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EQUIVARIANT MINIMAL SURFACES IN CH? AND THEIR HIGGS
BUNDLES.

JOHN LOFTIN AND IAN MCINTOSH

ABSTRACT. This paper gives a construction for all minimal immersions f of the Poincaré disc
into the complex hyperbolic plane CH? which are equivariant with respect to an irreducible
representation p of a hyperbolic surface group into PU(2,1). We exploit the fact that each
such immersion is a twisted conformal harmonic map and therefore has a corresponding Higgs
bundle. We identify the structure of these Higgs bundles and show how each is determined
by properties of the map, including the induced metric and a holomorphic cubic differential
on the surface. We show that the moduli space of pairs (p, f) is a disjoint union of finitely
many complex manifolds, whose structure we fully describe. The holomorphic (or anti-
holomorphic) maps provide multiple components of this union, as do the non-holomorphic
maps. Each of the latter components has the same dimension as the representation variety for
PU(2,1), and is indexed by the number of complex and anti-complex points of the immersion.
These numbers determine the Toledo invariant and the Euler number of the normal bundle
of the immersion. We show that there is an open set of quasi-Fuchsian representations of
Toledo invariant zero for which the minimal surface is unique and Lagrangian.

1. INTRODUCTION

In this article we provide a complete classification of p-equivariant minimal immersions
f: D — CH? and a parametrisation for their moduli space as a union of complex manifolds.
Here D is the Poincaré disc and p is an irreducible (or more generally, reductive) representation
of a hyperbolic surface group (i.e., the fundamental group 7% of a closed orientable surface
Y of genus at least two) into the group PU(2,1) = U(2,1)/centre. Recall that a minimal
immersion of a surface is the same thing as a conformal harmonic map. To say f is p-
equivariant means it intertwines the action of a Fuchsian group on D with the action of p on
the complex hyperbolic plane CH? by holomorphic isometries. One can also think of f as a
section of a CH2-bundle over ¥ or, when p is a discrete embedding, as a minimal immersion
f:¥ — CH?/p into the quotient manifold.

We classify these pairs (p, f) up to PU(2,1)-equivalence, i.e., up to the natural left action
of PU(2,1) by conjugation of p and the simultaneous ambient isometry of f. In particular,
the space of such pairs has a natural “forgetful” map to the moduli space

R(G) = Hom™* (m %, G) /G,

of conjugacy classes of reductive representations into G = PU(2,1). Recall that this is a real
analytic variety whose connected components are indexed by the Toledo invariant 7(p) € %Z,
I7(p)] < —x(X) (see, e.g., [19]). We show that there are families of pairs for every value of 7.

We achieve this classification by exploiting the powerful machinery which links equivari-
ant harmonic maps to the Yang-Mills-Higgs equations over a compact Riemann surface and
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2 JOHN LOFTIN AND IAN MCINTOSH

thereby to Higgs bundles [10, 29, 9, 43], Our starting point is two facts: (i) to each irreducible
p and marked conformal structure on ¥ (i.e., conjugacy class of Fuchsian representations)
there is a p-equivariant harmonic map f [10, 9]; (ii) when this information is encoded into
a G-Higgs bundle (E,®) f is weakly conformal precisely when tr ®2 = 0. It is surprising
that this approach has not, to our knowledge, been exploited before, since it provides a very
effective way to understand the moduli as holomorophic data and avoids a direct analysis of
the Gauss-Codazzi equations for minimal surfaces (cf. [44]).

When G = PU(2,1) the structure of the Higgs bundles and their moduli space is quite
well understood [52, 22, 3|. In this case the bundle F splits into a sum V & L of a rank two
sub-bundle V' and a rank one sub-bundle L which are mapped to each other by the Higgs field,
i.e.,, we can write & = (®q,Py) where &1 : L — KV and ®3 : V — KL for K the canonical
bundle determined by the marked conformal structure. In fact by projective equivalence we
may assume that L = 1, the trivial bundle. The Higgs field ® corresponds to the differential
of f. To be precise, it corresponds to

of : TH'D — TCCH?,

and the components ®1, P, correspond to the components of df with respect to the type
decomposition of TCCH2. For a minimal surface there are two possibilities: (i) f is holomor-
phic (P2 = 0) or anti-holomorphic (®; = 0), or (ii) f is neither and has isolated complex and
anti-complex points which give finite divisors Dy and D; over ¥ (where, respectively, ®o and
®; have zeroes). We treat these two possibilities separately, and in fact it is the latter which
we treat first, in §2 and §3. An important role is played by a cubic holomorphic differential Q
which can be naturally assigned to any minimal surface in a Kéhler manifold of constant holo-
morphic section curvature [51]. It vanishes identically for holomorphic or anti-holomorphic
immersions (but not only for them). When f is neither holomorphic nor anti-holomorphic
we show that, with the two bilinear forms v; = %tr <I>j<I>}, which carry the information of the
metric v induced by f, the data (y1,72, Q) completely determines the minimal immersion
up to ambient isometries. The principal results of §2 and §3 (Theorems 2.3 and 3.1) can be
summarised as follows.

Theorem 1.1. Let p be irreducible and f be minimal and p-equivariant. If f is neither
holomorphic nor anti-holomorphic then the pair (p, f) is faithfully determined, up to G-
equivalence, by data (X., D1, D2,&) where: ¢ is a marked conformal structure on 3, Dy and
Do are effective divisors on X whose degrees dy,dy satisfy

2dy +ds < 6(g — 1) and dy + 2ds < 6(g — 1),

and & € HY(X., K~2(Dy + D)) represents an extension class which determines V as an
extension of K~1(Dy) by K(—D5). The Higgs bundle is then E =V &1 equipped with a Higgs
field determined by the extension class. Under the Dolbeault isomorphism this extension class
corresponds to the cohomology class of —Q/v1v2 in HOY(S., K~2(Dy + D5)), and € = 0 if
and only if @ = 0. In this correspondence, p has Toledo invariant T(p) = 3(ds — d1), and the
Euler number of the normal bundle of f is x(TYY) = 2(g — 1) — dy — ds.

In particular, the integers di, ds determine, and are determined by, the Toledo invariant of
p and the Euler number of the normal bundle of f.

The correspondence is constructive in the sense that, given data (3., D1, D9, &) satisfying
the conditions above, we give an explicit construction of a stable Higgs bundle (E, ®) with
tr ®2 = 0. The divisors D1, Dy are precisely the divisors of anti-complex and complex points of
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the minimal immersion. For f to be strictly an immersion they must have no common points,
but the construction still works to produce branched minimal immersions if they intersect,
with branch points at the intersections.

This construction includes and greatly extends the construction of minimal Lagrangian
embeddings we gave in [37]. Indeed, up to this time we were not aware of any other examples of
non-holomorphic equivariant minimal immersions into CH? (save for the Lagrangian examples
whose existence is a consequence of the “mountain-pass” solutions to the Gauss equation
described in [31]). The theorem above not only gives all examples for reductive representations
(when we allow branch points) but allows us to describe the structure of the moduli space of
these as a complex manifold (Theorem 1.3 below).

By a theorem of Wolfson [50], f is Lagrangian precisely when it has no complex or anti-
complex points, and is therefore parametrised by the pair (X, ). The embeddings constructed
in [37] all have the property that the exponential map on the normal bundle provides a
diffeomorphism between 7D+ and CH2. It follows that p has a finite fundamental domain
(given by the normal bundle over a finite fundamental domain for the action of 713 on
D). Here we call such embeddings almost R-Fuchsian, because they are deformations of the
embedding RH? — CH?, which is equivariant with respect to every Fuchsian representation
into SO(2,1) C PU(2,1). In §4 we improve on the results in [37] by showing that whenever
f is minimal Lagrangian with || QH% < 2 it is almost R-Fuchsian and the unique p-equivariant
minimal immersion. The R-Fuchsian case corresponds to @ = 0, and therefore £ = 0 by
the theorem above. The uniqueness of f proved here implies that the data (3.,¢&) also
parametrises the almost R-Fuchsian family, although at present we do not understand the
appropriate bound on &. It is preferable to have the parametrisation in terms of (3., &) since
that gets us directly to the Higgs bundle and therefore to p. The parametrisation in [37] using
Q requires an additional condition to provide a unique solution to the Gauss equation of the
immersion. We describe the subtleties of existence and uniqueness for this equation in §4.1,
which also draws on earlier work by Huang, Loftin & Lucia [31].

The minimal Lagrangian case suggests that it is important to understand those minimal
immersions for which @ = 0. These are treated in §5. We show that they have a very
interesting interpretation in terms of the Higgs bundle, for @ = 0 exactly when the Higgs
bundle is a Hodge bundle (or variation of Hodge structure). These are known to be the critical
points of the Morse-Bott function [|[®[|7, [22] and come in two flavours: length two or length
three. The length-two Hodge bundles all correspond to holomorphic or anti-holomorphic
maps. The following theorem summarises our results regarding these.

Theorem 1.2. Let p be irreducible and f be branched holomorphic and p-equivariant. Then
the pair (p, f) is faithfully determined by data (3., B, L,C.n) where B is an effective divisor
of degree b, L is a holomorphic line bundle of degree | satisfying

3(g—1)+ib<i<b(g—1)—b, 0<b<2(g—1),

and C.np € PHY(Z., KL7Y(B)) determines the isomorphism class of V as an extension of
K~Y(B) by K~2L. The Toledo invariant of p is %(Gg —6—-b—1)>0.

This also accounts for anti-holomorphic immersions, since f is anti-holomorphic and p-
equivariant if and only if f is holomorphic and p-equivariant. The latter has the dual Higgs
bundle to p.

As with the non-holomorphic case, the extension class 1 corresponds to the Dolbeault
cohomology class of a tensor over X, which has geometrical significance and is related to the
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second fundamental form of f (see Theorem 5.2). We explain how the limiting value n = 0
corresponds to reducible representations which are not mazimal, i.e., do not have 7 = ().

By contrast, the length-three Hodge bundles correspond to those pairs (p, f) coming from
Theorem 1.1 with £ = 0. By using the method of harmonic sequences [4, 7, 14, 15] we show
that & = 0 precisely when the harmonic sequence of f contains a holomorphic p-equivariant
(and “timelike”) map into complex de Sitter 2-space. This is a pseudo-Hermitian symmetric
space, the analogue of the real 2-dimensional de Sitter space which complements RH?Z.

In the final section, §6, we describe the moduli space

V ={(p, f) : p irreducible, f branched minimal}/G.

By the results stated above it is a union of components V(dy,ds2) containing those pairs
described by Theorem 1.1 and W (b,1) (respectively, W™ (b,1)) containing the holomorphic
(resp., anti-holomorphic) immersions described in Theorem 1.2. Of these we prove:

Theorem 1.3. Each V(dy,ds) is a complex manifold of dimension 8g—8, while each W=E(b,1)
is a complex manifold of dimension 3(g—1)+1. All of these are diffeomorphic to bundles over
the Teichmiiller space of ¥, and the fibres are complex analytic submanifolds. For V(dy,ds)
each fibre V.(dy,ds) is a rank 59 — 5 — dy — do vector bundle over Shy, x S%Y, while for
WE(b,1) each fibre is a CP'=*"9-bundle over S, x Pic;(X.).

We finish in §6.3 with a brief discussion of the map V — R(G) given by forgetting the
immersion. There is much yet to be understood about this map. For example, we do not
know if this map is onto for non-maximal representations, or the dimension of its image on
components of V. Nevertheless, we can make some salient remarks about its restriction to
any fibre over Teichmiiller space. We point out that on the image of V the L?-norm of the
Higgs fields equals the area of the minimal immersion. The critical points of || @[3, are all
accounted for by the Hodge bundles, and therefore lie in the image of V. A comparison of
the structure of V.(d;, d2) with what is known of the Morse index from [22], together with
an area bound established in §3, suggests that the fibres of the vector bundle V.(d,d2) map
onto the downward Morse flow of [|®%,.

For us, one of the outstanding challenges is to use this construction to study the quasi-
Fuchsian representations, where “quasi-Fuchsian” is meant in the sense of Parker & Platis [41],
i.e., a convex cocompact, totally loxodromic, discrete embedding. Recent work of Guichard
& Wienhard [25, Thm 1.8] has shown that p is a convex cocompact embedding precisely
when it is an Anosov embedding. Since the latter are totally loxodromic, the notions “quasi-
Fuchsian”, “convex cocompact embedding” and “Anosov embedding” coincide for PU(2,1)
(and more generally, any semisimple Lie group of real rank one). One knows from [24] that
quasi-Fuchsian representations comprise an open subset of the representation variety R(G).
Examples for every even value of 7(p) were constructued by Goldman, Kapovich & Leeb
[20], while Parker & Platis [40] constructed a open family of quasi-Fuchsian representations
in the Toledo invariant zero component. The latter family are perturbations of the Fuchsian
representations corresponding to the totally geodesic and Lagrangian embedding RH? ¢ CH?,
so they must overlap with the almost R-Fuchsian representations constructed in [37] (all of
which are quasi-Fuchsian).

Beyond these examples, there is very little known; it is not even known whether there
are any quasi-Fuchsian representations for non-integral values of the Toledo invariant. One
compelling reason for looking to minimal immersions to provide more insight is the theorem
of Goldman & Wentworth [21], that for convex cocompact representations the harmonic map
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energy functional on Teichmiiller space is a proper function. It therefore has at least one
critical point, and it is a well-known result of Sacks & Uhlenbeck [42] that each critical
point corresponds to a weakly conformal harmonic (i.e., branched minimal) map. Since our
construction includes branched minimal maps, it follows that the map V — R(G) has all
quasi-Fuchsian representations in its image.

Acknowledgements. The authors gratefully acknowledge support from U.S. National Sci-
ence Foundation grants DMS 1107452, 1107263, 1107367 RNMS: Geometric Structures and
Representation Varieties (the GEAR Network). The first author gratefully acknowledges
support support from a Simons Collaboration Grant for Mathematicians 210124. The first
author is grateful to Olivier Guichard, Zeno Huang, and Marcello Lucia for useful conversa-
tions. The second author thanks Peter Gothen for his remarks regarding the Morse flow on
the moduli space of Higgs bundles.

2. MINIMAL SURFACES AND THEIR HIGGS BUNDLES.

We begin by setting up the notation and standard constructions for the minimal surfaces
and the Higgs bundles we will be working with.

2.1. Equivariant minimal surfaces in CH?. Our model for CH? will be the projective
model, as follows. Let C%! denote the vector space C® equipped with the (indefinite) Her-
mitian metric
<1), U> = V1U1 + V20U — V3V3.

Let C*!' = {v € C>!' : (v,v) < 0}, so that CH> ~ PC*'. Thus we consider CH? as the
orbit of the line [0,0,1] € PC*' under the standard action of G = PU(2,1). Consequently
CH? ~ G/H, where H ~ P(U(2) x U(1)) is a maximal compact subgroup of G. We equip
CH? with its Hermitian metric of constant holomorphic sectional curvature —4; so that its
sectional curvature has bounds —4 < k < —1. We write the Hermitian metric on CH? as
h = g—iw, where w(X,Y) = g(JX,Y), and recall that (CH?, h) is a Kiihler-Einstein manifold.

We will always think of a minimal immersion f : D — CH? as a conformal harmonic
immersion, so the induced metric v = f*g is conformally equivalent to the hyperbolic metric
W, with v = e%u for a smooth function v : ¥ — R. To say that f is p-equivariant means
it intertwines p with a Fuchsian representation w3 — Isom(D). The conjugacy class of
such a representation is equivalent to a choice of a marked conformal structure on %, i.e., a
point ¢ € 7, in the Teichmiiller space of 3. We will write ¥. to denote the surface with this
structure. From now on we will assume f is p-equivariant.

To understand the properties of such minimal immersions we need some notation for the
type decomposition of the (complexified) differential df : T¢D — TCCH?. Both the domain
and the codomain are complex manifolds, so to distinguish between the type decompositions
of their tangent vectors we will write

T°D =T"9Da7%'D, TCCH?=T'CH? + T"CH?.

The projections will be such that X = X504+ X1.0 (or X’ + X’ as appropriate) whenever X is
real. Our primary model for TCCH? will be the projective model: viz, at any point £ € PC>?
we use the isomorphism

T)CH? @ T, CH? — Hom((, /) @ Hom(¢+, £) € End(C*?); (2.1)
(Za W) = (ﬂ-Zl o Z77TZ © W),



6 JOHN LOFTIN AND IAN MCINTOSH

where 7, : C>! — [ is the orthogonal projection and we think of Z, W as operations of differ-
entiation on local sections of CH? x C3. In particular, conjugation in TCCH? corresponds to
taking the Hermitian transpose in End(C%!), i.e., whose fixed subspace is u(2, 1). The isomor-
phism can be derived from the symmetric space model for CH?, which we will occasionally
need to use (cf. the related model for CP" in, for example, [5]). For that model, let g = su(2,1)
and let h C g denote the Lie subalgebra for H. Then the symmetric space decomposition is
g = h+m where m = b with respect to the Killing form, and TCH? ~ [m] = G x iy m, where
the action of H on m is its right adjoint action. It is easy to check that the fibre of [m®] at
¢ agrees with the codomain of (2.1), and that the metric corresponds to g(A, B) = 3 tr(AB)
whenever A, B € m.

By extending ¢ to mean the tautological sub-bundle the Hermitian metric h on T7"CH? is
then equivalent to the inner product

h(Zl, ZQ) = <7TZL210'0,7TZLZ20'0>, op € F(f), <O'0,0'0> = —1.

Then type decomposition induces an isometry TCH? — T'CH?. These type decompositions
give four complex linear parts of df:

of : TY9D — T'CH?, of": T'OD — T"CH?, (2.2)
of : T%'D — T'CH?, of" : T"'D — T"CH?, (2.3)

which are related by df” = 0f" and df' = 0f" using simultaneously the conjugation in TCD
and TCCH?. Since f is p-equivariant, so is df, i.e., dfdd = dp(6)df whenever § € m % C
Isom (D). Therefore we can think of df as a section of the bundle T¢X* @ (f ~'TCCH?/p) over
Y. In particular,

of =of' +af",
is a smooth section of the vector bundle K ® (f ~'TCCH?/p) over ¥, where K is the canonical
bundle of ..

One says that f has a complex point at p = f(z) when Jf” vanishes at p (i.e., when
df (TY°D) ¢ T'CH?), and an anti-complex point when Of' vanishes at p. The Levi-Civita
connexion induces a holomorphic structure on f~'TCCH?/p which preserves type decompo-
sition, and f is harmonic when V«Z;HQO f(Z) = 0 for local holomorphic sections Z of D,
i.e., when

Vo1 (Z) =0 and VS 0f"(Z) = 0.
Thus df" and 9f” are holomorphic sections of their respective bundles; so a harmonic im-
mersion which is not holomorphic or anti-holomorphic must have isolated anti-complex and
complex points. We will denote the divisors of zeroes of 0f" and df” on ¥ by D; and D-
respectively .

Through these identifications there is a sesqui-linear form h(df’, df’) on T®X which gives
the induced metric as v = Re h(df’,df") = g(df’,df’). The map f is weakly conformal when

h@f',0f") = 0,
and conformal when additionally df’ does not vanish. Therefore, for conformal maps the
induced metric and the pull-back of the Kéhler form are expressed, with respect to a local
complex coordinate z, as
* * i =
v=rg=(ui+u3)ld, fw=(u] —uf)dz Adz (2.4)
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where
uy = 0f(Z)|l, uz = 10f"(2)Il, Z=03/0z. (2.5)

The functions wuq,us are locally real analytic and vanish precisely at the anti-complex and
complex points, respectively. They correspond to Hermitian metrics

1 = h(Of,0f) = uidzdz, o= h(Of",0f") = usdzdz (2.6)

on K~1(D1) and K~'(Dy) respectively. Note that, to apply 7 to all elements of 7Y consis-
tently, the meaning of “|dz|?” above is

|dz|? = L(dzdz + dzdz),

in terms of the local complex linear forms dz, dz. For this reason we do not write v = 1 + ¥».

Because the forms v, f*w live on ¥ we can use some of the arguments which apply to com-
pact minimal surfaces in Kéhler-Einstein manifolds [48, 50, 6] to relate numerical invariants
of a minimal immersion.

Theorem 2.1. Let f : D — CH? be a p-equivariant minimal immersion which is neither
holomorphic nor anti-holomorphic. Let dy,ds be the degrees of the divisors Dy and Dy of
anti-complex and complex points. Then

c(p) = di—dy, (2.7)
X(E) +x(TEh) = —di —dy, (2.8)

where ¢ (p) is the first Chern class of the bundle f~'TCH?/p over ¥ and TS+ c f~'TCH?/p
s the normal sub-bundle.

Wolfson also showed that in the absence of complex or anti-complex points a minimal
immersion into a Kahler-Einstein surface of negative scalar curvature must be Lagrangian
[50, Thm 2.1]. His argument extends to p-equivariant maps, so that in the setting of the
previous theorem f will be Lagrangian if and only if d; = 0 = ds.

Now we recall that the Toledo invariant 7(p) is the integer

T(p) = %/Ef*w- (2.9)

This is the normalisation which fits with the metric of holomorphic sectional curvature —4.
It is known that for any representation p into PU(2,1), |7(p)] < —x(2) [11] and 7(p) € %Z
[20]. Since CH? has Einstein constant —6, equation (2.7) tells us that

7(p) = —2e1(p) = 3(da — ). (2.10)

Finally, as well as the degenerate metrics «; above, there is a third important invariant
of minimal equivariant immersions [51, Cor 2.7], the cubic holomorphic differential Q €
HO(%, K3) defined by

Q(7,2,2) = VG af'(2),01(2)) = —n(@df(2),v S df'(2)), (2.11)

for Z € T9D. It follows at once from this that Q vanishes identically for holomorphic or
anti-holomorphic immersions (but not only for them, as we shall see). When f is neither
holomorphic nor anti-holomorphic we will see later that the quantities 71,72, @ uniquely
determine f up to ambient isometries.
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2.2. G-Higgs bundles and representations. As well as fixing our notation for Higgs bun-
dles, we also need to summarise their correspondence with (projectively) flat connexions, and
hence representations and harmonic maps, since we will be making explicit use of this cor-
respondence for most of this article. A good general introduction to Higgs bundles can be
found in, for example, [16, 17], while details for their moduli spaces in the case G = PU(2,1)
can be found in [22, 52].

Suppose Y has been given a fixed conformal structure. With the notation of the previous
section, a G-Higgs bundle for G = PU(2,1) is a projective equivalence class of U(2,1)-Higgs
bundles. The latter are pairs (F,®) consisting of a holomorphic rank three vector bundle
FE over Y equipped with a splitting £ = V @ L into a rank two sub-bundle V and a line
sub-bundle L (both holomorphic) together with a holomorphic section

® € H*(K ® [Hom(L,V) ® Hom(V, L)]), (2.12)

called the Higgs field. Projective equivalence identifies pairs (E,®) and (E’,®") when there
is a holomorphic line bundle £ for which ' = E ® £ and ®' = ®.
We will write ® = (®1, ®2) to denote the two summands implied by the direct sum (2.12).
It is also convenient to write the holomorphic structure on F as a J-operator on smooth
sections, g : E°(E) — £%(E). A Higgs bundle is stable if for any proper (non-zero) ®-
invariant sub-bundle W C E the slope condition
deg(W)
rk(W)
is satisfied. It is polystable when it is either stable or the direct sum of stable proper Higgs
sub-bundles all having the same slope (these latter type are called strictly polystable). These
properties are independent of the choice of pair (E, ®) representing the projective equivalence

class. Now we recall that each polystable U(2,1) Higgs bundle admits a C*! metric and
compatible projectively flat connexion, and thereby produces a flat PU(2,1)-bundle.

< 3 deg(E), (2.13)

Theorem 2.2 (Prop 3.9, [3]). Fiz a Kdhler metric on ¥, in the conformal class ¢, with Kdhler
2-form we, normalised so that 3. has area 2m. For each polystable stable U(2,1)-Higgs bundle
(E,®) of slope p there is a C>' metric on E for which L = V+ and the corresponding Chern
connezion Vg and Hermitian adjoint ®1 yield a projectively flat connexion V = Vg +® — df
i.e.,

RY =RVE £ [® A D] = —ipwIp. (2.14)

The connexion V induces a flat connexion on the principal PU(2,1)-bundle whose asso-
ciated bundle is PE. The holonomy of this flat connexion yields a reductive representation
p:mY — PU(2,1) (determined up to conjugacy) which is irreducible precisely when (E, ®)
is stable (hence strictly polystable Higgs bundles correspond to reducible reductive represen-
tations).

Remark 2.1. This theorem can be thought of as an example of the Donaldson-Uhlenbeck-
Yau correspondence between stable bundles over compact Kéhler manifolds and Hermitian-
Einstein connections (Garcia-Prada gives a good overview which fits our context in [16]). For
G-Higgs bundles such a correspondence is due to Hitchin for G = SL(2,C) [29] and Simpson
[43] when G is a complex reductive algebraic group.

Note that the usual statement of the previous theorem gives the existence of a Hermitian
metric on E. This is equivalent, since one can simply swap the sign of the metric on L,
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and the condition (2.12) on the Higgs field ensures that the adjoint remains the same. This
makes the C?>! metric negative definite on L, and therefore L determines a smooth section of
the CH? bundle PE_ (where E_ denotes the bundle of negative length vectors in ). Since
PE_ ~D x, CH? this section is equivalent to a p-equivariant map f : D — CH? in such a
way that ® = df. Moreover, Vg induces a metric connexion on f~'TCH? which agrees with
the pull-back of the Levi-Civita connexion, so that the equation dg® = 0 is the harmonic
map condition for f.

In the reverse direction, a representation p : m13 — G determines the projective bundle PE
uniquely and therefore a class of projectively equivalent C>! bundles, each with a projectively
flat connexion. By Corlette’s results [9], there is a p-equivariant harmonic map f : D — CH?
precisely when p is reductive, and this map is unique when p is irreducible . The map
corresponds to a line sub-bundle L C E and therefore a splitting E = L+ & L. The splitting
determines a bundle automorphism o € End(E, E) for which ¢|L* = 1 and o|L = —1, and
therefore a decomposition V = Vg + ¥, where

Ve=31(V+0oVo), ¥=1(V-0oVo).

The Higgs field is ® = W10, The harmonic map equation, when paired with the projective
flatness of V, asserts that dg W'Y = 0, and thus the Higgs field satisfies (2.12) when we take
V=L

Two such bundles, (F,V) and (E’,V’), are projectively equivalent when there is a line
bundle £ equipped with a connexion V, for which £/ ~ F® L and V' ~ V ® V. (the
induced connexion on the tensor product). In particular, by taking £ = L~! equipped
with the connexion obtained from the restriction of V to L, we may assume without loss of
generality that £ =V & 1, where 1 denotes the trivial bundle, and the restriction of V to 1
is the canonical flat connexion. In that case the Toledo invariant of p is —% deg(V).

Remark 2.2. The alternative normalisation, used by Xia [52], is to note that since deg( EQL) =
deg(F)+3deg(L) one can normalise by degree, i.e., insist that 0 < deg(F) < 3. In particular,
the topological type of PE is determined by deg(E) mod 3, and the representation p only lifts
to SU(2,1) when there exists an £ for which E ® L ~ D x; C?! for some representation
p:m% — U(2,1). This happens if and only if deg(E) = 0 mod 3, i.e., when 7 € 2Z.

Remark 2.3. From the Higgs bundle perspective, the Toledo invariant is sometimes defined
to be %deg(VL_l) (see, for example, [52]). This differs by a sign from our convention, since

Zdeg(VL™") = 2degHom(L,V) = Z¢1(p) = —7(p). (2.15)

2.3. Minimal surfaces and their Higgs bundles. We are now in a position to classify, in
terms of Higgs bundle data, the minimal p-equivariant surfaces which are neither holomorphic
nor anti-holomorphic, when p is irreducible.

Theorem 2.3. An irreducible representation p € Hom(m X, G) admits a p-equivariant mini-
mal immersion f : D — CH? which is neither holomorphic nor anti-holomorphic if and only if
it corresponds to a Higgs bundle (E, ®) for which E =V &1 where V is a rank 2 holomorphic
extension

0= K YD) BV B KDy —o0. (2.16)
Here Dy, Do are effective divisors with no common points, whose degrees di,ds satisfy the
stability inequalities

2d; +dy < 6(9— 1) and dy +2ds < 6(g — 1), (2.17)



10 JOHN LOFTIN AND IAN MCINTOSH

where g is the genus of ¥. The Higgs field is given by ® = (P, P2), after making the canonical
identifications

Hom (K ~1(D;),V) ~ K(-D;) ® Hom(1,V),
Hom(V, K(—D3)) ~ K(—D>) ® Hom(V, 1). (2.18)
These divisors are, respectively, the divisors of anti-complex and complex points of the minimal

immersion f. The representation p has T(p) = 2(dy — dy).

Proof. Given p we obtain a projectively flat C>! bundle of the form E = V @& 1, and then f
provides holomorphic sections

®; = 0f' € H(K ® Hom(1,V)) ~ H(Hom(K~*,V)),
®y = 0f" € H(K ® Hom(V,1)) ~ H°(Hom(V, K)),
whose sum is ® = df. Since f is conformal we have

0=g(0f,0f) = tr(@?).

From this we can show that ®5 o &1 = 0, by the following local frame argument. Neither of
@1, Py are identically zero since f is not +-holomorphic. So, away from its zero locus, the
image of ®; is a rank one sub-bundle V; C V. We can locally frame E by sections o1, 09 of
V and o3 of 1 such that o1 generates V;, and we may assume this is a U(2,1) frame with
respect to the metric on E. It follows that there are locally holomorphic sections a, b, ¢ of K

for which
®y(01) = aos, Pa(0o2) =bos, Pi(o3) = coy.
Since f is not anti-holomorphic ¢ # 0. Now
tr(®?) = tr(P) o By + By o By)
= (®1 0 Dy(01),01) + (D1 0 Pa(02),02) — (P2 0 P1(03),03)
= 2ac.

Therefore tr(®?) = 0 implies a = 0, i.e., 3 0 ®; = 0. Thus
E'BvHBE,

has the image of ®1 in the kernel of ®5. Now ®; vanishes precisely on anti-complex points,
while ®5 vanishes precisely on complex points, so we have

0— K 4D B VB K(-Dy) —o0.

This must be exact at the middle since V' has rank 2.
For stability we need to identify the ®-invariant sub-bundles. With respect to the local
frame o1, 09,03 above ® is represented by the matrix

0 0 c
0 00
0 b 0

It follows that the only ®-invariant proper sub-bundles of E are the image V; of ®; and V1 ®1.
So stability requires

deg(V1) < gdeg(E), §deg(Vh) < 3 deg(E).
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Since deg(V1) = di —2(g — 1) and deg(FE) = di — da these inequalities are equivalent to the
inequalities (2.17).

Reversing the argument is straightforward: when the Higgs bundle has this form we have
Py 0 ®; = 0, hence tr(®?) = 0. So when the Higgs bundle is stable the sub-bundle 1 ¢ E
provides a conformal harmonic p-equivariant map f for some irreducible p. O

The proof works perfectly well in the case where D1, Dy have common points, in which
case the map f is a branched minimal immersion with branch points on D N Ds. We will
follow common usage and say Dj, Do are co-prime when they are disjoint.

The Higgs bundle data which appears in the previous theorem can be written as a quadru-
ple (3., Dy, Do, ), where £ € HY (Y., K~2(D; + Dy)) is the extension class of (2.16). The
theorem shows that this data determines the pair (p, f) up to G-equivalance, i.e., up to the
simultaneous action of G by conjugacy of p and ambient isometry of f. The exact sequence
(2.16), which gives us V and @1, ®9, is completely and uniquely determined by its extension
class £ [26, Ch. 5]. Moreover, since the isomorphisms (2.18) require Dj, Dy, not just their
linear equivalence classes, the assignment from (X, D1, Ds,§) to the G-equivalance class of
(p, f) is bijective. The moduli space parametrised by this data will be described in §6.

Remark 2.4. The proof above shows that when (FE,®) has tr(®?) = 0 it cannot split into a
direct sum of ®-invariant sub-bundles unless one of ®; or ®, is identically zero. It follows
that a reducible p can only admit p-equivariant minimal surfaces which are holomorphic or
anti-holomorphic. We describe all these reducible representations in Remark 5.1 below. How-
ever, there are also irreducible representations which admit holomorphic or anti-holomorphic
surfaces: we give a complete classification in §5.

3. THE HIGGS BUNDLE DATA IN TERMS OF MINIMAL SURFACE DATA.

In this section we will give the explicit correspondence between the minimal surface data
(71,72, Q) and the Higgs bundle data (2., D1, D3, &) of the previous section. This is achieved
by exploiting the harmonic sequence for a minimal surface in CH?. It provides us with a
preferred system of local U(2,1) frames for the bundle £ in Theorem 2.3, and which we
will call Toda frames. These frames are explictly determined by the minimal surface data,
and through them we calculate the extension class £ of the bundle V' in Theorem 2.3. The
correspondence between the Higgs data and the minimal surface data then comes through
the Dolbeault isomorphism

HY (2., K~%(Dy + Dy)) ~ H*' (2., K~%(D; + Dy)).

Theorem 3.1. Let the pair (p, f) correspond to the Higgs data (X., D1, D2,£) as in the
previous section. Let 1,72, Q be the minimal surface data determined by f through (2.6)
and (2.11). Then the extension class & corresponds, under the Dolbeault isomorphism, to the
cohomology class
— [g} € H* (2., K7*(D; + Dy)).
Y172
Moreover € = 0 if and only if Q = 0.

In particular, this means that (1, v2, Q) determines (3., D1, D3, £), since we get the confor-
mal structure of the induced metric and the divisors Dy, Dy from 71, ~s. Therefore Theorems
2.3 and 3.1 together have the following corollary.
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Corollary 3.2. If two p-equivariant minimal surfaces have the same data (71,72, Q) then
they are identical up to ambient isometry.

Before we begin the proof of Theorem 3.1 we describe the local Toda frames which link
the minimal surface data to the local geometry of the Higgs bundle. Fix a pair (p, f) and let
E =V &1 be the Higgs bundle over Y. corresponding to them as above, equipped with its
Higgs field @, its C*! metric and the Chern connexion V.

Lemma 3.3. Let (U, z) be holomorphic chart on X, for which U contains no complex or
anti-complex points of f. Then over U there is a local trivialisation o : E|U — U x C3 for
which ~ B

—Zlogu; —Q/ujug 0

podpop t=dz | =+ 0 Zloguz 0 (3.1)
0z 0 0 0
and
0 0 (75}
podop =10 0 0 ]dz, (3.2)
0 u9 0

where Z = 9/0% and uy,uz,Q are given by (2.5) and (2.11).

Proof. For notational convenience, let us set {g =1 C E. Then V = €0¢ with respect to the
C2! metric, and ¢y is the section of PE_ which represents f. Thus df’,0f" € QL (Hom(¢g, (5 ))
and they determine line sub-bundles ¢4, ¢3 C £ via their images, i.e.,

oKL 0% 0 oK. (3.3)
These two sub-bundles are orthogonal since f is conformal. We give each of these line bundles
the holomorphic structure it inherits from g, i.e., a local section o of ¢; is holomorphic when

mj0po; = 0, where 7; : E — /; is the orthogonal projection. Note that since ® € Hom(fo,foL)
this holomorphic structure on each £; agrees with the one induced by the projectively flat
connexion V = Vg + ® + &, Then 9f' = ®, is a holomorphic map, while 0f = <I>£ is
anti-holomorphic, since f is harmonic. Since V induces the canonical flat connexion on 1 we
can choose a globally flat section fj of 1, i.e., (V fo, fo) = 0 with (fo, fo) = —1.

Now fix a chart (U, z) and for any section o of E|U write Xo to mean Vxo with respect
to the projectively flat connexion V. Then the maps above can be written locally as

7TL7 7TL
0" 0" 0y,
Define local sections o; € I'(U, ¢;), j = 1,2 by
o1 =0f'(Z)fo =7y Zfo, o2=0f(2)fo=ryZfo.

We assume that U does not contain any complex or anti-complex points, and therefore the

functions uy,us in (2.5) are non-vanishing. Clearly |o;| = u;, and we set f; = o;/uj. Then
f1, f2, fois a U(2,1) frame for E. We claim that these satisfy the equations
Zf1 = (Zlogui) f1 + (Q/uru2) f2, (3.4)
Zf2 = —(Zloguz) fa + ua fo, (3.5)
Zfo=wu1f1.

The last of these is obvious, since Z fy = W(J]‘Z fo-
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Next consider
Zfr ={Zf1, 1)1 +{Z 1, f2) fo.

Since fy is holomorphic, so is o1, and therefore Z(o,01) = (Zo1,01). Thus
(Zf1, fr) = w2y o), 00)
= —Zlog(uy) + u1_2Z<01, o1)
= Zlog(uq).
Now
(Z 1, f2) = (Z(01/u1), 02/ uz)
= (Zoy,09)/urusg
= <7TOLZ7T0lZf0,7T0lZf0>/U1UQ.

On the other hand, using (2.11) and the fact that VCE is the connexion on Hom (£, £3)
induced by the connexions on each bundle ¢y, E&, we have

Q = (V0L (2)f0.01(2)) fo)
= (ngZ101"(2) fo] — OF(2)moZ fo), D1 (2)) fo)
= (my 2y Z fo, 70 Z fo) — (w5 Zm0Z fo, Ty Z fo)- (3.7)

The second term in the last line vanishes since ¢_; is orthogonal to ¢;. Thus (Zfi, fo) =

Q/U1u2-

Finally, consider
Z fo = (Z f2, f2) f2 — {Z fa, fo) fo.
For the first term we note that oo is anti-holomorphic since fy is, so
0 = (Zog, fa) = Zuz + uz(Z f2, fa).
Since (fa2, fo) = 0 the second term yields
—(Z f2, fo) = (f2, Z fo) = (f2,00) = us.

Now that we have established the equations for the frame fi, fs, fo, we take ¢ to be the
corresponding trivialisation. In this frame the equations (3.4)-(3.6) show us that

9 Z log u; 0 Uy
poVIW0op ™ =dz | =+ Q/uiug —Zlogug 0 (3.8)
0z
0 u9 0
Thus (3.1) and (3.2) follow. O

At complex or anti-complex points we require a slight adjustment of the frame above. We
may choose the chart (U, z) so that U contains precisely one complex or anti-complex point,
at z = 0. Thus one of 01,09 vanishes at z = 0. To treat all cases simultaneously, let p, g
be the non-negative integers for which 279 and zZ Poy are respectively holomorphic and
anti-holomorphic, and do not vanish at z = 0: at most one of p, ¢ is non-zero. It follows that
the functions uy /|z|¢ = |27 %01| and uy/|z|P = |Z27Poy| do not vanish. By setting

z %0

fi = (l21/2)1f1,  fo=(121/2)fa = (/|21 fo,

- |z=4901|
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we obtain a U(2) frame f1, fo for V throughout U, with corresponding trivialisation @. This
is easiest to work with by writing it as

p=stem, 5= (00 ) o

The next step towards Theorem 3.1 is to represent the extension class £ of V using a 1-cocycle
with values in K ~2(D; + Ds). For this computation, we choose an atlas U = {(Uj, z;)} for X
of contractible charts for which each complex or anti-complex point lies only in one chart, at
zj = 0, and for simplicity assume charts containing distinct complex or anti-complex points
are disjoint.

Lemma 3.4. There is a holomorphic atlas U = {(Uj,z;)} for X. in which £ is represented
by the 1-cocycle {(&;x,U;, Ug)} € HY (U, K=%(D1 + D)) for which

Eik = (1j,z*(pf+qf)dzj_2 — akdzk_2 on U; N Uy, (3.10)
for smooth functions a; on U; satisfying
Q S PiT
da;/07j = =5,
ug U5
17725

(assuming Uy, contains no complex or anti-complex points).

Proof. For simplicity, set w = z/|z|. Using the previous lemma and the transformation (3.9)
we have, on V over a single chart (U, z),

é—i— (—Zlog(m/]z\q) —_pr+q/u1u2>]
0z 0 Zlog(ua/|z|P) ) |

Now suppose U; NUy, # (), and assume without loss of generality that Uy, contains no complex
or anti-complex points, so that pr = 0 = ¢ and @, = ¢|V. Then we have transition relations

©j = cjkPr Where
wqj de/dzk 0
cin — |9 1dzi/dzk]
gk = wPildzi/dz] |0

O J de/de

@O@EO@_lde[

where we have used that fact that
dz;/dzy _ dzj/dzy _ |dz; /dz]
|dz;/dz|  |dzj/dz| dzj/dzy
It follows that, as a smooth bundle, V ~ K~1(D;) @ K(—D,).
To elucidate its holomorphic structure we find local trivialisations x; in which

- 0
1 _
onaEOX‘ :de—_a
J aZj
i.e., we seek local gauge transformations x; = R;@; for which

- 0
Rj[¢podpog MR =dzj—.
J g ]82’]'

A straightforward calculation shows that this is achieved by taking

R (1 oai) ((u/lz]9) 7 0
7\ 1 0 uz; /1P )
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where 5 B N
s Pt
e —%272’ (3.11)
0z; uy;uy;
throughout U;. Such a function a; exists, by the 0-Poincaré Lemma, because the right hand
side is smooth throughout U; since (); vanishes to at least order p; + ¢; at z; = 0 by (2.11).

Thus the transition between two such charts x; = bjxxx is given by

aj
_1 Z: de/de )\jk
bjr = Rjcjplty, " = < "0 2 Vdzfdz; )
J
where J J
— Zk . Az
Njk = a;z; Pi —de — akzjj —dzi’

and this is holomorphic on U; N U}, (this follows easily from (3.11)). Now using the same
convention as [26, p74] this determines the 1-cocycle with values in K ~2(D; + Ds) given by

dz;
qj A%
Sjk = (ijd—zk

(pj+Qj)de2
J

)_1)\jkdz,;2

s —2
= a;z; —apdz, "

O
Proof of Theorem 3.1. For notational simplicity, set £ = K~2(D; + D5). In U. ; the quantity
—(pj+a;) ;-2
z; 0 dz;
is a local holomorphic section of £. Therefore we have local smooth sections

my = ayz P € (U5, E(0)),

which provide a 0-cochain 7 for the sheaf £°(L) of locally smooth sections of £. By (3.10)
the 1-cocyle {(&;x, Uj, Ug)} is, as a smooth cocycle, the coboundary of 1. Now recall that the
Dolbeault isomorphism H'(U, £) — H%(U, £) is derived from the short exact sequence

0 0(L) = &%) 2 el (z) Lo,
by taking the cohomology class of 0. But
577j =— ZQjQ dz]72cizj.
1 %25

So On is represented by the cohomology class of the smooth form
-9/ € T(Z, EY1(L)).

Finally, we show that this vanishes when it is 0-exact, by showing that it is harmonic with
respect to Hermitian metric B = 7192 on £. With respect to the Hodge inner product on
E**(L) determined by B on £ and the induced metric v on X, the adjoint of 9 : £°(£) —
E%L(L) is given by

01(L) L e0r); 9t = —%0x,
where * is the conjugate linear Hodge star operator for our choice of metrics (see, for example,
[49, p168]). It therefore suffices for us to show that

Ox(Q/m72) = 0.
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Let (U, z) be a chart in which the divisor D; 4+ Dy has at most one point, of degree d at z = 0.
Then 7 = 27 %dz~2 is a local holomorphic trivialising section of £ over U and
E4NU, L) 5 EYVU, LY);  ardz — —iaB(-,T)dz,

for any locally smooth complex function a over U. Now in U we write

: Qz"
= %% _1d
Q/le’YQ U%U%T Z,
and therefore R
el 0 Q7 d 2\ 75
0 =—i— | —55— dz*)dz N dz.
(0 /mm) = =it (Ll ) (ast)dz n ds
But
o I7[1* = B(r,7) = |2 *"uiu3,
and therefore 0x(Q/v172) = 0 throughout U since @ is holomorphic. O

We finish this section by giving a global expression which relates the curvatures of the
immersion f to the norms of Q and Q/~;y2 with respect to the induced metric. This in turn
provides an area bound for such immersions.

First we note that a straightfoward calculation using (3.8) shows that the projective flatness
of the connexion V is equivalent to the local equations

ZZlogut = 2u? +|Q* /ulus — u3, (3.12)
ZZlogus = 2u3 + Q> /ulus — u?, (3.13)

in a chart (U, z) containing no complex or anti-complex points. These are the appropriate
version of the Toda equations for this geometry (cf. [4] for the CP" version). They are also
related to the two equations Wolfson derived for the Kdhler angle in [50]. Recall that the
Kéhler angle is a continuous function 6 : ¥, — R for which f*w = cos(#)v,, where v, is the
area form for the induced metric. Wolfson showed that, except at complex or anti-complex
points where 6 is not differentiable,

i00log tan®(0/2) = f* Ric, (3.14)
109 logsin®(0) = (k + & )v,, (3.15)
L

where Ric is the Ricci form and k-, k=~ are the Gaussian and normal curvatures of the immer-
sion respectively. In our case we have, from (2.4), cos(d) = (ui — u2)/(u? + u3). Therefore

u? . 4u2u2
tan2(9/2) = u—%, sm2(9) = 7@% —{EUZ%)Q’

and (3.14) is just the difference of (3.12) and (3.13) since f*Ric = —6f*w. Now
ZZlogsin?0 = ZZu? + ZZu3 — 2Z Z log(u? + u3)

2|Q|2 2 —

2 2 2 2 2 2
=uj + + u5 — ZZlog(ui +u uy + us3),
1 u%u% 2 u% u%[ g( 1 2)]( 1 2)

using (3.12) and (3.13). The second term on the right contains the local expression for -, so
substituting this equation into (3.15) reveals that

9 2
HL—/€7:2<1+22¢>

uiug(ui + u3)
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The right hand side can be written in terms of the quantities

T3 Ty Va2ud3
It is easy to check that their product is smooth everywhere, so that we obtain the global
identity

Q
L1 — = _—
KT =Ry =2(1+ ||7m 4 112l14)- (3.16)

By integration over ¥, and using (2.8), we arrive at the following conclusion.

Proposition 3.5. Let f be a p-equivariant minimal immersion which is neither holomor-
phic nor anti-holomorphic, with induced metric v, cubic holomorphic differential Q, di anti-
complex points and do complex points. Then

(4(g — 1) —dy — do)m > Area, (X) + / HQH?W% (3.17)
b
with equality if and only if either @ = 0 or when f is Lagrangian.

Note that the stability inequalities (2.17) confirm that the left hand side is positive. The
last statement follows because if Q # 0 equality requires ||Q/v172|ly = ||QJly, which in turn
requires u; = ug, whence cos(6) = 0.

Remark 3.1. The local equations (3.12), (3.13) are clearly invariant under any unimodular
scaling Q — €'Q. Globally this corresponds to the symmetry Q — €¢*“Q, and by Theorem 3.1
this corresponds in turn to £ — e @£, In fact this is equivalent to the well-known symmetry
of the equations (2.14) ® + €¥® (taking o = 2¢) which Hitchin showed is a Hamiltonian
circle action on the moduli space of SL(2,C)-Higgs bundles [29]. To see this equivalence it
is enough to perform the following gauge transformation for 0 + ¥ ® using the local gauge
(3.8):

e 20 0 9 Z log u; 0 ey
Ad 0 1 0 N =+ | Q/uius —Zlogus 0
0 0 e 0z 0 ey 0
9 Z log uq 0 Up
= — 4+ | e¥Q/uius —Zlogus 0 (3.18)
Oz 0 s 0

Note in particular that, unlike the SL(2,C) case, the map (E,®) — (E,—®) fixes every
PU(2,1)-Higgs bundle since 0 + ® and dp — ® are gauge equivalent (by the symmetric space
involution).

4. MINIMAL LAGRANGIAN IMMERSIONS.

By Wolfson’s theorem [50, Thm 2.1] Theorem 2.3 yields minimal Lagrangian immersions
when both divisors Dy, D are zero. Therefore Theorem 2.3 implies the following characteri-
sation of all equivariant minimal Lagrangian immersions.

Corollary 4.1. Given a closed oriented surface > of hyperbolic type, minimal Lagrangian
immersions f : D — CH? which are equivariant with respect to an irreducible representation
of m¥ into PU(2,1) are in one-to-one correspondence with the Higgs data (X.,&), where c is
a point in Teichmiiller space and & € H%Y(3,, K ~2).
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It is not strictly necessary to say that p is irreducible in this statement: this is implied
by a combination of Corlette’s result that twisted harmonic maps correspond to reductive
representations [9] and Remark 2.4.

For a Lagrangian immersion the Kéhler angle satisfies sinf = 1, so that (3.15) implies
KT = —k,. Moreover, || Q|2 = 2||Af||?, where Ay is the shape operator of f [38, Lemma 2.8
and

||AfH2 = Sup{%(tr,y Af(l/)Z) 1V E TPDL, lv| = 1}.
Since CH? has constant Lagrangian sectional curvature —1, (3.16) reduces to the Gauss (and
Ricci) equation for minimal Lagrangian immersions:

— 1=Ky + 2| Af | (4.1)

In [37] we wrote this as an equation for the conformal factor v = e*u of the induced metric
with respect to the hyperbolic metric pu:

Ayu—2[|Qf2e " — 2" +2 =0, (4.2)

We gave existence results for this in terms of pairs (X., @), and showed that there is a constant
k, independent of ¢ € Ty, for which ||Q||, < k yields a minimal p-equivariant embedding for
which the normal bundle exponential map exp’ : 7D+ — CH? is a diffeomorphism. We then
showed that p is quasi-Fuchsian, since the image under exp® of a fundamental domain for
w12 gives a globally finite fundamental domain for p. Taking Q@ = 0 gives the R-Fuchsian
representations, i.e., those which factor through the canonical inclusion SO(2,1) — PU(2,1).
It is therefore convenient to adopt here the following terminology (similar terminology is used
in the study of minimal surfaces in RH?, where it was introduced in [34]).

Definition 4.2. A representation p € Hom(my, PU(2,1)) will be called almost R-Fuchsian if
it admits a p-equivariant minimal Lagrangian embedding f : D — CH? whose normal bundle
exponential map exp’ is a diffeomorphism. We will call f an almost R-Fuchsian embedding.

A necessary and sufficient condition for exp® to be an immersion is that [|Q|2 < 2 [37,
Thm 7.1]. The following theorem improves substantially on the existence results in [37] by
showing that almost R-Fuchsian immersions exist, and are the unique minimal immersion, up
to this optimal bound on Q: this is the direct analogue of Uhlenbeck’s result [46, Thm 3.3]
for almost Fuchsian minimal surfaces in RH?.

Theorem 4.3. Let f be a p-equivariant minimal Lagrangian immersion for which ||QH% < 2.
Then f is an almost R-Fuchsian embedding (and p is almost R-Fuchsian). Moreover, f is the
unique p-equivariant minimal immersion.

Remark 4.1. This theorem should also be compared with the parametrisation of hyperbolic
affine sphere immersions D — R? equivariant with respect to an irreducible representation into
PSL(3,R), or equally, to the parametrisation of all convex real projective structures on ¥ [47,
36, 35]. The data is a pair (2., Q) where Q is a cubic holomorphic differential. By a theorem
of Choi & Goldman [8] this data parametrises an entire component, the Hitchin component,
of the representation space R(SL(3,R)). Labourie [35] directly related the hyperbolic affine
sphere data to the Higgs bundles identified by Hitchin in [30]. In that case the Hitchin
component is parametrized by Higgs bundles over ¥, with bundle K~! @ 1 & K and Higgs
field

10
01
0 0

0 oo
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Theorem 4.3 shows that Corollary 4.1 provides a similar parametrisation of the almost Fuch-
sian locus inside the 7 = 0 component R(PU(2,1)). It is unlikely, however, to parametrise
the entire component. In the analogous case of equivariant minimal surfaces in RH?, there
are examples of quasi-Fuchisan hyperbolic 3-manifolds which admit more than one minimal
surface [1, 32].

We will break the proof of Theorem 4.3 into two parts, starting with the proof that f is an
embedding. For this we need to recall from [37, §7] an explicit expression for exp’ : TD+ —
CH? when f is minimal Lagrangian. In this case the frame fi, f2, fo used in the proof of
Theorem 3.1 has the simple form

fi= (e h=3(0s s=u=uw

Let S_ C C*! be the pseudo-sphere into which fp maps, and 7 : S_ — CH? be the projection.
When f is Lagrangian TD+ = Jf,TD is a Lagrangian 2-plane in TCH?. This implies that
exp®(T,D1) is a totally geodesic Lagrangian disc normal to f(D) at f(z). This Lagrangian
disc has the form

{m[(ia = b) f1(2) + (ia + b) f2(2) + fo(2)] : a® + b < L}.

Let A C C denote the open disc of radius 1/2. Then we have an identification between 7D+
and D x A for which exp' is represented by the map

0:Dx A — CH%  O(z,w) = m(—wfi(2) + wfa(z) + fol2)).
The following result improves [37, Thm 8.1].

Lemma 4.4. When ||Q|2 < 2 the pullback metric ©*g is complete, and therefore © is a
proper map and hence a diffeomorphism. In that case f is an embedding and p is almost
R-Fuchsian.

Proof. Fix a point p € D. We can normalise the frame f1, fs, fo so that these are the standard
basis vectors e, ea, e3 at p, and choose a conformal normal coordinate z centred at p so that
v(p) = |dz|? (i.e., s(0) = 1/y/2) with s, = 0 = s; at this point. We may also rotate z so that
Qo = Q(p) is real and non-negative. Since Q = Qodz* and ||dz| = v/2 we have 0 < Qg < 3.
With such choices, in [37, §7], we computed the differential of © (in affine coordinates) at p
to be given by

d@l Lk 0 -1 dz
o, | k-l -1 0 dz
d@g Mk 11 0 dw |’
dOs I kK O 1 dw
where
l= %(1+|w|2), k= —2Qow — %w?



20 JOHN LOFTIN AND IAN MCINTOSH

Now set ¢ = ldz + kdz and notice that in affine coordinates ©(p) = (—w,w). Then at p we
compute the pull-back of g to be
2

£y 1 .69, e
@9 =2_ Tjop (‘5@ T ||@||2> 40:d9;

ij=1
5o | (14 T ) (6~ 06— dw)

+ (0 + 71(:‘;'52) (¢ — dw)(¢ + dub)

+ (0 + %) (6 + duw) (& — duw)

+ <1 + L@) (¢ + dw)(d + dw)}

1—2w|?
1 2 _ \2 2 _ — 2
Now consider the two terms in this expression:
1 1

6, = 3 (267 — (o +@9)%) 62 = Ty (2wl + (wdi — wdw)?).

(1—2Jwp?)
The term 65, which is the induced metric on A, is just the Klein model for the hyperbolic
plane and reflects the fact that the fibres of exp® are totally geodesic. The first term 6, is the
expression at p for the metric induced by the immersion ¢, : D — CH?, ¢, (2) = O(z,w).
We can think of each vector (—w,w) as determining a section of 7D+, and ¢,, is the image
of this under expt. We claim that there is a constant £; > 0 for which, for every w,

ong(X, X) >ev(X,X), VX eT,D.

It follows that ©*g = 61+ 65 is bounded below by e5y+605. The latter is a product of complete
metrics on D x A and therefore ©*g is also complete.

To prove the claim, write w = wy +tw9 and ¢ = ¢1 + i¢o for real and imaginary parts, and
set 72 = |w|? < 1/2. Then

1 2 —4w?  dwiwy \ (o1

—_— . 4.4
(1 — 27"2)2 (¢1 ¢2) <4’U)1U}2 9 _ 4U}% ¢2 ( )
The eigenvalues of the matrix are 2 and 2 — 4r2. Therefore, using the smaller eigenvalue
2 — 4r?,

o) =

2

0y >
PE 122

]2 > 2|o|%.

It now suffices to show that
8> > ey = ea(da’® + dy?),
for a constant 5 > 0 independent of w, where z = x + iy. For this, write k = k1 + ik2 so that

¢1\ _ p(dz (l+k Ok
<¢;>_B<dy> forB_< k21 l_2k1>. (4.5)

The components of the metric |¢|? are the entries of B'B = B2, and the eigenvalues are the
roots of

N 2P+ EHN+ (2= K2 =0,
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and are therefore (I & |k|)%. Thus for any unit vector X € T,,D,
[$2(X, X) = (1 [k])*.
Now
l2 _ ’k‘2
I+ k|’
and [ + |k| is clearly bounded above, so it suffices to show that 2 — |k|? is bounded below by
a positive constant independent of w. We compute

12 _ ‘]{;’2 — %(1 + 742)2 _ (2@011) + %"LDQ)(QQO’II} + %wZ)

=r?(1—4Q3) + 1 — Qo(V/2r)3 cos(3a), (4.6)

where w = re'®. Now Qp < % and v2r < 1,50 1 —4Q2 > 0 and % — 2¢/2Qqr> cos(3a) > 0.
With Q fixed we get a uniform positive lower bound over r, . Thus the metric ©*g is complete
on D x A. We conclude, as in [37], that © is a proper map and a diffeomorphism, whence f
is an embedding and p is almost R-Fuchsian. O

- |k =

To prove that f is unique we first need a result which can be given in greater generality
than our current situation. Let (N, g) be a complete Riemannian manifold.

Proposition 4.5. Let f : M — (N, g) be a compact embedded minimal submanifold for which
expt : TM+ — N is a diffeomorphism. For a local section n of TM~ of unit length and a
positive constant r, set @, = exp®(rn) and let v, be the volume form for the metric ©rg on
an open subset of M. Suppose dv,/dr > 0 for all v and for every n. Then f is the unique
minimal immersion of M transverse to the fibres of exp™.

The proof is given in Appendix A.

Now we can complete the proof of Theorem 4.3. Since p is quasi-Fuchsian the quotient
CH?/p is a manifold, and by the previous lemma f : ¥ — CH?/p is a minimal embedding such
that exp® : TS+ — CH?/p is a diffeomorphism. Now if ¢ : D — CH? is any p-equivariant
immersion then it must be transverse to the fibres of expt, since dy o dd = dp(6) o dy for
every 0 € m1 X and the action of p is transverse to the fibres. Therefore the uniqueness claim
in Theorem 4.3 follows from the previous proposition and the following lemma.

Lemma 4.6. Under the assumptions of Theorem 4.3, if v, is the area form for the metric
©tg induced by any local immersion of the form ¢, = exp*(rn) for a local section n of T M=+
of unit length and a positive constant r, then dv,/dr > 0.

Proof. Since ¢,(z) = O(z,re!®) for some fixed r and «, the induced metric *g at a point
p € ¥ is given by 0 from the proof of Lemma 4.4. Using the expression (4.4) we can write

. 1 ¢ (2 —4w?  dwiwy dx
Yrg = (1 2r2)2 (dz dy) B <4w1w2 2 — 4wl B dy )’
where B is given by (4.5). The determinant of the matrix in the middle is 2(2 — 4r2), so that
v, = a(r)dz A dy where

a(r) = ﬁwl Z22(12 — k)

- W <1 +2r3(1 — 4Q3) — 4V2Qor? cos(3a)) ,
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using (4.6). A calculation shows that

da B 4r 9 9 3
Now Qo < 3, r < 1/v/2 and cos(3a) < 1, so da/dr > 0. O

4.1. Families of solutions to the Gauss equation. Theorem 4.3 shows that the norm
| Q|| gives control over uniqueness of minimal Lagrangian immersions, but at present we have
no clear way of relating it to the parametrisation by the extension class £&. Moreover, since
this norm depends upon the solution to (4.2) it is difficult to control a priori. On the other
hand, the combined results of [37] and [31] show that a bound on [|Q||,, must be combined
with a condition the solution of (4.2) to get existence and uniqueness. One knows that the
zero solution v = 0 is the unique solution for Q@ = 0, and that for ||Q||, small and non-zero
there are always solutions [37], but these are not unique [31]. The challenge is to understand
how solutions behave as one moves along a ray tQg, t > 0, given a fixed cubic holomorphic
differential Qp. To study solutions along such rays, Huang et. al [31] introduced the following
terminology.

Definition 4.7. A solution u to (4.2) is F-stable if the linearised operator
L=—A,+2e" — 4| Q|5 (4.7)
18 positive.

This condition ensures, by the Implicit Function Theorem in the appropriate Sobolov
spaces, that there is locally a smooth curve u(t) of solutions to

H(u,t) = Apyu—2[[tQo|%e " — 2" +2 =0, (4.8)

nearby any JF-stable solution u(tp). Our aim here is to show that, given Qg, the F-stable
solutions form a continuous curve terminated at one end by the zero solution and at the other
end by the first solution which is not F-stable. This, together with the results of [37, 31],
gives the following summary of the behaviour of solutions to (4.2) as the cubic differential is
scaled.

Theorem 4.8. Fiz a non-zero cubic holomorphic differential Qy on ¥.. Set
To = \/4/27(81513 19Qollu) "

Then:

(1) there exists a Ty > Ty such that (4.8) has no solutions for t > Ty;

(ii) there exists Ty <T1 < Ty such that for t < Ty there is a unique continuous family of
F-stable solutions to (4.8). All F-stable solutions lie on this family and the limiting
solution u(T) is not F-stable;

(iii) for t < Ty the F-stable solutions yield almost Fuchsian embeddings;

(iv) for 0 <t < Ty there is at least one solution which is not F-stable.

Remark 4.2. This result is analogous to Uhlenbeck’s description of the bifurcation in families
of solutions to the Gauss equation for minimal surfaces in RH?® [46, Thm 4.4]. We note that
for Uhlenbeck the right notion of stability was stability with respect to the area functional.
In our case that gives no extra control, since all minimal Lagrangian surfaces in CH?/p are
stable by a theorem of Oh [39].



EQUIVARIANT MINIMAL SURFACES 23

Part (i) comes from [37], while (iii) comes from [37] and Theorem 4.3 above. Part (iv) and
the existence of a local family of unique F-stable solutions for ¢ < T} come from [31]. Here
we provide the rest of (ii) via the following lemma.

Lemma 4.9. Let Qg be a holomorphic cubic differential on X., and let 7 > 0 be such that
u(7) is an F-stable solution. Let u(t) be the local family of F-stable solutions to (4.8) through
u(7). Then u(1) <0 on all of X..

Proof. By differentiating (4.8) we find that v satisfies
—L. 0= 47'||Q0H3672“.

Elliptic regularity implies 4 is C*°. Now define & = max{u(7),0}.
Then " is in the Sobolev space H(X) and dut = 0 wherever @ < 0 (see e.g.[18]). Recall
we define

(— At ity = /2 |di* |2 dA,

in this case. Let v = 4T||Q0||i€_2u, and let €; \, 0 be regular values of % (as guaranteed by
Sard’s Theorem). Thus we can integrate by parts, as each {4 = ¢;} = 0{@ > ¢;} is a smooth
1-manifold. Let w; = max{d — €;,0}. Now since £ > 0,

0 > (=Lat,a™)
= [t + (e 4l Qole ) ) da
:/ [~ [ldalf? + (—2¢* + 4] Qo[ 2e~2)i2] dA,,
{u>0}
= [~ [lduwj||2 + (—2¢* + 4] Qo 2e~24)i?] dA,
{u>6]’}

= lim [w;Ayw; + (—2¢" +411Q0Hi6—2u)u2] dA,

J=00 J{u>e;}

= lim (4 — €5) Ayt 4 (—2€" + 4| Qo7 e**)i?] dA,

J=00 J{ue;}

= / (—Li)idA,
{u>0}

= / vidA, > 0.
{u>0}

(The limits above are valid by the Dominated Convergence Theorem.)
Since v is positive almost everywhere, the last inequality is strict if @ > 0 anywhere on X.
Thus by contradiction @(7) < 0 everywhere on X. O

Proof of Thm 4.8(ii). Let u(7) be an F-stable solution, with local family u(¢) and let £; be
the corresponding family of linearised operators (4.7). Now

L = 2ie" + 8t Q|2e (i — t),

which is nonpositive for ¢ > 0 by the previous Lemma. Thus £, > 0 implies £; > 0 for all
t € [0, 7] in the path of solutions.
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The Maximum Principle shows that every solution to (4.8) is nonpositive. Thus for any ¢ in
an interval of the form (79, 7] the proposition implies 0 > u; > u,, and thus we have uniform
L*> bounds on wu; for all ¢ € (r9,7]. Then the LP theory, applied to (4.8), and standard
bootstrapping show that the limit

lim uy

+
t—7,

exists and is a solution u,, to the equation. This provides a closedness argument for the con-
tinuity method. On the other hand the £; > 0 condition, verified in the previous paragraph,
provides openness as well, and thus we can extend the solution space back down tot =0. 0O

5. SURFACES WITH ZERO CUBIC HOLOMORPHIC DIFFERENTIAL.

Minimal (possibly branched) immersions for which @ = 0 have particularly important
properties. They include all the holomorphic and anti-holomorphic immersions and, by The-
orem 3.1, the extension class zero cases when f is not holomorphic or anti-holomorphic. In
all such cases, the Higgs bundle E is a Hodge bundle (or variation of Hodge structure), i.e.,
E = @ | E; for proper sub-bundles E; for which ® : E; — F;1; ® K, with F,,;1 = 0. For
PU(2,1) the length m of the Hodge bundle must be either two or three [22]. We will show
below that the length-two Hodge bundles correspond to holomorphic or anti-holomorphic im-
mersions, while immersions which arise from Theorem 3.1 with £ = 0 give length-three Hodge
bundles.

Hodge bundles play the central role in calculating the Betti numbers of the smooth com-
ponents of the moduli space H(3., G) of polystable Higgs bundles, and therefore the Betti
numbers of the representation space R(G). For on smooth components the Hitchin function
@72 : H(Xe, G) — R, is a perfect Morse-Bott function, whose critical points are the Hodge
bundles. The length-two Hodge bundles are minima, while the length-three Hodge bundles
have non-zero Morse index [22].

5.1. Holomorphic and anti-holomorphic surfaces. By Toledo’s theorem [45] every mazx-
imal representation (those for which 7(p) = £x (X)) leaves invariant a complex line and acts
on that line as a Fuchsian representation. Such representations are reducible. To understand
the non-maximal p-equivariant holomorphic or anti-holomorphic immersions, we will start by
describing their Hodge bundles. First we note that for any holomorphic p-equivariant immer-
sion f : D — CH? the area form vy for the induced metric equals f*w. It follows from the
definition (2.9) that 7(p) > 0. For anti-holomorphic immersions f*w = —wv, so that 7(p) < 0.
The next lemma completely characterises the Higgs bundle data for representations which
admit either holomorphic or anti-holomorphic branched immersions.

Theorem 5.1. An irreducible representation p admits a branched holomorphic p-equivariant
immersion if and only if it corresponds to a Hodge bundle (V @ 1, ®) with & = ($1,0) and V
a non-trivial extension bundle of the form

05K Y(B) BV K 2L 0. (5.1)

Here B is an effective divisor of degree b > 0 (the divisor of branch points of the immer-
sion) and L is a line bundle of degree I, only determined up to isomorphism, satisfying the
inequalities

3g—1)+3b<i<6(g—1)—b, 0<b<2(g—1). (5.2)

In particular, 7(p) = 3(6g —6 —b—1) and 0 < 7(p) < 2(g — 1) —b.
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_ Moreover, (E,®) corresponds to a branched anti-holomorphic immersion f if and only if
f is the branched holomorphic immersion determined by (E*, ®Y).

Note that by f we mean the post-composition of f with the natural anti-holomorphic invo-
lution on CH? which descends from complex conjugation on C?!. Clearly f is p-equivariant

precisely when f is p-equivariant. The map p — p is an involution on Hom(7y,G)/G for
which 7(p) = —7(p): it fixes the representations with values in SO(2,1).

Proof. First suppose (E,®), with E =V @1 and ® = (®1, D), is a length-two Hodge bundle
with deg(V') < 0. In this case by [22, §3] we have ®3 = 0. The corresponding representation
p admits a p-equivariant harmonic map f : D — CH? determined by the sub-bundle 1 as a
section PE_ with df’ = ®. Therefore f = 0 and f is holomorphic. Conversely, suppose p
admits a holomorphic immersion f. Taking V = f~'7'CH? and ® = 9f' : 1 — KV gives
a length-two Hodge bundle with deg(V) < 0. The involution (E,®) — (E*,®!) on Higgs
bundles maps length-two Hodge bundles with ®5 = 0 to those with ®; = 0. In the latter case
V ~ f~IT"CH? with the opposite complex structure, and the map f is anti-holomorphic.
Now the structure of (V & 1, ®) follows a simplified version of the argument in the proof
of Theorem 2.3. We can think of ®; as a holomorphic section of KV, with divisor B > 0
corresponding to the branch divisor of f. The bundle injection ®; : K~'(B) — V has image
V1 and quotient line bundle V5 = V/V;. Provided V is not the direct sum V4 @ Vs the
®-invariant sub-bundles of E are V1, V7 & 1 and V. The stability inequalities are therefore

deg(V1) < %deg(V), %deg(Vl) < %deg(V), %deg(V) < %deg(V).

On the other hand, if V is the direct sum then V5 is also ®-invariant and stability requires
the additional inequality

deg(Va) < +deg(V), ie., 2deg(V) < deg(V1),

so this is not possible. For later convenience we write Vo = K 2L and the inequalities (5.2)
follow from deg(V1) =b—2(g — 1) and deg(V2) =1—4(g — 1). O

Note that while the splitting of V =~ f_lT’CHz/p into TS @ TY' is J-invariant, the
sub-bundle TS is not dg-invariant unless p is reducible. Indeed, the normal bundle is Og-
invariant (since it is paired with 7% by the Hermitan metric) so the induced structure of this
splitting makes the normal bundle anti-holomorphic.

Remark 5.1 (Reducible representations.). Although E' =V &1 cannot be stable when V' is a
trivial extension, it can be polystable. This corresponds to a reducible reductive representa-
tion. Such representations either:

(i) factor through a maximal compact subgroup, or,
(ii) factor through P(U(1,1) x U(1)).

This is easy to see. We may simplify things, by replacing p by p if necessary, to assume that
7(p) > 0 and thus ®3 = 0. To be strictly polystable (E,®) must decompose into either

(1) (V,0) @ (1,0), or (ii) (1@ Vi, P1) ® (Vo,0),

where V =V, & V5 and ¢ : 1 — Vj. In the first case V must be a stable rank two bundle of
degree zero (to have the same slope as 1) and therefore the representation lies in a maximal
compact subgroup and has 7(p) = 0. We note that the corresponding harmonic map f is
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constant. In the second case (1® Vi, ®;) corresponds to a representation into U(1,1). In this
case polystability requires

deg(V1) < %deg(Vl @l = %deg(Vl), ie, deg(Vh) <0,

together with the “same slope” condition 1 deg(V;) = deg(V2). When we write Vi = K~1(B)
as above we deduce that

b<2(g—1), deg(Vs)=2b—g+1.
Thus b is even and
7(p) = —2deg(V) = —deg(Vi) = 2g —2 — b € 2Z.

In particular, such p can only admit an unbranched holomorphic map f when 7(p) is maximal,
i.e., when p factors through a Fuchsian representation. The map f : D — CH? is a totally
geodesic embedding onto a complex line. More generally, the PU(1,1) representation corre-
sponding to the rank two Higgs bundle (1 @ Vi, ®1) has Toledo invariant — deg(Hom(1, V})),
which therefore equals 7(p). Every irreducible representation into PU(1,1) of even Toledo
invariant lifts to SU(1,1), and therefore provides a representation into P(U(1,1) x U(1)).
Thus the whole structure of Higgs bundles for irreducible representations in SU(1, 1) [29] lifts
up to provide reducible representations into PU(2,1), and this is what we are seeing above.
Note that those which are non-maximal cannot be convex cocompact, since they preserve a
complex line but act non-cocompactly on this line.

Let n # 0 be the extension class of the extension (5.1) for p irreducible. Since L is only
determined up to isomorphism the Higgs bundle only determines 1 up to scale. Therefore
each Higgs bundle in Theorem 5.1 corresponds to a quadruple (X, B, L,C.n) where C.n is
the line generated by 7, i.e., a point in PH(3., KL~(B)). In fact, it is not hard to show
that the rescaling of 1 corresponds to the C*-action on the Higgs bundle (E, ®) — (E,t®).
Since Hodge bundles are invariant under this action, this gives another way of interpreting the
independence of the data on the scale of 7. However, once (p, f) is known there is a preferred
representative for n given by the geometric invariants of f via the Dolbeault isomorphism.
First we need to introduce the tensor

Se &2, K?°K?), S=hn(T*°1%Y),

where T?? = 7+V’0f’ is the (2,0) component of the second fundamental form of f (here
7t f7IT'CH? /p — TXL is projection onto the normal bundle). We will show that T*? is a
holomorphic section of K2 @ TS,

Theorem 5.2. Let f : D — CH? be a p-equivariant branched holomorphic immersion, with
p irreducible and data (X.,B,L,C.np). Then L ~ O(D), where D is the divisor of zeroes of
120, and we can choose 1 so that under the Dolbeault isomorphism it maps to the cohomology
class

~[S/4) € H* (2., K(B — D)).

Proof. We follow the steps in the proof of Theorem 3.1 but using a local frame more suited to
holomorphic maps. As before, use {3 C E to denote 1 and write its df’ transform as /1 ® K.
But now take the further transform of £;, so we have a harmonic sequence

mZ -z w7
b 5 0 B0 2500,
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in each chart (U,z). The last step terminates the sequence because nyZ i by — g is the
adjoint to 7'('0lZ : Lo — f2, which represents df' = 0. As before, let fy € T'(¢y) be global and
parallel with (fo, fo) = —1. Set

o] = ﬂd‘Zfo =Zfy, o09=mn1Zoy=712Zf.

Since fy is a holomorphic section of £y, ¢; is a holomorphic section of ¢; (by standard harmonic
sequence theory [4]). Under the isomorphism f~'7"CH?/p ~ Hom(1,V) ~ V the image
Af'(TH%) of the holomorphic tangent bundle of ¥ is identified with £y, i.e., {1 ~ K~1(B).
Clearly the induced metric of f is u?|dz|? for u; = |oy|. Further, since

(V2 Z)fo=myZny Zfo — my ZmoZfo = T3 Z Z fo,
we have

(2, 2) = 7t (V2 2))fo = 11 ZZ fo = 00

In particular, 0 is a holomorphic section of K2 ® f5. Set s = |o2|. Then

S(2,2,2,7) = (W(Z,2),(Z,Z)) = |o2|* = s3.

Thus in a chart U in which neither u; nor se vanishes we have a local U(2,1) frame given by
f1, f2, fo where f1 = o1/u1, fo = 03/s2. Straighforward calculations as before give

25 = (Zlogu) fy +uy safo, (53)
Z fo = (Z log s2) fa,
Z fo = u1f1.

From this we can read off the connexion 1-form for the projectively flat connexion V in this
frame. Now let ¢ : V|U — U x C? be the local trivialisation corresponding to fi, fo. Then

= _ _|o Zlogui sa/u
1 _ _ guy  S2/U1
poldgow =dz {02 < 0 Zlog52>]'

To deal with zeroes of u; and sz, we may assume U only has these at z = 0, to order p
and ¢ respectively. In such a chart we take the local frame fi = w™Pf1, fo = w™9fy, where
w = z/|z|, and in the corresponding trivialisation ¢ we have

. . _| o Zlog(ui/|z|P) —sowP~1/u
0,1 1 _ v glu1 —S2 1
poV>iop " =dz [32 ( 0 Zlog(ss/]2|7) ) |

We obtain a local holomorphic trivialisation, with respect to 0, by applying a gauge trans-

formation of the form
R 1 a\ (|zP/u 0
S \0 1 0 |z|9/s2)

i.e., for x = R@ we have x 0 Og o x~! = dz(0/0%). This requires

da)0z = —s22P~9 Jul. (5.4)
When U is contractible this equation has a solution since s3/u? ~ |2|?@P) near z = 0,
therefore the right hand side of (5.4) is smooth throughout U.

Now cover 3. by charts (Uj, zj) of the type used above, and index the local objects living
over U; by j. Thus for V' we have transition relations ¢; = ¢3¢ where

dz;/dzy

Pj, —Pk
N Ar=nr=a Wy wy 0
Jk = (dzj/dzy)? 0 45, —qk | *

w:w
0 dz; [dz, 2 J Tk
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Therefore x; = bjixx where

Pj —Dk
o 20z PRdz; [dzy Aik
bin = Ri6s L_ (%5 "k J 7 .
Jk RJCJkRk < 0 Z]QJ 2 qk (de/de)2> ) (5 5)
for
Njk = ajz?jz,;q’“(dzj/dzk)2 - aszjzk_p’“dzj/dzk, (5.6)

and we have used the fact that

ui/ury = |dz;/dz|,  so/s25 = |dzj/dz]*.
In particular, this shows that V is an extension of the line bundle K ~!(B) by the line bundle
K~2(D) where D is the divisor of zeroes of I**, and therefore we have fixed an isomorphism
L ~ O(D). As earlier, the extension class of V is given by the Cech cohomology class 1 of
the 1-cocycle {(n;x,U;,Uy)} where

I N ).
Nik = z; 2y, (dzi/dzj) Njrdz,
— . 7Py, qk—Pk
= a;z; dzj — apz dzp.

This is plainly a coboundary for Cech cohomology in smooth sections of K (B — D) of the form
0t where {(7j,U;)} has 7; = aj29% Pidz;. Under the Dolbeault isomorphism this corresponds

to
2

_ 55,
873 = —u—gdedej,
1j
which is the local expression for —S/7. g

5.2. Surfaces arising from zero extension class. Theorems 2.3 and 3.1 imply that Higgs
bundles for non-holomorphic minimal surfaces with @ = 0 are exactly the length-three Hodge
bundles. When Q = 0 we have a trivial extension bundle and can take

E\®E,® Es=K(-Dy)®1® K Y(Dy),

to get ¢ : F; — KFE;y1. Conversely, any length-three Hodge bundle is projectively equivalent
to one of this form and has tr ®> = 0. We will show that f is still related to a holomorphic
map, via its harmonic sequence (in the sense of Erdem & Glazebrook [15], f is isotropic but
non-holomorphic). To explain this, we first recall (from e.g., [4, 14]), the notion of the Gauss
transforms @1, @2 of f.

The line bundles ¢1,¢s defined by (3.3) both lie inside the subset E consisting of fibre
vectors which have positive length with respect to the C>! metric. Let

C>' = {v e C*!: (v,0) > 0}.

Then its projective space IP’(Ci’l is an open submanifold of CP? on which G = PU(2,1) acts
transitively. We identify it with the orbit of the line [es], with isotropy subgroup Hy ~
P(U(1,1) x U(1)), so that ]P’Ci’l ~ G/Hj. In fact we can think of it as the complex version
of two dimensional de Sitter space, and will henceforth denote it by CdS2. Its tangent space
at the base point [es] is identified with the orthogonal complement my = by C su(2,1) with
respect to the Killing form —% tr(AB), and the latter gives mg an indefinite Hermitian metric.
This extends to the tangent bundle, isomorphic to G X g, my, and makes Cds? a pseudo-
Hermitian symmetric space. Clearly PE, ~ D x, CdS? and therefore £1, ¢y each determine
a smooth p-equivariant map @1, s : D — CdS?, and these will be conformal harmonic with
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respect to the pseudo-Hermitian metric (they are isotropic in the sense of [15]). Following
the terminology of harmonic sequences, we call 1 the 0-Gauss transform of f, and o the
0-Gauss transform of f. An immersion into CdS? is timelike when its induced metric is
negative definite (away from branch points).

Proposition 5.3. Let f : D — CH? be p-equivariant and not £-holomorphic. Then Q = 0
if and only if the O-transform g : D — CdAS? of f is a timelike p-equivariant holomorphic
map, branched at the divisor of complex points Do of f.

Proof. Let @2 : D — CdS? be the 0-Gauss transform f. Write the differential of oy as
dyly, = ¢l + J¢h in terms of the type decomposition

@y ' T;,CdS? = Hom(fy, 3 ) @ Hom({3, £5).
In local coordinates
0oy (Z) =75 Z.
But from (3.7) and the fact that ¢y, ¢1, 2 are mutually orthogonal we have
Q = (mg Zmg Z fo. 75 Z o),
= —(npy Z fo, ™ Zmy Z fo).

Therefore if neither ﬂé‘Z fo nor ﬂé‘Z fo is zero, Q vanishes if and only if 3 Z is identically
zero on f2. Hence ¢l vanishes and ¢ is holomorphic.

Finally, we claim that when Q = 0 the induced metric for g is —u3|dz|?. To see this, let
(fo, f1, f2) be a local Toda frame for f. Then by definition ¢5 is given locally by the family

of lines [fs]. To calculate the differential we use (3.8) to deduce that in this frame depso is
represented by

0 —Q/urus
Q/uius 0ldz:+10 ug | dz.
u9 0

Here we use blank spaces to indicate the Lie subalgebra ho C g of isotropy group Hs: relative
to the frame dypy takes values in by . Therefore the induced metric is

QI
2,2

— uj)|dz|*.
Uy

— 5 tr(dea)? = (

Note that, since ¢}, : by — K/, f is the 0-Gauss transform of .

6. MODULI
Theorems 2.3 and 5.1 provide parameterisations for different components of the set

V ={(p, f) : p irreducible, f branched minimal}/G,

where the quotient is by the simultaneous action of G as conjugation of p and ambient isometry
of f. By those theorems it is natural to write V as a disjoint union of the sets

V(di,da) = {(p, f) € V : f has d; anti-complex points and dy complex points}
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and
WH(b,1) = {(p, f) €V : f holomorphic with deg(B) = b, deg(L) = 1},
W (b,1) ={(p,f) €V: (p.f) e W (b, 1)}

These last two spaces are bijective under (p, f) — (p, f). We will now show that the parametri-
sations give each component the structure of a complex manifold.

6.1. The structure of V(dy,ds). As explained at the end of §2, each point of V(dy,ds) is
parametrised by a quadruple (2., D1, D2, ). To understand the space of these quadruples we
must understand how H!(X., K~2(D; + D3)) varies with (2., D1, Ds). Note that

deg(K~2(Dy + Do) =dy +dy —4(g — 1) <0,

by the inequalities (2.17). Whenever a holomorphic line bundle £ over ¥, has negative degree
d its first cohomology has, by the Riemann-Roch theorem, dimension

Y L) =g—1—d.

Therefore as £ moves over Picy(2.), the Picard component of degree d line bundles, the
dimension of H'(X,, £) is constant. Now ¥, x Picy(3,.) carries a tautological line bundle P
(sometimes called a Poincaré line bundle) whose fibre over (p, £) is the fibre of £ at p. The
vector spaces H'(X,, L) are the fibres of the higher direct image R!7,(P) for the projection
7 X X Picg(X.) — Picg(3.) to the second factor. By a theorem of Grauert [27, III, Cor
12.9] their constant dimension implies they form a vector bundle over Picg(X.). In particular,

for d = dy + d2 — 4(g — 1) this bundle has rank
Y (K™2(Dy 4 Ds)) = 59 — 5 — dy — do.

The pairs (Dy, Ds) are parametrised by the product of symmetric products S“ X, x S%3, (in
which the co-prime pairs occupy an open subvariety). The bundle can be pulled back along
the holomorphic map

SUY, x S%Y. — Picg(X.); (D1, D) — K~2(Dy + Ds),

and the total space of the pullback parametrises the data (Di, D2,€). It is a connected
non-singular complex manifold of dimension 5g — 5.

As c varies over the Teichmiiller space 7T, of ¥ we can take the disjoint union Cy = UeeT, e,
and likewise for any of the objects S¢¥, or Pic(¥4) above. In each of these cases we obtain
a complex analytic family over Ty, i.e., the total space is a complex manifold for which the
projection onto 7, is holomorphic map, and although only a fibre bundle in the smooth
category the fibre over c is a complex submanifold biholomorphic to the structure determined
by c. In particular, m¢ : Cg — Ty is called the (universal) Teichmiiller curve. About each
point Cy4 has a permanent uniformising local parameter, i.e., a complex chart (U, 3) for which
3= (21,...,23¢—3,() has the properties that: (i) each non-empty intersection U, = 7751(0) nU
is such that (U,,() is a chart on X.; (ii) the coordinates z; are constant on the fibres. The
existence of such a chart is an immediate consequence of Bers’ construction of Cy as a quotient
of an open submanifold F,; C 74 x C by a properly discontinuous action of 712 which preserves
the fibes over 7 [2] (this is also just the standard picture of Kodaira-Spencer for unobstructed
deformations of complex structure [33]). It follows that one can put complex charts on
the symmetric fibre-products of C,; over 7,, whose fibres are S?%., to obtain non-singular
complex analytic families over 7,. The corresponding families of Picard components have
been constructed by Earle [12].



EQUIVARIANT MINIMAL SURFACES 31

Thus for each pair dj,dy satisfying (2.17) we obtain a manifold parametrising the data
(3¢, D1, Do, €) with deg(Dj) = d;. Each is clearly a connected non-singular complex manifold
of dimension 8g — 8. Therefore we have proved the following theorem.

Theorem 6.1. Each set V(dy,ds) can be given the structure of a non-singular complez man-
ifold of dimension 8g — 8. With this structure V(dy,ds) is complex analytic family over
Teichmiiller space Ty. The fibre over ¢ € Ty is a complex submanifold biholomorphic to a
holomorphic vector bundle over SUY.. x S©¥. of rank 5(g — 1) — dy — da.

6.2. The structure of W*(b,1). By Theorem 5.1 the set W7 (b,1) is parametrised by quadru-
ples (3., B, L,C.n) with n € H*(X., KL~1(B)) and 1 # 0. We want to show this cohomology
space has constant dimension as the pair (B, L) moves over S, x Pic;(2,.). Its suffices to
see that, by the stability inequalities (5.2),

deg(KL™*(B)) =29 —2+b—1<ib—(g9-1) <0,

and therefore

WKL YB)=1+1-b—g.
By much the same argument as above, for each marked conformal structure ¢ € 74 the triple
(B, L,C.n) lies in a holomorphic CP'~*~9-bundle over S’S, x Pic;(X.). The total space of
this bundle has dimension

b+g)+l—-b—g=1.

As ¢ moves through 7, we obtain a complex analytic manifold, fibred over 7, of total dimen-
sion 3(g — 1) + 1.

Theorem 6.2. Each set W (b,1) can be given the structure of a non-singular complex man-
ifold of dimension 3(g — 1) + 1. It is a complex analytic family over T, whose fibre at
c € Ty is a complex analytic submanifold biholomorphic to a holomorphic CP!=*=9-bundle
over S°Y, x Pic;(3,).

6.3. Map from V to R(G). In order to understand when we can use minimal surface data
to parametrise representations, we must understand the map

R:V—>R(G), (p,f)r—p. (6.1)

We can expect this to be smooth. From the results above, this is likely to be most interesting
on the components V(d;,dz) since these have the same dimension as R(G). While a full
understanding of this map will require further work, we can at least make some interesting
comments about its behaviour on the fibres V, of V over Teichmiiller space. With a fixed
conformal structure ¢ we can identify R(G) with the moduli space H(X.,G) of G-Higgs
bundles. Then R is injective on V,, since it amounts to inclusion (equally, this is a consequence
of the uniqueness theorem for twisted harmonic maps [9, 10]). Indeed

V.= {(E,®) € H(Z.,G) : tr d? = 0},

and so it plays the role of the nilpotent cone in H(X.,G). Let us consider the structure of
this in light of the discussion above. Recall that |[®||2, is a proper Morse-Bott function on
H(X., G) (at least at smooth points): we will normalise this by defining

S(E,®) = %/ tr(® A @F).

%
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Whenever the twisted harmonic map determined by (E, ®) is conformal, we have

S(E,®) = / vy = Area, (X),

by

for the induced metric v. Now fix a non-maximal value 7 for the Toledo invariant and con-
sider the connected component H(X., G),. Whenever dy = %7’ + d; this component contains
V.(dy,ds). Inside the latter lies the locus & = 0 consisting of length-three Hodge bundles,
and this represents one connected critical manifold of § (cf. [22, §3]). Since £ = 0 exactly
when Q = 0 we deduce from Prop. 3.5 that this is the level §F = (49 — 4 — d; — do)7. As we
move along the fibres of the bundle V.(d1, d3) Prop. 3.5 tells us that § < (49 —4 — dy — da) .
Moreover, a comparison with [22, Prop 3.2] shows that the dimension of these fibres equals
the Morse index of the critical manifold. Indeed, we conjecture that the bundle V.(d;,ds2)
is precisely the unstable manifold of the vector field — grad F as a bundle over the critical
manifold. This seems to be a manifestation of Hausel’s theorem [28, Thm 5.2]. He proved
that in the moduli space of stable GL(2, C)-Higgs bundles of odd degree, the downward Morse
flow coincides with the nilpotent cone. Although Hausel only gave the proof for GL(2,C),
the ingredients hold equally well in the case of the smooth components of H (3., G) for a real
form G [23].

By contrast the image of W (b,1) in H(X.,G) gives all the length-two Hodge bundles,
which are the absolute minima of F in their connected component. On the smooth lo-
cus of H(X.,G), hence particularly when 7 # 2Z, there is a single connected component
of minima for fixed 7 (since F is a perfect Morse-Bott function). Hence for fixed 7 the
“components” W¥(b,1) should really be thought of as strata of the space of holomorphic (or
anti-holomorphic) branched immersions. Gothen [22; §3] explains how to view each critical
manifold of length-two Hodge bundles as a moduli space of a-stable Bradlow pairs. A Brad-
low pair is a rank 2 vector bundle equipped with a holomorphic section. In our picture the
Bradlow pair is (K ® V,®). The stratification of length-two Hodge bundles of fixed Toledo
invariant by W (b, 1) amounts to fixing the degree b of ®.

APPENDIX A. UNIQUENESS OF MINIMAL EMBEDDINGS.

Here we give the proof of Proposition 4.5. We are assuming that exp’ : TM* — N is
a diffeomorphism, and therefore there is a radial distance function p : N — Rg given by
p(») = ||(expt)~1(p)||. The idea of the proof is to show that the condition on dv,/dr means
each ¢, = exp’(rn) must have non-zero mean curvature, and that by local comparison every
immersion must also have non-zero mean curvature at non-zero maximum values of p. Note
that this is a local argument: we do not need the existence of global sections of TM= of unit
length (which will not, in general, exist).

First recall that for a family of immersions ¢; : M x R — (N, g) with variational vector
field V' = ¢,0/0, a standard calculation gives

dvy (t)
dt

where H, = tr, I, is the mean curvature for v = ¢*g. In particular, for the mean curvature
H, of the map ¢,

lo=dxg(V,dp) —g(V,H,)v,,

1 dv,
vy dr’

dp(H;) = g(grad p, H;) = —

since grad p is a normal variation.

(A1)
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Next we show that a local embedding ¢ which comes from an arbitrary non-vanishing local
section v of TM+ must have non-zero mean curvature at any point at which |v| has a local
maximum.

Lemma A.1. Let p : U — N be an embedding of the form ¢ = exp(v) for some local section
v of TM~* which does not vanish on an open subset U C M, and suppose u = ||v| = pop has
a local mazimum at x € U. For each v > 0 set p, = exp™(rv/u), and let v, be the volume
form for ¢rg. Suppose that dv,/dr > 0 at x for each r, then ¢ must have non-zero mean
curvature H, at x.

Proof. Consider the expressions for the mean curvatures H, and H,., considered as the tension
fields 7(p) and 7(p,), in terms the tension fields for u = p o ¢ and the constant function
r = p o @,. The composition formulas [13, 2.20] give

T(u) = dp(H,) + tr, Vdp(dep, dyp),
0=r7(poy,) = dp(H,)+ tr, Vdp(de,,dp,),

where v = ¢*g and v, = ¢;g. Now 7(u) = tr, Hess(u) and at the local maximum z we have
du = 0, which implies dp = dip,(,) and v = ,(,). Therefore at  we have

dp(HSO)LB = tr“{ Hess(u)|x + dp(Hu(J:))|m

Since z is a local maximum we have tr, Hess(u)|, < 0, and by assumption dp(H,)|, < 0 for
all r > 0, using (A.1). Thus H, cannot vanish at . O

Proof of Prop 4.5. Suppose ¢ : M — N is any immersion transverse to the fibres of exp™,
other than f. The function p o % must have a non-zero maximum at some y € M. Then
there is a local section v of TM* and a local diffeomorphism a on M for which ¢ = p o a
where ¢ = expt(v), and Hy|, = Hyla(,) as elements of Ty, N. Now (p,a(y)) satisfy the
conditions of Lemma A.1, so Hyl, # 0. O
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