that x € Ms,_3 for all points x where the Higgs field
@ is zero since the map O, is identically zero. O

Recall that Corollaries 1.5 and 1.6 give equivalent characterizations of the open and closed
strata, respectively, in terms of the isomonodromic distribution. They both follow directly from
Theorems 5.15, 5.22 and 6.7.

The following is Theorem E from the introduction.

Theorem 6.8. For a representation p € X(G), the following are equivalent:

(1) The isomonodromic leaf L, is contained in the closed stratum Masq_3.
(2) The isomonodromic leaf L, is a holomorphic submanifold of M(G).
(3) The energy function &, is constant.

Proof. By Theorem 5.15, the isomonodromic leaf £, is contained in the closed stratum if and only
if its tangent space TyL, = D, is a complex subspace of TM(G). So (1) and (2) are equivalent.
If the energy function &, is constant, then, at every x € L, its complex Hessian is zero at every
point. So, (3) implies (1) by Theorem 5.22. Finally, if £, C M3, _3, then the first variation of the
energy function &, is zero for all x € £, by Lemma 5.19, so (1) implies (3). 0

The following corollary is immediate from Proposition 6.3.
Corollary 6.9. If an isomonodromic leaf is fixed pointwise by the C*-action then it is holomorphic.

6.3. Points in My and Proof of Theorem D. We start with the following sufficient condition for a
Higgs bundle [], ®] to be in the open stratum M.

Proposition 6.10. Suppose H < G is a complex reductive subgroup such that the Lie algebra g has an
H-invariant splitting g = Uy @ Uy with dim(U;) = 1. Let (J, P) be a stable G-Higgs bundle such that
(P, ]) admits a holomorphic reduction Py to H, and write

® = (@1, ®,) € H(Pu(lh) ® K) © H(Pu(U2) © K) = H(P(g) ® K).
If @4 is nowhere vanishing, then x = [], ®] is in the open stratum M.

Proof. Let [], @] be a stable G-Higgs bundle and let P4 C P be a holomorphic reduction to H, as in
the statement. Consider u a Beltrami differential and a & € Q°(P(g)) such that %q)y = 0. Since
the reduction Py C P is holomorphic, we have ¢ = (&1, 2) for §; € QO(PH(Uj)) and

;¢ = (9y¢1,0;€2) = (5 P11, 3:Poph).
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Assume that ®; is a nowhere vanishing section of the line bundle Py(U;) ® K, hence
0j(2i6, @ @11 = p.
It follows that u defines a zero cohomology class, that is [u] = 0 € T; T(X). So [J, ] € My. O

6.3.1. Examples of points in the open stratum. There are many examples of Higgs bundles that satisfy
the assumptions of Proposition 6.10. Below we describe two families of interest.

Example 6.11. An SL,C-Higgs bundle (J, ®) can be viewed equivalently as a pair (E, ®), where
E is a rank n holomorphic vector bundle with fixed trivial determinant, and ® : E - E® Kisa
traceless holomorphic bundle map. Suppose E decomposes holomorphically as

E=E® - -®E,.

With respect to this decomposition a Higgs field ® decomposesas ®,;, : E; - E, Q K. If E;, £ E; ®
K for some a, b and @, is an isomorphism, then the Higgs bundle (E, ®) satisfies the assumptions
of Proposition 6.10. To see this, it suffices to consider the case when E = E; @ E; with E; =
E; ® K1 and ®;, = Id. In this situation the structure group of the bundle reduces to

H= {(A M) €SLyC | A€ GLCand A = det(A)—?—}

This subgroup preserves the splitting sl,C = U; & Up, where

u1:<(121 8>> and uzz{@ v@ |Tr(Z):0}.

Remark 6.12. Let (E, ®) be a stable SL,,C-Higgs bundle which is k-cyclic and not a C*-fixed point,
i.e., a pointin Yy \ Ye. By a result of Simpson [80], E decomposes as

E=E® - ®E,

and, with respect to this decomposition, the components of the Higgs field ®,, : E; — E, ® K are
zerowhen b —a # 1 mod k. In particular, if (E, ®) € Y \ Yo, and one of the nonzero maps

Oy En —— E, @K

is an isomorphism, then (E, @) is in the open stratum M. See §7.3 for many examples of Higgs
bundles that are special cases of Example 6.11 and which have been studied in the literature.

The second class of examples come from the so called Slodowy slice construction for an s,C
subalgebra of g. The Higgs bundle analogue below generalizes Hitchin’s description [48] of the
Hitchin section, and was introduced in [22].

Example 6.13. Suppose {f,h,e} C gis a subalgebra isomorphic to sl,C, where
[h,e] = 2e, [h, f1 = —2f, and le, f1=h.

Let T < G be the subgroup defined by exponentiating (1) and C < G be the centralizer of {f, h, e}.
Finally, let H < G be the subgroup generated by C and T. Then g admits a H-invariant splitting

N
g=Wa (fie PV,
j=0

where V; = {v € g | [¢,v] = 0 and [k, v] = jv}. The (Lie algebra) Slodowy slice of {f, 1, e} is
S5f = {f—l—l)()—l—---—l—v]\]‘ (i € V]} Cg.

We now recall a Higgs bundle analogue. Since T and C are commuting subgroups, the multi-
plication map C x T — G is a group homomorphism. Let Pr and Pc be holomorphic principal
T and C bundles, respectively, and Py be the holomorphic principal H obtained by extending the
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structure group with the multiplication map. If Pr is the holomorphic frame bundle of a square
root of K, then Py((f)) = K~ 1. In particular, f defines a section

feH (Pu((f) @K).
The (Higgs bundle) Slodowy slice of the sly-triple { f, h, e} is given by

Sy = {(P,®) = (Pu(G), f+ o + -+ - ) | $ € HOPu(V)) @ K)} .

The subset of such Higgs bundles which are stable satisfy the assumptions of Proposition 6.10,
and so define a mapping class group invariant subset of the open stratum M. For principal sl>C-
triples, the components of the Higgs bundle Slodowy slice are called Hitchin sections. All Higgs
bundles in the Hitchin sections are stable [48].

6.3.2. Proof of Theorem D. Fix an slC-triple {f,h,e} C g, and let S¢(X) C My denote the Higgs
bundle in the Slodowy slice from Example 6.13 on a fixed Riemann surface X which are stable.
Furthermore, define SJQ(X) C S¢(X) to be the subset where the holomorphic section ¢ vanishes

S9X) = {[],®] € S4(X) | o = 0.
Applying the nonabelian Hodge map (4.10), defines subsets of the character variety
H(SY(X)) C H(S¢(X)) C X(G).

In general, it is not clear how these subsets depend on the choice Riemann surface X. However,
for the special class of magical sl-triples introduced in [15], we have the following.

Theorem 6.14 ([15]). Let {f, h,e} C g be a magical sly-triple and X € T(X) be a Riemann surface. Then
H(S]?(X)) C X(G) is independent of X.

More precisely, for each magical sly-triple {f, 4, e} it was shown that there is a canonical real

form Gf} < G such that the polystable points of 3}9()() define a union of connected components of

the G}}-Higgs moduli space on X. In [15], the connected components of the G}S-Higgs bundle mod-

uli space defined by the polystable points of g})(X) (and their image in the GR-character variety)
are called Cayley components. As a result, we make the following definition.

Definition 6.15. We will say that a representation p € X(G) lies in a Cayley component if there is
a magical slr-triple { f, 1, e} such that p € H(S]?(X)) for some (and hence any) Riemann surface X.

Recall that wy defines a symplectic form on the open stratum My which is compatible with
I, and that the hermitian form %y is nondegenerate with signature (dim X(G),3g — 3). Writing
ho = 2(go + iwp), go is a pseudo-Kahler metric on My. The following theorem is equivalent to
Theorem D from the introduction.

Theorem 6.16. Let p € X(G) be in a Cayley component and L, C M(G) be its isomonodromic leaf. Then,
with the notation above, we have

(1) L, is contained in the open stratum My,
(2) L, is a wo-symplectic submanifold Mo which is totally real and go-isotropic, and
(3) ho has signature (3g —3,3g — 3) on TL, © (TL,).

Proof. By Theorem 6.14, p being in a Cayley component implies p € H(SJQ(X)) for every X € T(X).
Since, S})(X) C My for all X € T(X), the isomonodromic leaf £, is contained in M. Items (2) and
(3) now follow from the definition of My and Lemma 5.5. O
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7. HITCHIN MAP, MINIMAL SURFACES AND CYCLIC LOCUS

In this section, we construct the Hitchin map in the joint setting and give a different interpre-
tation of the section ®. We then focus on the moduli spaces of equivariant minimal surfaces and
cyclic Higgs bundles, and prove Theorems F and G and H.

7.1. The Hitchin map.

7.1.1. The bundle of holomorphic k-differentials. The bundle of holomorphic k-differentials over Te-
ichmiiller space is defined by taking direct images of the k-th power of the relative cotangent sheaf
of the universal curve. A direct construction of this bundle from the point of view of the Ahlfors-
Bers complex structure is given, for example, by Bers [9]. In this section, we briefly describe a
construction in manner of the previous sections. The result is the following.

Theorem 7.1. Fix k > 1. There is a complex manifold B® and holomorphic submersion rtg : B®) — T(X)
such that the points of the fiber Bg’? = 715 (X) consist precisely of the holomorphic k-differentials on X.
Moreover, there is an action of Mod(X) on B®) by biholomorphisms for which 7t is equivariant.

Since many of the technical details follow very closely the discussion in §4, in the following we
shall only give the set-up for the construction and omit explicit proofs.
Givenj € J(Z), let j® ¢ End((TEZ)®k) be defined by:

k
j(k)(ﬂé1®"'®“k): Z“l®"'®(“poj)®"'®“k‘
p=1

Then j® preserves Sym* (T¢E) C End((TEX)®F), and there is an eigenspace decomposition
k)
Sym TCZ‘) @ E( k+2]9[]]’

where j®) acts by ip on E(k) [/]. Let
EY = {(j,0) € T(2) x Q"L, Sym"(T¢D) | o € QO EP[jD} -

This is clearly the total space of a C* bundle on [J(X) with the Fréchet topology. Moreover, it

carries a natural complex structure. We call E;ck) the bundle of k-differentials on J (X).
Given a smooth family (j(#))ie(—e,e) in J(X) tangent to u € T;J(X), and z; is a local holomorphic

1-form on (%, j(t)), then dzk = kdz¥=11(d,). In particular
j9 - EPI1 — ED,]1.

As a result, if (j(t), g(t))ic(—e.e) is @ smooth family in E;{k), then g = (9)x + (9)x_2, where (9); is a
k-differential, and (q);_» is a (k — 2)-differential given by:

@2 = —5/®q.
The holomorphicity condition is given by the zeros of the map:
F: E;{k) — E]EkJrl) L é]qk
induced by the exterior derivative on forms, and where we regard

A’TEE ~ TWE @ TS € Sym*(TEY) .



48 COLLIER, TOULISSE, AND WENTWORTH

Proposition 7.2. The zero set Z®) of F is a smooth submanifold of EY), and Diffy() acts properly discon-
tinuously on Z®,

We then set: B®) = Z® /Diffy(Z). The structure of a complex manifold then follows along the
lines of §4.
7.1.2. The Hitchin map. Let us first briefly recall the definition of the Hitchin map on Mx(G). For a

fixed Riemann surface X, let B()Ié)
¢, the Hitchin base is defined by

= H(X, KF). Given a semisimple complex Lie group G of rank

l
(7.1) Bx(G) = @ Bgignﬁrl)
i=1

where my, ..., my are the exponents of G. For each exponent m; of G, let p; denote a choice of
nonzero invariant polynomial on g of degree m; + 1. The Hitchin map is then
@x : Mx(G) — Bx(G) : [€, @] = (p1(D), ..., pe(P)) .

Now let B(G) denote the fiber product over T(X) of the spaces B+l i = 1,..., ¢, from the
previous section. Let us continue to denote the projection by 7rg. Then 7 : B(G) — T(X) is called
the joint Hitchin base.

We can then define:

(7.2) @[], @]) = [, p1(P), .., pe(P))]

Using the holomorphicity condition on ®, the map @ takes value in B(G) and is holomorphic since
the p, are. This is the desired relative Hitchin map. We summarize with the following.

Theorem 7.3. There is a holomorphic map @ making the diagram

M(G) @ B(G)
N )A

commute. Moreover, for every X € T(X), the restriction of @ to 71~ 1(X) is the Hitchin map @x.

T(Z

7.1.3. The quadratic part of @. Note that for any semisimple G, we have m; = 1. In particular, the
Hitchin map has a quadratic piece @@ : M(G) — B®. This quadratic part is closely related to ©®
as we now explain2 (see also [20]). Here we normalize @® by

@2([],®]) = (7(]), }r(@ @ D)) .

Using the identification between B()?) and T{T(X), any u € TxT(X) defines a function f, on
Mx(G) by

fulll, 1) = (@(1], @1, 1) -
Here (-, - ) is the natural pairing between H(K%) and H!(X, TX) given by
(a2, 1) = / am,
z

where g, is seen as a (1, 1)-form on X.
Recall that Mx(G) is equipped with a holomorphic symplectic form w¢ defined by

W€ ((B1, 1), (B, 92)) = i /2 ko(2 A Br — 1 A Ba)

2We thank Nigel Hitchin for pointing out this interpretation.
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Proposition 7.4. For any X € T(X) and [u] € TxT(X), the vector field @([i]) on Mx(G) is the Hamil-
tonian vector field of f,, with respect to w$. In particular, for any x € M(G) we have

dim coker d,@® = dim ker O,.

Proof. For x =[], ®] € M(G) we have

d@Q (B, 1) = Irg(@ @ ¢) .
Thus

dfulB ) =5 [ k@0 =i [ x (91 50u) =S (OG0, (5,p)

This proves the first statement. To show the second statement, first observe that, evaluating @@

along horizontal vectors, one obtains coker d,@@® = coker dwﬁ?. The result follows from the

duality between d, f, and O, (). O

7.1.4. The nilpotent cone. We shall not discuss the rich geometry of the Hitchin map, other than to
point to an essential consequence. For a fixed X € T(X), the nilpotent cone Cx(G) is the preimage
of 0 € Bx(G) by the Hitchin map @x. In the joint setting, we define the (relative) nilpotent cone C(G)
as the preimage by @ of the zero section in B(G). We record the following:

Proposition 7.5. The nilpotent cone C(G) is a complex analytic subvariety of M(G).
Recall the definition of the set Uf; from Theorem 4.6.
Theorem 7.6. There is sg > 0 such that for each s > s, the set Us is an open neighborhood of C(G).

Now let § € Bx(G). Then § = (qx,,--.,qx,), Where k; = m; + 1 and gy, is a holomorphic k;-
differential on X. Define the pointwise norm

/
5@ = ) lak,[52)
i=1
where p is the hyperbolic metric on X (see Appendix A). We set
1o := sup |15(2)
zeX
Finally, note that given a Cartan involution T we can define a pointwise norm for the Higgs field
|®|p,<(z) as in Appendix A. With this understood, we have the following.

Lemma 7.7. Fix ¢ > 0. Then there is K(c) > 0 with the following significance. If (£, ®) is a solution
to the Hitchin equations on a Riemann surface X with harmonic metric T, and ||@x(J, ®)|l < ¢, then
sup [®],,:(z) < 4K(0).

zeX

The key point is that K(c) is uniform independent of X. Lemma 7.7 is due to Simpson [82,
Lemma 2.7] (see also the proof of [94, Proposition 4.2.21]).

Proof of Theorem 7.6. For ¢ > 0, it is clear that
ME(G) = {[(J, ®)] € M(G) | [|@x(], )|l < c}

is an open neighborhood of the nilpotent cone. If we take s9 = inf.~o K(c), then for any s > s,
there is ¢ > 0 such that K(c) < s, and so M®(G) C Us. This completes the proof. 0
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7.2. Equivariant minimal surfaces. Any point x = (J, ®) in M(G) corresponds to an equivariant
harmonic map u, from the universal cover of X = 7(x) to the symmetric space of G. The following
is classical.

Proposition 7.8. For any point x in M(G), the holomorphic quadratic differential @ (x) is proportional
to the Hopf differential of the associated equivariant harmonic map.

Recall that uy is a branched minimal immersion if and only if its Hopf differential vanishes (cf.
[46, 75]. As a result, the set

W(G) = {(J, @) € M(G) | p1(®) = 0}
is the space of equivariant minimal immersions.

Proposition 7.9. The set W(G) is a complex analytic subvariety of 7t : M(G) — T(X). The restriction
Wy := W(G) N My is a smooth complex manifold.

Proof. If Z denotes the image of the zero section in T*T(X), then W(G) = (@®)~1(Z) and the first
statement follows by holomorphicity of ©®.

For the second statement, since points in M correspond to points on which the energy is strictly
plurisubharmonic (by Corollary 1.5) and that the complex Hessian of the energy is related to the
norm of ® by Theorem 5.22, we get that ® (seen as a section of Hom(7r*TT(X), VM(G))) is injective
at every point of My. The equality between dim coker d,®©® and dim ker ® of Proposition 7.4 then
implies that @@ is a submersion on My. The result follows. O

We now prove Theorem F of the introduction.

Theorem 7.10. The restriction of wy to Wy is equal to the pullback of the Atiyah-Bott-Goldman symplectic
form via (the restriction of) the nonabelian Hodge map.

Proof. Since Wy = {(J, @) € My | 4(P ® ®) = 0}, for x = (], P) € W(G), we have
T Wy = {(]l, 0, ,B) € T My | Kg(q)(g) 0) = 0} .

Since xg(® ® ®) = 0, we have for any (1,6, B) € TxM that 1,(® ® ) = 0. Writing § = ¢ + 1Py
with ¢ of type (1,0), we get that x4(® ® ) = 0. In particular, for any Beltrami differential v on
X = m(x), we get we have «y(p A Pv) = 0 (this can be easily seen in local coordinates).

From equation (3.6), the (2, 0)-part of H*w 4p¢ is given by

1 1
(' @anc)?” (1,00, B0, (0,02, B) = — [ a1 702 =~ [ sy A Bpiz = A i),
and so vanishes on T, W(. The result follows. O

Since M) is pseudo-Kéahler and not Kéahler, the restriction of /1y to Wy is not necessarily nonde-
generate (equivalently, the restriction of H to Wy is not necessarily a local symplectomorphism).
Nevertheless, we can prove the result on the cyclic locus Yy N Wy for k > 2. This is the content of
Theorem G of the introduction.

Theorem 7.11. Let k > 2 and x be a point in the k-cyclic locus Yy N Wq of Wo. Then the restriction of
the nonabelian Hodge map H to Wy is a local symplectomorphism around x. In particular, hg restricts to a
pseudo-Kiihler structure on a neighborhood of x in Wo.

Remark 7.12. Recall from Example 6.13, that the points of any Slodowy slice Sy lie in M. Hence,
Theorem 7.11 applies to all k-cyclic Higgs bundle, with k > 3, which lie in some Slodowy slice.
For example, all k-cyclic Higgs bundles in Hitchin components for k > 3.



HIGGS BUNDLES, ISOMONODROMIC LEAVES AND MINIMAL SURFACES 51

Proof. Denote by V,Y; and VW) the intersection of the vertical space V,M with T,Yy and T, W,
respectively. The restriction of iy to Wy and Yy yields orthogonal decompositions

T,Wo = V,Wo @ (V,Wo)" and T,Wp = V,Y; @ (V,Yp)" .

The joint Hitchin map @ is C*-equivariant, where C* acts with weight k on the bundle B®
of holomorphic k-differential. In particular, if « is not a multiple of k, then ©®(x) = 0 for any
x € Y. If follows that Y; N M) is a submanifold of Wy, we get that V,Y; C V,Wj and so since the
dimension coincide, we get (V,CWO)l = (VxYk)L. Proposition 6.5 the implies

He = (ViMo)™ = (VaWo)" = (VaXp) " .
But by definition, x € My if and only if /iy is non-degenerate on H,. The result follows. ]

7.3. Cyclic Higgs bundles. We now describe many examples of cyclic Higgs bundles that ap-
peared in the literature. One can show that each of these examples are in some Slodowy slice for
the relevant complex group. As a result, they are all in Wy, see Remark 7.12 (alternatively, since
these examples are described in terms of holomorphic vector bundles, and one can also apply
Proposition 6.10 and Remark 6.12). Theorem 7.11 then gives the following result.

Theorem 7.13. Let Z be one of the complex submanifolds of Y; N My described in the following list. Then
the nonabelian Hodge map defines a symplectic immersion to the character variety. In particular, real part
of hg restricts to a nondegenerate pseudo-Kihler metric on Z.

(1) Hitchin cyclic. The first extensive study of cyclic Higgs bundles was carried out by Baraglia
in his thesis [8], and followed by Labourie in [55]. These works focused on the k-cyclic
Higgs bundles associated to Hitchin components of the split real form of G, when k — 1 is
the length of the longest root in g. In this case, Theorem 7.13 recovers Labourie’s result that
H restricts to an immersion [55, Theorem 1.5.1].

(2) Maximal representations in rank 2. This second example was considered by Tholozan
and the first two authors in [23]. The 4-cyclic SO, >,C-Higgs bundles which give rise to
maximal representation into SO, ,. Such cyclic Higgs bundles are a Gauss lift of maxi-
mal surfaces in the pseudo-hyperbolic space H>"~!. By Theorem 7.13, the corresponding
component Z C W(G) is locally symplectomorphic to the components of maximal repre-
sentations in X(G).

(3) Alternating holomorphic curves in H*2. In [24], the first two authors described a one-to-
one correspondence between some 6-cyclic Higgs bundles for the exceptional Lie group G}
and some alternate holomorphic curves into the almost-complex pseudo-hyperbolic space
H*2. The corresponding Higgs bundles satisfy the condition of Proposition 6.10, hence
Theorem 7.13 provides a stronger result than [24, Theorem C].

(4) A-surfaces in H™ 1. In [69], Nie describes a correspondence between a certain classes of
2n-cyclic Higgs bundles for SO, , 1 and alternating maximal surfaces in H*" or H*~1"*1,
depending on the parity of n. These Higgs bundles again satisfy the hypothesis of Propo-
sition 6.10, and so Theorem 7.13 recovers Nie’s infinitesimal rigidity [69, Theorem C].

(5) Non-maximal in SO 3. A special class of 4-cyclic Higgs bundles for SO, 3 was considered
in [23] in relation to geometric structures. These Higgs bundles were shown to define
Anosov representations by Filip [39] and Zhang [98]. These results can also be generalized
to SOy, see [98, Remark 5.7]. Theorem 7.13 applies in this situation and yields a new result
on this class of cyclic Higgs bundles.

(6) Non-Hitchin in SL3(IR). In a recent paper [17], Bronstein and Davalo considered a special
class of 3-cyclic Higgs bundles for G = SL3(IR) and prove the corresponding representa-
tions are Anosov. By Theorem 7.13, these cyclic Higgs bundles define symplectic immer-
sions into the character variety.
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(7) Non-Hitchin in SLy,11(R). In [73], Tamburelli and Rungi gives a correspondence between
some (21 + 1)-cyclic Higgs bundles for SL,,1(IR) and some special surfaces in the para-
complex hyperbolic space. Theorem 7.13 also applies in that case and defines symplectic
immersions into the character variety.

Finally, as a corollary of Theorem 7.13, we obtain Theorem H of the introduction.

Corollary 7.14. Let Y C X(G) either be the submanifold Hitchin representations into the split real form
when rk(G) = 2 or the submanifold of maximal SO, ,,-representations when G = SOy, C. Let Z C Wy be
the submanifold of minimal surfaces equivariant with respect to the points of Y. Then

H:Z—Y

is a global symplectomorphism. In particular, hy defines a mapping class group invariant pseudo-Kihler
metric on Y which has signature ((dim G — 3)(¢ — 1),3g — 3) and is compatible with the Atiyah-Bott-
Goldman form.

Proof. Let x € M(G) be such that H(x) is a maximal representation into SO, or a Hitchin repre-
sentation in rank 2 (hence x € My). In that case, the condition x € W(G) is equivalent to being
cyclic of order 3, 4 or 6 when g is sl3C, s0,1,C or gy, respectively. Such cyclic Higgs bundles are
described in items (1) and (2) above, and so we can apply Theorem 7.13.

Since the dimensions of Wy and X(G) coincide, H restricts to a local symplectomorphism from
Z to Y. The proof that H is a global symplectomorphism follows from applying [55, Theorem
8.1.1]. O

APPENDIX A. KAHLER IDENTITIES AND INNER PRODUCTS

Here, we summarize the conventions for hermitian geometry on Riemann surfaces that we use
throughout the paper. Let X = (%, j) be a Riemann surface with its hyperbolic conformal metric,
expressed as ds?> = p(dx? + dy?) in local conformal coordinates z = x + iy. We shall refer to the
metric simply as p. The area (Kdhler) form is

vy = spdz Ndz
By definition, the pointwise norms are given by:
Oxls =10yl =p , ldx[; =ldyl; =p~"
Hence, xdx = dy, xdy = —dx, so that dx A\ xdx = |dx|§p dx A dy, etc. Now we have dz = dx + idy,
and xdz = dy — idx = —idz; xdz = +idz. This gives us:
*¥dz =idz , *dz = —idz.
Notice that #* = —1. We also have, of course, ¥/, = 1, 1 = v,. Under the real isomorphism of
the tangent space with Riemannian metric and (1,0) vectors with the induced hermitian metric,
Oy > 0z, 9y > i0;, we have ]8213 = p/2. Then
dz A xdz = idz A dz = |dz[} spdz A dz = |dz|} v,

We define the L?-hermitian inner product on the space OP(X) of complex valued (p, g)-forms

by:

(A.1) (a1, a0) ::/ &1 A *ao
X
More explicitly, we have
(A2) W) =i [ piA, e QPX)

(A.3) (B1,B2) = —1'/)(51 ANBy . Bi€Q¥(X)
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It follows immediately from (A.1) that the formal adjoint of 0 with respect to the pairing (A.3) is
0* = —%0%. Define A : O%(X) — Q%(X) by extending A(v,) = 1 complex linearly. Then we have
the Kéahler identities:

(A.4) 3 = —i[A,d] , O = —i[A,d]

The hermitian structure on sections of the holomorphic tangent bundle QUTX) is given by:

(A.5) (v1,02) :/X<01102>p1/p , v € ONTX)

This is dual to the inner product on (1, 0)-forms. Indeed, writing (A.2) locally, we see that

(¥1, ¢2) Z/X<l/71,¢z>pvp , 1 € QM(X)

Let g; be a k-differential on X, i.e. a section of K¥. In a local conformal coordinate z on X, we
write g = qk(z)dzk and define the pointwise norm:

|9kl3@) = |ac@)*(p(2) /2)*

This is independent of the choice of conformal coordinate.
Finally, given a Cartan involution 7, we define a pointwise norm on Higgs fields as follows. In
local conformal coordinates, write ® = ®(z)dz. Then

D2+ (2) = rg(P(2), D*(2))(0(2)/2) " .

APPENDIX B. LINK WITH ALGEBRAIC GEOMETRY

For the purposes of this paper, we have not needed the fact that M(G) is locally isomorphic to the
analytification of the moduli space of stable relative G-Higgs bundles constructed, for example, in
[84] and [37]. This assertion can be shown by producing local universal families on M(G) and then
using the modular properties of the algebraic space. Such an argument is by now standard, but
here we omit the details. It will be useful, however, to show that the deformation theory agrees,
and that is the purpose of this section.

Fix a smooth complex projective curve X and a complex reductive group G. Let 7 : P — X be
an algebraic principal G-bundle. Recall that the Atiyah algebra At(P) of P is the sheaf (coherent
analytic on X) of invariant holomorphic vector fields on P. We have a tautological sequence:

(B.1) 0 — ad(P) — At(P) —— Tx — 0
where ¢ is projection to X. We have a homomorphism
At(P) — At(ad(P)) : V+— Dy

where At(ad(P)) is identified with first order differential operators on ad(P) with scalar symbol:
c(Dy) = (V). Explicitly, given V € At(P), and regarding a local section s of ad(P) over U C X
as an equivariant map s : 7~ }(U) — g, we define Dy(s) := V(s). We also define a homomorphism

At(P) — At(ad(P) ® Kx)
(Kx = T%) as follows. For local sections s of ad(P) and « of Kx, let
Dy(s ® a) := Dy(s) ® a + s @ da(c(V))

One checks that this is a well-defined differential operator with ¢(Dy) = (V). With this under-
stood, we have the following
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Lemma B.1 (cf. Welters [93]). Let (P, ®) be a G-Higgs bundle on X. Consider the complex

B* - At(P) %, ad(P) ® Ky
where ad(V) := [®, Dy]. Then the hypercohomology H' (%°) parametrizes first order joint deformations
of (X, P, D).

Next, let P denote the underlying smooth G-bundle, and | € J(P) such that P ~ (P, ]). Let
éad(p) denote the d-operator on ad(P) defining the holomorphic bundle ad(P). We have the fol-
lowing C* resolution of B*:

AY(P) ——— aut(P) —L—— T} J(P) ——— 0

(B.Z) Jadq> J/adq) J/adq>
ad(P) ® Ky —— AY(X,ad(P)) =T ALA(X,ad(P)) —— 0

Here, the map L is given by V + Ly/J, for a smooth invariant vector field V on P. At a solution to
the Hitchin equations, the diagram commutes if we define ade on 177 (P) by:

(1, B) = —5,0a(Pp) + D, B])

Hence, the complex B® from §4.5 gives a smooth resolution of %°. The next result is an immediate
consequence.

Proposition B.2. We have an isomorphism: H' (At(#*)) ~ H(B*),i = 0,1,2.

APPENDIX C. THE ALGEBRAIC DEFINITION OF ®

In this section we give the algebro-geometric definition of ® (see also [20]). Continuing with
the notation of the previous section, let «7* denote the complex

*:ad(P) =% ad(P) @ Kx

Then H!(«/*) parameterizes the tangent space to Mx(G) at a stable Higgs bundle (£, ®) on X [70].
The exact sequence of complexes

0 —— ad(P) —— At(P) Tx 0
lachb lachp l
0 —— ad(P)® Ky —— ad(P) ® Kx 0 0

gives the tangent sequence of M(G) — T(X) at a stable Higgs bundle:
0 — HY(«*) — HY(%#*) — H'(Tx) — 0
On the other hand, notice that ® defines a map of complexes

1

L e

0 — ad(P) ® Kx

since ® commutes with itself. Let @78 be the induced map H'(Tx) — H!(«/*). The following is
then straightforward.

Proposition C.1. In terms of the isomorphism from Proposition B.2, the holomorphic section @8 defined
above satisfies @"&([u]) = [(0, 3Py, 0)] for all [u] € H(Tx).
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APPENDIX D. COMPARISON WITH THE FORMULA OF TOSIC

We explain here why our formula (1.1) for the complex Hessian of the energy agrees with the
one found by Tosi¢ in [90, Theorem 1.10]. Fix a Beltrami differential # and a harmonic bundle
(J,®). For simplicity, set (1,8, {) to be the minimal norm (horizontal) tangent vector, and let
(4, B1, Y1), (in, B2, P2) be the isomonodromic tangent vectors. Recall that from Lemma 5.13,

B=13B1—iB2) , =311 —iy)

and from Lemma 5.5, ||(B;, ;)| = ||Pp/2i|| for i = 1,2. Finally, we have also proven that (see
Lemma 5.12)

(D.1) 9agi = 5 (=i + 3P, (5P, &l = 5B

fori=1,2.

Now there are two differences in the normalizations used here compared with those in [90].
First, our derivatives are computed with respect to y, whereas in [90] they are computed with
respect to %y. This means that the (complex) variation of the harmonic metric, which Tosi¢ calls
w, is 2i times the variation that we obtain. So,

(D.2) w=2ix }(C1—i2) =01+ {2

The second difference is that the Higgs field, which Togi¢ calls 9y, corresponds to our 5-®. Hence,
in the notation of [90, Theorem 1.10],

(D.3) > ®u=0,9+6

where 8 1 imdy,.
With this understood, we proceed to calculate To$i¢’s expression for the Hessian A, E:

(D.4) BuE = 861 + 834w — ¢)|* ~ 81 [ (RGw,2fo 1 3fo,w)

where R is the curvature of the (appropriately normalized) invariant metric on G/K. Using (D.2)
and (D.1), we have

daw = — 55 (1 + ih2)* + 5, Pp
Now from (D.3) and the fact that§ 1. imd4,
0a(w— @) = 0w —+0— £du
194w — @)||* = [|daw]|* +[|0]|* + || Pp||* — 2Re(daw + 6, ;;Pp)
But 5 (6, Pu) = 0], so
194w — @)|* = [|daw]|* — [|0]|* + || ®p|* — 2Re(daw, 5Pp)
which we can write as
1611 + 04w — @)|* = [|9aw — 5;Ppl1> = L(lI9nll* + l2]1* + 2 Re(yn, i)
For the last term in (D.4), we have
—i [ (RGw,0fo 73fo,w) = [ [hp,ida+ &I = Ik om)", =i + Call?
= (1381 +iB)|I* = F(IB1l* + [|B2]|* +-2Re(B1, B2))
It follows that
(D-5) AE = 4(||@pe/2i]|* + Re((B1, 1), (iB2, iYp2))
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On the other hand,

1B I> = T BL 1> + 1(B1, 1) 1> — 2Re(B1, iB2))
= 2| 5ul* — Re((B1, 1), (iB2, iy2)))
Re((B1, ¥1), (iB2,i2))) = || Pull* — 2[|(B, )|>
Finally, plugging this into (D.5), we obtain

AyE = 8(|| 3:0u* = (B )P = =8llw, |7, .

which agrees with (1.1) (see also Lemma 5.9).
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