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HIGGS BUNDLES OVER CELL COMPLEXES AND REPRESENTATIONS OF
FINITELY PRESENTED GROUPS

GEORGIOS DASKALOPOULOS, CHIKAKO MESE, AND GRAEME WILKIN

ABSTRACT. The purpose of this paper is to extend the Donaldson-Corlette theorem to the
case of vector bundles over cell complexes. We define the notion of a vector bundle and a
Higgs bundle over a complex, and describe the associated Betti, de Rham and Higgs mod-
uli spaces. The main theorem is that the SL(r, C) character variety of a finitely presented
group I' is homeomorphic to the moduli space of rank » Higgs bundles over an admissible
complex X with w1 (X) = I'. A key role is played by the theory of harmonic maps defined
on singular domains.
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1. INTRODUCTION

Higgs bundles were first introduced by Hitchin in [21] as a PDE on a vector bundle over
a Riemann surface obtained by the dimensional reduction of the anti-self dual equations
on R*. Since then, the field has seen a remarkable explosion in different directions most
notably the work of Simpson on variations of Hodge structures and applications to Kahler
groups (cf. [32], [34]). The work of Donaldson and Corlette ([16], [8]) provided links with
the theory of flat bundles and character varieties of groups. Higgs bundles have been
generalized over noncompact manifolds (cf. [10], [33], [24], [25]) and singular curves (cf.
[5]). The goal of this paper is to push this even further by considering Higgs bundles over
more general singular spaces; namely, finite simplicial complexes.

2000 Mathematics Subject Classification. Primary: 58E20 ; Secondary: 53C07, 58D27 .
G.D. supported by grant number NSF DMS 1608764.
C.M. supported by grant number NSF DMS 1709475.

G.W. supported by grant number R-146-000-200-112 from the National University of Singapore.
1



2 GEORGIOS DASKALOPOULOS, CHIKAKO MESE, AND GRAEME WILKIN

As pointed out by Hitchin, Donaldson and Corlette, a key role in the relation between
character varieties and Higgs bundles is played by the theory of harmonic maps. Har-
monic maps had been used before in the study of representations of Kidhler manifold
groups starting with the work of Siu [35] (also see [6]) and has seen some remarkable ap-
plications in providing new proofs of the celebrated Margulis super rigidity theorem (cf.
[23] and all the references therein) and the only existing proof of the rank one superrigid-
ity theorem due to Corlette and Gromov-Schoen (cf. [9] and [20]). But these directions
involved showing that the representations are rigid, in contrast with Hitchin’s point of
view which is to study the moduli space of such representations.

In all the above references, one studies representations of fundamental groups of smooth
manifolds rather than arbitrary finitely presented groups. In other words, the domain
space of the harmonic map is smooth. Chen and Eells-Fuglede (cf. [7], [17]) developed
the theory of harmonic maps from a certain class of singular domains including admis-
sible simplicial complexes. By admissible they mean complexes that are dimensionally
homogeneous and locally chainable in order to avoid certain analytic pathologies (see
next section for precise definitions). Since any finitely presented group is the fundamen-
tal group of an admissible complex, there is no real restriction in considering admissible
complexes. The key property of harmonic maps shown in the above references is that they
are Holder continuous but in general they fail to be Lipschitz. In fact, the work of the first
two authors shows that Lipschitz harmonic maps often imply that the representations are
rigid (cf. [12] and [13]).

The starting point of this paper is a finitely presented group I' and a two-dimensional
admissible complex without boundary X with fundamental group m(X) ~ I'. We also
fix a piecewise smooth vector bundle £ over X that admits a flat SL(r, C)-structure. Such
bundles are parametrized topologically by the (finitely many) connected components of
the SL(r, C)-character variety of 71 (X). One can write down Hitchin’s equations

(1.1) Fa+v A =0
(1.2) datp = 0

for a sufficiently regular unitary connection A and Higgs field 1. Again, as in the smooth
case, the SL(r, C) connection d4 + % is flat and one can ask what the precise condition is
so that the pair (d4, 1) corresponds to a representation p : m (X ) — SL(r, C).

Given a representation p as above, we can associate as in the smooth case a p-equivariant
harmonic map from the universal cover X to the symmetric space SL(r,C)/SU(r). The
tirst two authors in [12] studied harmonic maps from simplicial complexes to smooth
manifolds and discovered the following crucial properties:

(1) The harmonic map is smooth away from the codimension 2 skeleton of X.

(2) The harmonic map satisfies a balancing condition at the codimension 1 skeleton of
X in the sense that the sum of the normal derivatives vanishes identically.

(3) The harmonic map blows up in a controlled way at the codimension 2 skeleton of
X.

All the above properties are described precisely in Theorem 3.3. This allows us to prove
that the derivative of the harmonic map belongs in an appropriate weighted Sobolev
space L3 ; (cf. Proposition 4.5). The definition of weighted Sobolev spaces is given in Sec-
tion 3.2. Finally, the main theorem describing the correspondence between equivalence
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classes of balanced Higgs pairs of class L7 ; and representations is given in Section 4 (cf.
Theorem 4.3).

We would like to end this introduction with a brief discussion of some motivation and
tuture applications of this paper that we will explore elsewhere (cf. for example [14]).
Note that, with the exception of [5], the theory of Higgs bundles on singular varieties
is not very well understood. For example, one of the important questions about funda-
mental groups of singular projective varieties is whether fundamental groups of normal
varieties behave more like the ones of smooth manifolds, or in the other extreme, there are
very few restrictions on them (cf. [1] and [26]). This question will be addressed in detail
in [14], and the connection with the results of this paper is as follows: By [17] Example 8.9,
an n-dimensional normal projective variety X admits a bilipschitz triangulation with its
singular set as a sub-complex of dimension at most n — 2. Furthermore, X is admissible in
the sense of Definition 2.2. Thus, studying harmonic maps on X, or more generally con-
structing moduli spaces of bundles on X could imply restrictions on fundamental groups
as in [6] and [34]. This is carried out in detail in [14], but the key analytic estimates are
Theorem 3.3 and Proposition 3.5 of this paper. These results can be utilized to describe
the behavior of the pluriharmonic map, or equivalently the Higgs bundle near the singu-
larities of the variety. Notice that pluriharmonicity reduces the analytic estimates needed
to 2-dimensions, hence the motivation of studying only 2-dimensions in this paper.

2. VECTOR BUNDLES OVER COMPLEXES
2.1. Basic Definitions of smooth bundles.

Definition 2.1. (cf. [27]) Let EY be an N-dimensional affine space. A cell of dimension i
is a non-empty, open, convex, bounded subset in some E* C EV. We will use the notation
o' to denote a cell of dimension ¢ and call E’ the extended plane defined by o'. A locally
finite convex cell complex or simply a complex X in EV is a locally a finite collection F = {o}
of disjoint cells in EV such that for any o € F its closure 7 is a union of cells in F. The
dimension of a complex X is the maximum dimension of a cell in X.

For example, a simplicial complex is a cell complex whose cells are all simplices.

Definition 2.2. A connected complex X of dimension n is said to be admissible (cf. [7]
and [17]) if the following two conditions hold:

(i) X is dimensionally homogeneous, i.e., every cell is contained in a closure of at least
one n-cell, and

(ii) X is locally (n — 1)-chainable, i.e., given any (n — 2)-cell v, every two n-cells ¢ and
o’ incident to v can be joined by a sequence o = 0y, 01, ...,0; = ¢’ where 0; and o, are
two adjacent n-cells incident tov for: = 0,1,...,k — 1.

The boundary 0.X of X is the union of the closures of the (n — 1)-cells contained in the
closure of exactly one n-cell. Using a regular barycentric subdivision we obtain that given
any locally finite complex there is a locally finite simplicial complex such that any cell is
a union of simplices.

Definition 2.3. Let U be a subset of a complex X. A function f : U — Ris called smooth if
for any n-cell o of X, the restriction f|_ .y can be extended to a smooth function on E'NU
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in the extended plane defined by 0. Amap f : U — Z C EM into a complex Z is called
smooth if with respect to some affine coordinate system on EM, f = (f*,..., fM) where f
is smooth for every j =1,..., M.

Definition 2.4. A Riemannian metric g, on a cell ¢ is the restriction to o of a smooth
Riemannian metric on its extended plane. A Riemannian metric g on X is a smooth Rie-
mannian metric g, on each n-cell o of X satistying the additional property that if 7 is
a face of o, then 90|T = ¢,, Where g, . denotes the restriction of the extension of g, to
the extended plane of 0. In particular, the expressions of g, with respect to some affine
coordinates in the extended plane are smooth functions in the sense of Definition 2.3.

Definition 2.5. A smooth complex vector bundle of rank r over a complex X is a topological
space E and a continuous, surjective map 7 : £ — X such that:

(1) for each z € X the fibre 7~ !(x) has the structure of a complex vector space, and
(2) there exists an open cover {U,}.cr of X such that for each @ € I there exists a
homeomorphism ¢, : 77 1(U,) — U, x C" such that
(i) ¢, restricts to a linear isomorphism 7~*(z) = {2} x C" for each z € U,, and
(i) If U, N Us # 0, then the transition function gos = o 0 5" : Us NUs X C" —
U, NUz x C" induces a smooth map g.s : U, N Ug — GL(r, C).

A section of m : E — X is a continuous map s : X — E satisfying 7 o s = idx. The
section is smooth if on each local trivialisation 7' (U, ) = U, x C" with projection onto the
second factor denoted by p, : 7~'(U,) — C’, the composition of U, —= 7~ *(U,) =2 C
is a smooth map as in Definition 2.3. Let Q°(X, E') denote the vector space of all smooth
sections of m : £ — X. If E is a smooth vector bundle, then so is any associated bundle
formed by taking the dual, tensor product, etc. In particular, if £ is smooth then End(E)
is smooth.

Definition 2.6. A smooth complex p-form on a cell ¢ is the restriction to ¢ of a smooth
complex p form on the extended plane of the cell. A smooth p-form w = {wy},cr On a
complex X with values in a smooth vector bundle £ is a collection of smooth p-forms
w, with values in E for each cell o of X, with the additional property that if 7 is a face
of o, then w,|, = w,. In particular, the expressions of w, with respect to some affine
coordinates in the extended plane are smooth functions in the sense of Definition 2.3. We
denote 2*(X, E) as the space of all smooth p-forms with values in E. If E is the trivial line
bundle, then we write P(X) = QP(X, E) and this is the space of smooth p-forms on X.
Given a smooth p-form w = {w, },cr € Q7(X), we define dw = {dw, },cr and note that this
is a well-defined smooth (p+ 1)-form. Clearly, d* = 0 and the complex (2*(X), d) denotes
the smooth deRham complex. We denote by H},(X) the cohomology groups associated
with this complex (cf. [19, Ch. VIII]).

Definition 2.7. A smooth connection on a smooth vector bundle = : £ — X is a C-linear
map D : Q°(X, E) — Q'(X, F) that satisfies the Leibniz rule

D(fs) = (df)s + f(Ds), feX),s € (X, E).
We denote the space of all smooth connections by A®(E).

The definition of D can be extended to bundle-valued forms in the usual way. More
precisely, any element in o € ’(X, F) can be written as a linear combination of elements
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of the form ¢ = sw withw € Q?(X) and s € Q°(X, E), and define
(2.1) Do = s(dw) + (Ds) A w.

Remark 2.8. Implicit in the definition of Q!(X, F) is that 1-forms with values in F must
agree on the interfaces between the cells in the complex X. Therefore, the definition above
implies that a connection must map sections that agree on the interfaces to bundle-valued
1-forms that agree on the interfaces.

As for the case of a smooth vector bundle over a smooth manifold, with respect to a
trivialization ¢, : 7 '(U,) — U, x C", D = d + A, where (A,);; is a complex-valued
smooth 1-form. A, is called the connection form of D with respect to the trivialization ¢,.
In different trivialization g and with g5 = ¢, © gogl we have,

(2.2) Ap = 925490p + GogAaYas
Definition 2.9. The curvature of a smooth connection D is the matrix valued 2-form Fp
defined by

D?*s = Fps, foralls € Q°(X, E).
Locally, we have (Fp), = dA, + Ay N\ Ay, where A, is the connection form of D. Further-
more,

(23) (FD)5 = g;gl (FD)agaBa
and so the curvature form Fp, is an element of Q?(X, End(E)).

Definition 2.10. The complex gauge group is the group G*(E) of all smooth automorphisms
of E. If D is a smooth connection on E and g € G¢(E), then we define g(D) =g 'oDog.
In local coordinates, the action of G¢(E) on A%(FE) is

(2.4) g(d+A) =d+gtdg+g ' Ang.

Definition 2.11. A smooth Hermitian metric h = (h,) on a rank r complex vector bundle
7w : E — X is a smooth section h of End(F) such that for each cell o its restriction h, is
a Hermitian metric and that if 7 is a face of o, then h,|, = h.. A Hermitian metric in a
trivialization ¢, : 77 (U,) — U, x C" is given locally by a smooth map A, from U, into
the positive definite matrices in GL(r, C), and the induced inner product on the fibres of
Eis .
< 51(x), 52(2) >= @a(s1(2)) halz) alsa(z)) € C.

Definition 2.12. A connection D on a vector bundle F with a Hermitian metric h is a
unitary connection if the following equation is satisfied.

d (s1,s2) = (Ds1, s2) + (51, Dsa),
where (-, -) is the pointwise inner product on the fibres of £ induced by the metric . The
space of smooth unitary connections on E is denoted A(E,h). If D € A(E, h), then the

curvature Fp is a section of Q%(ad(F)). In other words, with respect to a unitary frame
field the curvature satisfies I}y = —Fp.

Definition 2.13. The unitary gauge group G(E) is the subgroup of G (F) that preserves the
Hermitian metric i on each fibre of E. The action on G(E) on A®(E) preserves the space
A(E, h).
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Definition 2.14. A connection D on a vector bundle E is flat if F, = 0. Given a flat
connection, we can define the twisted deRham complex (2*(X, E), D). The cohomology
groups will be denoted by H?(X, E).

Definition 2.15. A flat structure on a vector bundle 7 : £ — X is given by an open cover
{Us}aer and trivialisations {¢, }acr for which the transition functions g.s = ¢, © gpgl are
constant. A vector bundle with a flat structure is also called a flat bundle.

Remark 2.16. Equation (2.2) shows that the connection D = d (with zero connection form)
is globally defined on a flat bundle. Thus a flat bundle clearly admits a connection of
curvature zero. The converse is also true.

Theorem 2.17. Let X be n-complex, U an open subset of X and E a smooth vector bundle with
a smooth flat connection on U. Then E admits a flat structure.

Proof. Given a flat connection D on E, fix a cell ¢, a point 2y € @ N U and consider a
contractible neighbourhood V,, of z, in the extended plane of 0. Choose a local frame s
of E on V, and let A? be the corresponding connection form. We are assuming that the
local frames sY patch together to define a piecewise smooth frame s, in a neighbourhood
of 7y in X. We are going to choose a different trivialisation s, for which the connection
can be written as D = d. This can de done by solving the equation

9;1140917 + ggldga =0

2.5
22 & dg, =—ATg,

locally for a gauge transformation g,. By the result in the smooth case (this is an appli-
cation of the Frobenius theorem) a solution g, exists and by multiplying by a constant
matrix we may assume without loss of generality that g,(x¢) = id. This makes the so-
lution unique and thus if a cell 7 is a face of a cell ¢ then, since A”{T = A7, it must be
Jo ‘T = g¢,. It follows that the new frames s, = g,, o s¥ patch together to define a piecewise
smooth frame s in a neighbourhood of z; in X. The flat structure is now defined by the
local frames {s}. O

Definition 2.18. A section s € Q°(X, E) is parallel with respect to D if Ds = 0. Given a
smooth curve ¢ : [a,b] — X, a section s is parallel along c with respect to D if Duys = 0.
Given a curve ¢ : [a,b] — X and s, € 7 '(c(a)) the parallel transport of s along c with respect
to D is the section s : 7' (c([a,b])) — E which is given locally by the solution to the

equation
B 4 Aol ®)stet) = 0.

Lemma 2.19. Let ¢y, ¢y @ [a,b] — X be two closed smooth curves in X which are homotopy
equivalent, and which satisfy o = c1(a) = ¢1(b) = ca(a) = c2(b). Let D be a smooth flat
connection on a rank r bundle m : E — X, and let s, and sy be the parallel transport with
respect to D along c¢; and ¢y respectively, with initial condition s € 7 *(xo). If Fp = 0 then

s1(c1(b)) = sa(c2(D)).

Proof. As usual note that it suffices to show that the holonomy is trivial around a ho-
motopically trivial loop. If there is a homotopy equivalence between two loops that is
constant except on a single cell, then standard theorems for smooth manifolds show that
the holonomy around the two loops is the same. Given a homotopically trivial loop 7,
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there is a sequence of homotopy equivalences v ~ vy, y1 ~ 72, ..., v ~ id between v and
the trivial loop (denoted id), such that each homotopy equivalence is constant except on
a single n-cell. For example, one can do this by identifying the fundamental group with
the edge group of a simplicial complex (cf. [4], Section 6.4). Therefore, the holonomy of
7 is the same as the holonomy of each +,, along this sequence of homotopy equivalences,
and so the holonomy of v is trivial. O

Definition 2.20. A flat connection D on a rank r vector bundle 7 : £ — X defines a rep-
resentation p : m(X) — GL(r, C) called the holonomy representation of D. A flat connection
is called irreducible if its holonomy representation is irreducible. The space of irreducible,
flat smooth connections is denoted A% (E).

Lemma 2.21. A representation p : m(X) — GL(r,C) defines a flat connection on a bundle
m : E, — X with holonomy representation p. Moreover, the flat connection on E, depends
continuously on the representation p.

Proof. In the standard way, from a representation p : (X ) — GL(r, C) we construct a flat
vector bundle £, — X, with total space

(2.6) E,=Xx,C",

where X is the universal cover of X, and the equivalence is by deck transformations on
the left factor X, and via the representation p on the right factor C. On each trivialisation
we have the trivial connection d, and since the transition functions of £ are constant, then
this connection is globally defined. Since the deck transformations depend continuously
on the representation p then the flat connection on £, depends continuously on p. 0

Corollary 2.22. A flat connection on a vector bundle over a simply connected complex X is
complex gauge equivalent to the trivial connection d on the trivial vector bundle.

Definition 2.23. The SL(r, C) character variety is the space of irreducible representations
p : m(X) — SL(r, C) modulo conjugation by SL(r, C)

(2.7) M char = {irreducible reps p : m(X) — SL(r,C)} / SL(r, C)
The next Lemma is a trivial consequence of the path lifting property and is standard.

Lemma 2.24. If two characters defined by the representations p and p' belong to the same con-
nected component of M.y, then the vector bundles E, and E, are smoothly isomorphic.

In view of the above, let C denote the set of connected components of M ,,. Then we
can write
Mehar = I_l MChar
ceC
and write F. = E, for any representative in the isomorphism class of bundles defined by

p e M:

char*

Remark 2.25. Since we are interested in the SL(r, C) character variety instead of the GL(r, C)
character variety we need to fix determinants in our definitions of connections and gauge
transformations. Henceforth we will impose the condition that all connection forms are trace-
less and all gauge transformations have determinant one. For the sake of notational simplicity
we will keep the same notation as before for the various spaces of SL(r, C) connections
and gauge groups.
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Proposition 2.26.
Afiar (Be) /G (Be) = My,

Proof. The holonomy map applied to an irreducible flat connection D gives an irreducible
representation p : m(X,z9) — GL(r,C). The action of a complex gauge transforma-
tion g € G*(E,) on D induces the conjugate action of an element ¢ = g(zy) € GL(r,C)
on p. Therefore we have a continuous map 7 : A?Z’Z;r(EC) /GE(E.) — M¢,,.. Note that
7([D1]) = 7([D2]) implies that the flat structures associated to D; and D, by Theorem 2.17
are complex gauge-equivalent, and so D, and D, are complex gauge-equivalent. There-
fore 7 is injective.

Similarly, given a representation p : 71 (X, z9) — GL(r, C) we construct a flat connection
d on the flat bundle E, as in the proof of Lemma 2.21. If we conjugate the representation
by an element £ € GL(r, C), then the flat connection associated to this new representation
is related to E, by a global change of co-ordinates using the action of £ on the fibres
of E,. Therefore the two flat bundles are complex gauge-equivalent, and so conjugate
representations give G*(E,)-equivalent flat connections, which gives us a continuous map
¢ Mepar — A;Ccl’;’;r(Ec) /G®(E.). Lemma 2.21 shows that 7 o { = id. Since 7 is injective then

this implies that o 7 = id and so 7 is a homeomorphism A%ZT(EC) /GE(E,) = M¢ O

char*

2.2. Relationship to Higgs bundles. Given a complex X with universal cover X, fix an
irreducible representation p : m(X) — SL(r,C), and let E = X x,C" — X be as before.
We also fix a p-equivariant map u : X — SL(r, C)/ SU(r), locally Lipschitz away from the
0-skeleton X of X. We now recall the basic construction from [8] and [16].

(1) The complexified tangent space T}F(SL(r, C)/SU(r)) can be identified (indepen-
dent of h) with the space of traceless matrices and this gives a trivialization of the
complexified tangent bundle T°(SL(r, C)/SU(r)) = SL(r,C)/ SU(r) x sl(r,C).

(2) In the trivialization given in (1) the Levi-Civita connection at a point » € SL(r, C)/ SU(r)
has the form

VxY =dY(X) - % (dh(X)h™'Y + Yh ™ dh(X)),

where we use the notation & to indicate left translation by h.

(3) The identification A~ (T)°(SL(r,C)/ SU(r))) = T:5(SL(r,C)/ SU(r)) = sl(r,C) gives
another isomorphism 6 : T¢(SL(r,C)/SU(r)) — SL(r,C)/SU(r) x sl(r,C). It fol-
lows immediately from (2) that in the coordinates given by 6, the Levi-Civita con-
nection is given by

Vxs = h 'Vx(hs)
= ds(X)+1[h—1dh(X),s].

2
We thus conclude that in the above coordinates
1
2.8 =d+ = [htdh,|.

(4) The isomorphism 6 is equivariant with respect to the PSL(r, C) action on the com-
plexified tangent bundle 7(SL(r,C)/SU(r)) and the adjoint representation on
TE(SL(r,C)/SU(r)) = sl(r, C).
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(5) Given u as above, consider the pull-backs D = u*d and d4 = u*V on the trivial
bundle X x TS(SL(r,C)/SU(r)) = X x si(r, C). First notice, that since u*d is trivial
and u is p-equivariant D descends to a flat connection of holonomy p on E,. Again,
by the p-equivariance of u and (4) the connection d4 descends to a connection on
ad(E,) over X. Moreover, since its connection form acts by the adjoint representa-
tion it defines an SL(r, C) connection on the bundle E, over X and (2.8) implies

1
(2.9) D=ditv, =—ju'du

Since D is a flat connection, then

(2.10) Fa+wAth=0
(2.11) dath = 0.

2.3. The balancing condition.

Definition 2.27. A smooth 1-form w = {w, },c7 € Q' (X) satisfies the balancing condition if
for every (n — 1)-cell 7, we have

(2.12) ng(eg) =0

o>T

where ¢ > 7 implies that 7 is a face of o, and e, is an inward pointing normal vector
field along 7 in 0. The set (X)) is the subset of Q' (X) consisting of forms satisfying the
balancing condition.

Definition 2.28. Let E be smooth vector bundle on X of rank » and let p : X — X be
the universal cover. We assume that the pullback bundle p*(E) over X is trivial with
a fixed trivialization p*(E) = X x C' (if the connection is flat then this is always valid
by Corollary 2.22). A connection D € A" (E) is called balanced if its pullback p*(D)
to p*(E) can be written (in the given trivialization) as p*(D) = d + A where all the
componentsA;; € Q,(X). Let A" (E) be the space of irreducible, smooth, balanced
GL(r,C) connections, and let A;"/(E) denote the space of irreducible, smooth, balanced
connections compatible with the Hermitian metric » on £. In what follows, if the meaning
is clear then the notation for the metric is suppressed.

Definition 2.29. Let E be as in the previous Definition. Given g € G*(E), let g denote the
induced gauge transformation of p*(E). We define G2, (E) (resp. Gu(E)) to be the group
of complex (resp. unitary) gauge transformations such that g € G (F) (resp. g € Gpu(F))
implies that dg;; € Q},(X).

Remark 2.30. Note that via (2.4), the group GZ,(E) acts on the space A" (E), and Gy (F)
acts on A} (E).

Remark 2.31. In this paper we are interested in flat bundles. Note that Corollary 2.22 im-
plies that the pullback of a flat bundle to the universal cover is trivial. By choosing a
trivialization it thus makes sense to talk about balanced connections and gauge transfor-
mations.
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3. HARMONIC MAPS AND HIGGS BUNDLES

In this section we describe the relationship between Higgs bundles and harmonic maps
from a complex X into the space SL(n,C)/SU(n), a generalisation of the construction of
[16] and [8]. From now on X will denote an admissible 2-dimensional simplicial complex without
boundary. We will further assume that X is equipped with a Riemannian metric g such that for
any 2-simplex o, (o, g,) is isometric to an interior of an equilateral triangle in R? and for any
1-simplex 7, (7, g) is isometric with the open unit interval in R. It is not hard to extend the
results of this section to general Riemannian metrics and also general 2-dimensional com-
plexes. We endow SL(n,C)/SU(n) with a Riemannian metric of non-positive sectional
curvature such that SL(n, C) acts by isometries.

3.1. Estimates of harmonic maps.

Theorem 3.1. Let X be a 2-complex as before with universal cover X and p : m(X) — SL(n, C)

be an irreducible representation. Then there exists a unique p-equivariant harmonic map u : X —
Y :=SL(n,C)/SU(n).

Proof. The existence is a special case of Theorem 4.5 of [11]. Uniqueness follows from

[30]. O

Let p be a vertex (i.e. 0-cell) of X. Given an 1-cell 7 of X, define S;(7) be the set of 2-cells
of X containing 7 in its closure.

Theorem 3.2. If u : X — Y is a harmonic map, then for any 1-simplex T and 2-simplex o €
So(1) we have uw € C*°(o U T). (In other words, the restriction of u to o is C* up to 7 in the
extended plane of o). Moreover, for every 1-simplex T and p € T assume that u is given in a

neighbourhood of u(p) in local coordinates by u = (u',. .. u™).
Then,
ou
3.1 I =
(3.1) Z G =0

where o > T implies that T is a face of o, and e, is an inward pointing normal vector field along T
ino.

Proof. The fact that ™ € C*(c U 1) follows from Theorem 4 and Corollary 6 of [12].
Equation (3.1), follows from Corollary 5 of [12]. O

For an edge 7 and o € S»(7), we define polar coordinates (r, ) of o U 7 centered at p by
setting 7 to be the distance from p to a point ¢ € 0 Ut and 6 to be the angle between 7 and
the line pg connecting p and ¢. The next theorem is one of the main technical results of the
paper and describes the singular behavior of harmonic maps near the lower dimensional
strata.

Theorem 3.3. Let v : X — Y be a harmonic map. If (r,0) are the polar coordinates of o U T
centered at a 0-cell p and w is given in local coordinates (u', ..., u™) in a neighbourhood of u(p),
we have the following derivative bounds for u™ in a neighbourhood of p:

ou™
< a—1
or | — cre

ou™

P < o
50 Cr
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J*u™ J*u™ d*u™
< a—2 < a—1 < «
or? | — cre orof | — ere 90 | — cr
ABu™ Pu™ u™ A3u™
< a—3 < a—2 < a—1 < «
o | SO gman| SO \areee| <9 e | =7

for some constants C' > 0 and o > 0 depending on the total energy of u and the geometry of the
complex X. Furthermore, o can be chosen independently of the choice of the 0-cell p of X.

Proof. Let 0 = 0y, ...,0; be the 2-cells in Sy(7). Foreach j = 1,...,J, we let (x,y) be the
Euclidean coordinates of o; U7 so that (i) p is given as (z, y) (0,0), (i) if (z,y) € 7 then
r > 0and y = 0 and (iii) if (v,y) € o; thenz,y > 0. Let u}* = m}

We will now compute the first derivative bounds w1th respect to the polar coordinates
r and §. By Theorem 6.2 of [11], we have the inequality

[Vul*(r,0) < Cr*~?

for some o > 0. More specifically, o can be chosen to be the order of v at p, i.e.

7’/ |Vul2du
Br(p)

a = lim .
T / d?(u,u(p))ds
OB:(p)
Hence,
(3.2) 07| < cva-t and |29 | < opo-t.
(936 oy | —
Using the fact that = r cosf and y = rsin§, we get
ouyr  uf ou’ ou’ ou’ ou’
8?" = ECOS& + a—ysm@ and W = —Wrsmﬁ + 8—er086’
This immediately implies
85; < Cr* ! and 8; < Cre.

We will now establish the second derivative estimates of u}* for a points (r,0) on o; U T
with 6 sufficiently small. We will need the following notations: for a function ¢ and a
domain Q C R?, we set

[ploe = SUP lo(p)]

IDw|o;n=ilelgmaX{ (.390( )| g;j( )‘}
1D%ploe = supmax{ T2 | 22 )] [ 550}
don=, e PO
Délin= swp ot { 520 - 520|520 - )|
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0P ot 9%y ot ot Al
D?0plgg= s —  ma — — _ _

LetT := {(x,y) €R?:y >0,y <V3r,y< —\A/gzlrjt\/g},T* ={(z,—-y) e R*: (z,y) € T}
and T'=T UT~. Fixm and j and define U : T" — R by setting

1

ui'(z,y) ify >0
J
U = 2 m .
(z,9) —uf(z, —y) + i Zuj, (x,—y) ify <O0.
i'=1
Let
oufj Ouj  Ouf Ouj
3.3 . o
3:3) Z (895 8x+8y 8y>
pg=1
where I'", are the Christoffel symbols of Y with respect to the local coordinates (u', ..., u).
Since the harmonic map equation
Au;" = F;”
is satisfied in T, if we set
Iz, y) ify >0
fla.y) y
x = m m 3
Y —I(x, —y) + 2 T0(z,—y) ify <0,

then U satisfies the Poisson equation
(3.4) AU = f

weakly in 7. Indeed, let ¢ be a test function supported in a neighbourhood Bg(q) of a
point ¢ = (x0,0) € T Since U is a C"' function we have by the divergence theorem,

/div(ﬁVU)dxdy = /div(fVU)da:dy+/ div(EVU)dxdy
T T T-

zo+R 8 m
— —/ 2 (x,0)dx
zo—R ay

zo+R au 2 J U™
o )2
=0
where the last equality is because of (3.1). On the other hand

[ ainievuany= [ ve-vu + [ eganay

which along with the previous equation implies (3.4). If Byr(q) C T, then elliptic regular-
ity theory (cf. [18] or Lemma 3 on p13 of [31]) implies

R'"[DU ]B;B¥(q) < C(|Ulo:Bon(q) + B21f10:Banta))-

If we choose R to be the largest number so that Bog(q) C T, then R is proportional to
r where r is the distance of ¢ to the vertex p. Furthermore, the distance from p to any
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point of B,r(q) is bounded uniformly by some constant multiple of . Hence, assuming
U(0,0) = 0 without a loss of generality, we have

[DU)385 ) < Cr™ P U 0ynp) + 7' I losBan()) < C(rm 1 7PF 4 p7Pr207ly < Op=itet,

B3r
2

Here, we have used the Holder continuity of " (hence of U) near p with Holder expo-
nent « (cf. Theorem 3.7 of [11]) and the inequalities of (3.2) along with the fact that f is
quadratic in Du* from (3.3). Thus, with B3, (¢) = Ban (q) N {y > 0}, we obtain

m —B+a—1
[Du; ]B;B%(Q) <Cr ‘

This equation along with (3.2) and (3.3) implies that
(3.5) [T Bial ) < C|Duj yOB+ DU spt () < CrPree2,
2

We are now ready to prove the second derivative bounds of u}". Note that we have the
set of partial differential equations

(3.6) Auf"=T7 j=1,....,.J m=1,...M
in T', along with boundary conditions
(3.7) u—ui'=0 j=2,....,J m=1,....M
! ou’
(3.8) Z m=1,...,M
j=1 y

in B={(z,y) € R?:y =0,0< 2z < 1}. This is a system of JM number of equations
containing JM number of unknowns (i.e. ") along with JM number of boundary con-
ditions. If we assign weights s7' = 0 to the equations, weights 7" = 2 to the unknowns,
weights " = —2for j = 2,..., M and " = —1 to the boundary conditions, then this
system is said to be elliptic with complementing boundary condition according to the
the elliptic regularity theory of [3] (or elliptic and coercive in [28]). Hence, we have the
Schauder estimates (cf. Theorem 9.1 of [3]),

R?|D*u}o ) + R** P D 5.5+ (@)
m 2468 1m m
< CO(|1] |o;B§TR(q) + kTP ]5;B§TR(q) + [uj |o;B§TR<q))'

With the same choice of ¢ and R as above, we obtain

1D o, 5 () < C(|F§"|O;B§TR<q> “’ﬂrﬁﬁ;B%@) + 172 [uf, Bl (@)

The above inequality, along with (3.5), implies
|D2UT|O;B$(Q) <O 24?0 42 < O

Since
OPum OPum Pul Pullt
sin 6 cos 6 +

orz  Ox? 0x0y ay sin” 6,
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Pupr  Pupr B eosd + PPullt 2 ous* 0
500 — gz | S f cos o ayr cos 5 SR
82 m 82 m m
204+ —L 0 cosf .
e 8yr sin“ 6 + 02 ——-7rsinf cos ay
Pup  Puf 2y, 282um 2y . OPul p
52— 9.2 — r?sin Eh@yr sin Iy 2 cos
ou’ ou'
= —a—rcosﬁ—a—ern@
Z Y
we immediately obtain
82 C a— 2 82 < C a—1 d 82 < C @
o grag| < O and |G| <O

at (r,0) for 0 sufficiently small. This restriction on 6 is due to the choice of R and g¢.
For (r, ) with 6 sufficiently large, we can use a similar argument using standard elliptic
regularity theory (e.g. [18] or Lemma 3 on p13 of [31]) in the interior of 0. The third
derivative estimates follow the same way from the first two by bootstrapping the elliptic
equations (3.6) with boundary conditions (3.8) and (3.8).

Section 4 of [12] shows the that order of u at p can be bounded from below by 2™
where A\ is the combinatorial eigenvalue of the link of v which is always a positive
quantity. Hence choosing « to be the minimum of 2X¢™ over all O-cells of X, we have
established the last assertion of the Theorem. O

3.2. Weighted Sobolev spaces. In this subsection we recall the important features of the
weighted Sobolev spaces used in this paper. The main references are [2], [15], and [29].
In the following we fix a smooth vector bundle E of rank r over a 2-complex X with a
Hermitian metric, and a fixed Riemannian metric on the base space X. Define the space
C5°(E) to be the space of smooth sections s € Q°(X, E) that satisfy s(p) = 0 whenever p is
a vertex of X. In the local model B(r) around each vertex p, we define local co-ordinates
(t,0) = (—logr,0), where (r,§) are the standard polar co-ordinates in a neighbourhood
of the vertex p. To define a norm on C{°(E), let {x;};—1 v denote the vertices of X and
choose disjoint open neighbourhoods U, for each vertex z;. Then cover the rest of X with
open sets {V, }n—1,. x that do not contain any of the vertices. For ¢ € R, the space L} is the
completion of C§°(E) in the norm

Vv K 1/p
9) HSHL§2<Z [ ety | !s|p>
i=1 v Us; a=1"7Va

where we use e’ to denote the co-ordinates in a neighbourhood of a vertex. Away from
all of the vertices, e is bounded and s is continuous, and so the question of whether the
norm ||-{[z» is finite only depends on the choice of co-ordinates near each vertex. Different
choices of V,, will lead to equivalent norms.

Given a vertex p, and a trivialization of E near p we say that a connection is trivial in
a neighbourhood of p if with respect to the above trivialization V = d. Given a fixed
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connection V| trivial near the vertices, and a positive integer k, we define the weighted
Sobolev space Lj ;(E) as the completion of C§°(E) in the norm

k
(3.10) Isllze, = > 1Vsllrg
(=0

Note that in this paper we are considering bundles with a fixed trivialization on the uni-
versal cover (cf. Remark 2.31). Since the star of a vertex p in X is simply connected it
follows that we have a fixed trivialization of £ in a neighbourhood of p. It thus makes
sense to talk about connections on E trivial near the vertices.

It is a standard fact that the spaces L} ; do not change if we either: (a) change the con-
nection V; outside a neighbourhood of the vertices of X, or (b) change the co-ordinates
outside a neighbourhood of the vertices. The usual multiplication theorems for Sobolev
spaces on compact manifolds carry over to the weighted Sobolev spaces studied here. To
be more precise, we have that the multiplication map L2 5 x L2, 5, — L? ; is continuous if
$1,52 >8,8 < S1+52—n/2and § < §; + 05 +n/2, where n is the dimension of the complex
X.

Following Section 3.1 of [15] we define the space of weighted connections A§(E) to be
the space of all connections whose connection form is an element of L3 ;, and the space
As(E) C AS(F) to be the subset of all unitary connections. The weighted gauge group
Gs(E) is defined as follows. Let V;, be a connection as above and define

(3.11) R = {v € 13, (End(E)) : [|Vov] 2, < oo}
Then the weighted gauge group is defined as

(3.12) Gs(E)={veR : v =id,detv =1}
and the complexified gauge group is

(3.13) GS(E)={veER : detv=1}.

The multiplication theorem for weighted Sobolev spaces shows that both Gs(E) and
GE(E) have a group structure, and that there are well-defined actions of Gs(E) on As and
GF(E) on Af (E) respectively.

Similarly we have balanced versions of these spaces Gyu1,5(E), Apar,s(E) and Q;al, s(ad(E)).
When a smooth pair (da, ) € Apus(E) X 4, 5(ad(E)) solves the equations (2.10) and
(2.11), then the holonomy of the pair (da,v) refers to the holonomy of the flat connection
da+ € Ag):al,flat,é(E)'

Proposition 3.4. If D; € Ay, 11, 5(E), i = 1,2 are smooth and Gy, 5(E)-gauge equivalent then
they are G (E)-gauge equivalent.

Proof. Since the result is local, it follows by elliptic regularity. O

Proposition 3.5. Let D € Aj, ;,,.5(E) be smooth. Then D has trivial holonomy around the
vertices of X.
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Proof. For D = d + A write A(t,0) = B(t,0)dt + C(t,8)df. Consider the family of loops

¢ @ [0,27] — X given by ¢,() = (¢,6) and consider the holonomy equation from Defini-

tion 2.18 along ¢;(0)

dSt (6)
do

Lemma IV.4.1 on p54 of [22] implies

(3.14) + O(t,0)s,(0) = 0 with s,(0) = id.

(3.15) |5:(0)| < |s:(0)] exp {/09 |C(t, 0)] dQ} < K exp {/027r |C(t, 0)] dG}

where K is a dimensional constant. Since
e’} 27
/ i / C(t, 0)[2d0dt < o
0 0

there exists a sequence ¢, — oo such fOQﬂ |C(t;,0)]*d0 — 0. By Cauchy-Schwarz we also
have

27
(3.16) / Ok, 0)[d0 — 0.
0

Combined with (3.15) this implies that s, (#)| is uniformly bounded. By integrating equa-
tion (3.14) with respect to 6, we obtain from (3.16)

(3.17) 15, (27) — 5,,(0)] < /0 s (O)]C (1 0)]d6 — 0.

Since the holonomy is independent of ¢ we obtain that s;,(27) = s;,(0) and thus it must be
trivial. O

Proposition 3.4 and Proposition 3.5 allow us to define the notion of conjugacy class of
holonomy for a smooth flat connection D € A7, s(E) as follows.

Definition 3.6. Let D € Afjfﬁat’d(ﬁ?) be a smooth flat connection and let p, : m (X)) —
SL(r,C) be the holonomy of D, where X, = X\X° and X° denotes the 0-skeleton of
X. Since the star of a vertex is contractible, then Van Kampen’s theorem implies that
m(X) = m(X,)/m, where 7 denotes the subgroup of 7 (X,) generated by U, xomi (Lk(p)).
By Proposition 3.5, the restriction of p, to = is trivial hence it induces a homomorphism
p : m(X) — SL(r,C). We say that the conjugacy class of holonomy of D is [p]. Notice
that the map is well defined since gauge equivalent pairs yield conjugate holonomies.
Furthermore, p is irreducible because D is irreducible.

4. EQUIVALENCE OF MODULI SPACES

4.1. Higgs Moduli Space. We fix a vector bundle £, = E of rank r over a 2-complex X
with a Hermitian metric, and a fixed Riemannian metric on the base space X.

Definition 4.1. The Higgs moduli space is the space M p;y45(E) of Gpus(E) equivalence
classes of pairs (da,¢) € Apus(E) X Qéam(\/—l ad(FE)) that are smooth, irreducible and
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solve the following equations

(4.1) Fa+wdAth=0
(4.2) datp = 0
(4.3) &' = 0.

We endow M pg4s(E) with the L7 j-topology.

Given [(da, )] € Muiges(E), we can assign by Definition 3.6 the holonomy [p] of the
flat connection d4 + ¢ and set a[(da, )] := [p]. The map «a is well defined. The next
proposition follows from continuous dependence of solutions of ODE upon the initial
condition.

Proposition 4.2. The map o : Mpiges(E) — M
continuous.

where a[(da, V)] = [p], is well defined and

char’

The following is the main theorem of this paper.
Theorem 4.3. The map o : Myiggs(E) — M

In the next section we will construct the inverse map. We end this section with a propo-
sition that will be used later.

Proposition 4.4. Let (da,, 1) and (d ,, ) be solutions to equations (4.1)-(4.3) and assume that
they are G, ;(E)-gauge equivalent. Then they are Gy, 5(E)-gauge equivalent.

is a homeomorphism.

char

Proof. Assume that there exists g € Gy, 5(E) such that (da,, 1) = g-(da,,12), and we have
to show that g is unitary. Let h = ¢g*g and we will show that h is constant. By [32] Lemma
3.1(d) we have the following point wise estimate away from the vertices (notice that the
sign of our Laplacian is the opposite from Simpson’s)

(4.4) Atr(h) <0.

Now since g is balanced, then so is tr 2, and therefore an application of Stokes’ theorem
on each face of X shows that

/Atrhd:c:lim Atrhdx
X

=0 X\UO-cellsv BT(U)
4.5 = lim Z / Atrhdx
( ) 0 2-cellso F\Up-cents » Br(v)
. / otrh
= lim
0 8(F\LJU-cellsv By (”)) al/

2-cells o

ds

where v is the outwards pointing normal vector on 0 (¢ \ Uy.cens» Br(v)). The boundary
0 (0 \ Uertices» Bo(v)) consists of points on the 1-cells of o, and points on 0B, (v)No. Break-
ing the integral into these two parts, we obtain

otrh otrh
(4.6) Z / ov ds = Z /TU Bowynr OV ds

2-cells & ‘T\UO cells v Br( ) 2-cellso \ 1-cells T Tﬁa#@
0 tr h
+ E ds

2-cells o U, 9Br (v
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The balancing condition shows that the first term is zero. Therefore we are left with

8trh
(4.7) /Atrhdx—ll_r}l > / ds

2-cells o U, 0Br(v)No

In polar co-ordinates, each component of this integral becomes

48) / 8trhd5:r/3 8trhd0
OB, (vV)NF v o Or

Since h € G(E)j, s (and in particular, the integral of § oh 5.z is bounded), then we have

, i (0Oh
4.9) 113% (O‘/O tr (87") d9> =

and so (4.7) becomes

(4.10) / Atrhdx = 0.
X

Combined with Atrh < 0 from (4.4), we see that Atrh = 0. The second to the last
formula in [32, p876] implies that D(h) = 0 pointwise away from the vertices. This implies
that the connection D splits according to the eigenspaces of i , and since the connection
D is indecomposable, then h must be a constant multiple of the identity matrix, which
concludes the proof. O

4.2. The inverse map. For an irreducible representation p : m(X) — SL(r,C), with
[p] € M&,,, and E = E,, Theorem 3.3 then shows that there exists a unique p-equivariant
harmonic map u : X — SL(r,C)/SU(r). As in subsection 2.2, let d4 and ¢ be the asso-
ciated unitary connection and Higgs field. Since u is harmonic, d4 is the pullback of the
Levi-Civita connection on SL(r, C)/ SU(r), and 1) is the derivative of u, then we also have
the equation

(4.11) dy =0
almost everywhere (in fact by Theorem 3.3 everywhere away from the 0-skeleton).

Proposition 4.5. If u is harmonic, a as in Theorem 3.3 and 6 < «, then D € Af, 14, 5(E).
The metric on the bundle E induces a decomposition of D into skew-adjoint and self-adjoint parts,
D = da + 1, where dy € Apus(E) and ¢ € Qy, 5(iad(E)). Furthermore, D, da and 1) are
smooth (over X,).

Proof. The construction in Section 2.2 shows that the connection D is induced from the
trivial connection on the universal cover, hence it is clearly balanced, flat and L? ;. Fur-
thermore, since d4 = v*V and ¢ = u~'du, Theorem 3.3 and (2.9) imply that d, and Y are
balanced. Therefore, since u : X — SL(r,C)/SU(r) is a Lipschitz map over the compact
space X, in order to show that d4 € Ay, s(F) and ¢ € Q;,(iad(E))s, it suffices to show
that to show that du € L7 ;.

First we show that du € L}. Theorem 3.3 shows that |3%| < Cr*~! and ‘ < Cr* for
some positive o. Using the co-ordinate transformation r = e~ we see that ‘ ul < Ce™,
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and
ou Ou dr
ot|  |orat
< Croly
=Ce ™

Therefore, du € L} if 6 < «. Similarly, we use the estimates on the second derivatives
of u to show that du € L3 ;. We have Ou

< Ce ', and we can compute

062
‘ Pu| | Pu dr‘
otod orol dt
< Cre iy
= Ce ™

and similarly
0
ot?

|0 (oudr

ot \ or dt

Ou (4r\* Ou (ddr) dr
or? \ dt ot \drdt ) dt
< Cro72r? 4 Oro1y?

< Ce—at + Ce—(a-‘,—l)t
< Ce ™™,

where in the last step we use the fact that ¢ > 0 near a vertex. Therefore, du € L7 ; if
) < a. O

Theorem 4.6. The map 5 : MS,,.. — Muiges(E) defined by B([p]) = [(da, )] is a continuous
inverse of o.

Proof. The first step is to show that the map f is well defined. Given p, Proposition 4.5
implies that dqs € Aus(E) and ¥ € Qp s(iad(E)). Moreover, we claim that the pair
(d4, ) isirreducible. If p, : m(X,) — SL(r, C) denotes the holonomy of the flat connection
da + 1 then, as pointed out in Definition 3.6, p. = p o p, where p : m(X,) = m(X) =
m(X,)/m is the natural quotient map. Since by assumption p is irreducible it follows that
p-« is also irreducible proving our claim.

Now, let p and p' = vypy~! be two representatives of [p] and let u and v’ be the two
corresponding equivariant harmonic maps. It follows that ' = ~ - u where - denotes
the action of SL(r, C) on SL(r, C)/ SU(r). It follows that the induced decompositions D =
da + 1 on the universal cover agree, hence after taking the quotients by p and p' = vpy™*
respectively the corresponding pairs are complex gauge equivalent by ~. Proposition 4.4
then shows that they are G, s gauge equivalent which completes the proof that 3 is well
defined.

Next we will first show that a(5([p])) = [p]- Let 5([p]) = [(da,?)]. According to (2.9), we
have d4 + ¢ = D, where D is the connection on ad(E,) induced by the trivial connection
on the universal cover which has holonomy p. Hence, a(8([p])) = [p]-
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Conversely, S(a([(da, )])) = [(da,?)]. Indeed, let (dgs, ¢) be a smooth representative
of B(a([(da,?)])). By applying « on both sides and what we just proved, a([(d4,?)]) =
a([(ds, ¢)]). In other words, (da,v) and (dg, ¢) have conjugate holonomies. Since the
holonomies of these pairs near the vertices are trivial by Proposition 3.5, then Proposi-
tion 2.26 implies that the corresponding flat connections (and hence also the pairs) are
complex gauge equivalent. Thus Proposition 4.4 implies that (d4,) and (dg, ¢) are Gyu s
gauge equivalent, hence B(a([(da,¥)])) = [(da, ¥)].

In order to prove continuity, let p; — p € Mg, .. and let u;, u be the associated equivari-
ant harmonic maps. Fix a compact fundamental domain F' C X for the action of I" and
define p; equivariant maps i, by setting ii; = u on F and extending p; equivariantly on X.
Since the u; are harmonic, the energy E" satisfies

E% < E% = E“.

The global Holder bound (cf. Theorem 3.12 of [11]) implies that there is a subsequence
(we call it again by {i} by a slight abuse of notation) such that u; — u. uniformly on
F. Furthermore, the convergence of the representations p; — p implies that u., is p-
equivariant and Theorem 5.1 of [11] implies that u, is harmonic. Finally, the uniqueness
Theorem 4.6 of [11] implies that u., = u. We have thus shown so far

u; — u locally uniformly.

Let (d4,, ;) denote the unitary connection and Higgs field associated with the harmonic
map u;. By Theorem 3.3 together with the proof of Proposition 4.5 (in this we use the third
derivative estimates) we obtain that the L3 ;-norm of (A;, ;) is uniformly bounded, and
thus there exists a subsequence (we call it again by {i} by a slight abuse of notation) such
that (da,, ;) — (da, ) weakly in L3 ; and hence strongly in L7 ;. O
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