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Abstract

We study a natural functional on the space of holomorphic sections of the Deligne—
Hitchin moduli space of a compact Riemann surface, generalizing the energy of
equivariant harmonic maps corresponding to twistor lines. We show that the energy
is the residue of the pull-back along the section of a natural meromorphic connection
on the hyperholomorphic line bundle recently constructed by Hitchin. As a byprod-
uct, we show the existence of a hyper-Kiahler potentials for new components of real
holomorphic sections of twistor spaces of hyper-Kihler manifolds with rotating S'-
action. Additionally, we prove that for a certain class of real holomorphic sections
of the Deligne—Hitchin moduli space, the energy functional is basically given by the
Willmore energy of corresponding equivariant conformal map to the 3-sphere. As an
application we use the functional to distinguish new components of real holomorphic
sections of the Deligne—Hitchin moduli space from the space of twistor lines.

Mathematics Subject Classification 53C26 - 53C28 - 53C43 - 14H60 - 14H70

Introduction

The Deligne—Hitchin moduli space Mpg (X, G¢) [28] for a compact Lie group G
with complexification G, is a complex analytic reincarnation of the twistor space
of the hyper-Kihler moduli space Msp (X, G) of solutions of Hitchin’s self-duality
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equations on a principal G-bundle over a compact Riemann surface X [18]. It is
defined by gluing the Hodge moduli spaces of A-connections on ¥ and X via the
monodromy representation, and it admits a holomorphic fibration over the projective
line. The fibers are the moduli spaces of G¢-Higgs bundles, flat G¢-connections
or G¢-Higgs bundles over X. Holomorphic sections of the Deligne—Hitchin moduli
space are interesting for various reasons: M pg (X, G¢) carries an anti-holomorphic
involution T covering the antipodal map A +— —A~!. By the twistor construction
for hyper-Kéhler manifolds [21], the hyper-Kéhler moduli space Msp(X, G) can
be identified with a certain component of the space of r-real holomorphic sections
of the fibration Mpy(Z, Ge) — CPL. These sections are called twistor lines. On
the other hand, a solution of the self-duality equations corresponds to an equivariant
harmonic map from the universal cover ¥ into the symmetric space G¢ /G, which can
be reconstructed from the associated twistor line by loop group factorization methods
[3,27]. Apart from the twistor lines, holomorphic sections satisfying other types of
reality conditions arise from equivariant harmonic maps of % into different (pseudo-
)Riemannian symmetric spaces related to the the group G¢ and its real forms.

This paper is motivated by the work of some of the authors about the question of
Simpson, whether all t-real holomorphic sections are in fact twistor lines [28]. The
answer turns out to be no [3,14], and leads to the problem of how to differentiate
between the components of the space of t-real holomorphic sections.

The most fundamental quantity associated to a harmonic map is its energy and the
starting point of this paper is the simple observation that the energy of a harmonic
map (defined on a compact Riemann surface) can be computed via its associated
holomorphic section of the Deligne—Hitchin moduli space (see Theorem 2.4). This
computation leads us to a well-defined energy functional on the space of holomorphic
sections (see Proposition 2.1). The detailed investigation of this functional is the main
objective of our work. It should be mentioned that the functional is defined in terms of
the complex analytic structure of the Deligne—Hitchin moduli space and its definition
does not involve the hyper-Kéhler metric on Mgp (X, G), i.e., the twistor lines.

We will mostly be concerned with the case G = SU(2), so that Gc = SL(2, C).
Twistor lines then correspond to equivariant harmonic maps of ¥ into the hyper-
bolic space H 3 = SL(2, ©)/SU(2). This is the space of positive definite hermitian
matrices, hence these harmonic maps are called harmonic metrics. One can also
study equivariant harmonic maps from ¥ into the 3-sphere $3 = SU(2) (the com-
pact dual of SL(2, C)/SU(2)), into the anti de Sitter space AdS? = SL(2,R) or
into the de Sitter space ds? = SL(2,C)/SL(2, R) via holomorphic sections of
Mpu(Z,SL(2,C)) — CP!. To a conformal equivariant harmonic map one may,
under certain circumstances, associate another harmonic map with in general different
target space. This process, which we call twisting, played a central role in the con-
struction of counterexamples to Simpson’s question in [3] and we will give a more
systematic treatment in this article. We study how the energy functional interacts with
the two real structures on M py (X, Ge). We will see that it takes real values on real
holomorphic sections and is normalised in such a way that it takes non-positive values
on twistor lines, while it is non-negative on holomorphic sections corresponding to
equivariant harmonic maps into G. In the rank 2 case we then examine its behavior
under twisting (see Proposition 2.7). The explicit relation between the energy of a
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section and its twist allows us to give an alternative proof that the r-real sections
constructed in [3] are not twistor lines by checking that these have positive energy.

Although the definition of the functional is motivated by the theory of harmonic
maps and does not involve the hyper-Kahler structure of Msp (X, G), it can be given
a natural interpretation in terms of the hyper-Kihler geometry of the moduli space
Msp(Z, G). The natural isometric circle action on Mgp(X, G) plays a central role.
It preserves one of the complex structures of and rotates the other two complex struc-
tures. We show that an analogous functional exists on the space of holomorphic sections
of the twistor space of any hyper-Kihler manifold with an isometric circle action of this
type. Building on work by Haydys [12], Hitchin [20] has shown that on the twistor
space of such a hyper-Kihler manifold, one has a natural holomorphic line bundle
with meromorphic connection. The pull-back of the meromorphic connection along
a holomorphic section of Mpy (2, Go) — CP! has simple poles at A = 0, 0o
only, and it turns out that the residue at A = 0 coincides with the energy (Corol-
lary 3.11). As a byproduct, we show that the residue evaluation along sections is
always a complexification of the moment map of the S'-action (Theorem 3.9). More-
over, it automatically serves as a Kihler potential on all hyper-Kihler components
of real holomorphic sections of the twistor space. Recently it has been shown [17]
that there indeed exist such hyper-Kéhler components of the space real holomorphic
sections of M ppy (X2, SL(2, C)). The energy functional thus gives a Kéhler potential
on these new components and we hope to extract from it more information about the
geometry of these components in the future.

The third main objective of the paper is the geometric interpretation of the energy
for a class of t-real holomorphic sections which are not twistor lines [14]. Recall
that in the case of G = SU(2), twistor lines correspond to equivariant harmonic
maps to hyperbolic 3-space H3. A holomorphic section of the type constructed in
[14] is instead obtained from a Mdbius equivariant Willmore surface ¥ — $3. By
decomposing the 3-sphere $3 = H3 U $? U H? into two hyperbolic balls separated by
the boundary 2-sphere at infinity, one can show that such a holomorphic section defines
a solution of the self-duality equations on an open dense subset of the Riemann surface
%. The solution blows up in a well-behaved way near certain curves on the surface.
The corresponding equivariant harmonic map into hyperbolic 3-space intersects S2,
the boundary at infinity, along these curves and continues as a harmonic map on
the other side. We prove that the energy of such a section is directly related to the
Willmore energy of the surface, a conformally invariant measure of the roundness
of an immersed surface. This relation allows us to prove our last main result: the
sections constructed in [14] have positive energy. This gives a complex analytic way
to distinguish the component of twistor lines from this newly discovered component
of real holomorphic sections.

The structure of the paper is as follows. In Sect. 1 we set up some notation and recall
basic notions associated with holomorphic sections of the Deligne-Hitchin moduli
space over a compact Riemann surface. In Sect. 2 we define the energy functional
and prove its basic properties. Section 3 then contains the natural interpretation of
the energy functional in terms of the residue of the meromorphic connection on the
hyperholomorphic line bundle over Mpg (X, Ge). In Sect. 4, we relate the energy
of the real holomorphic sections constructed in [14] to the Willmore energy of the

@ Springer



1172 F.Beck et al.

related Mobius equivariant Willmore surfaces. In the final Sect. 5, we show that the
energy functional can be used to distinguish different components of the space of
real holomorphic sections. In particular, we prove that the new sections of [14] have
positive energy.

1 The Deligne-Hitchin moduli space
1.1 A-Connections and the Deligne-Hitchin moduli space

Let (M a4k, g, 11, Ib, I3) be a hyper-Kihler manifold. Recall that this means that g is
a Riemannian metric and Iy, >, I3 are orthogonal complex structures satisfying the
quaternionic relations I/ = I3 = —I>1; such that the two-forms w; = g(/;—, —),
j = 1,2, 3areclosed. It can be shown that wc = w2+iws3 is aholomorphic symplectic
form with respect to the complex structure 1.

Associated with a hyper-Kihler manifold we have the twistor space Z = Z(M)
which is a complex manifold of complex dimension 2k + 1 on which the hyper-Kihler
structure is encoded in the following complex-geometric data [21]:

e A holomorphic projection 77 : Z — CP!,

e A holomorphic section @ € H°(A?T}(2)) inducing a holomorphic symplectic
form on each fibre 7~ !() (here Tr = kerdm is the tangent bundle along the
fibers),

e An anti-holomorphic involution 77 : Z — Z covering the antipodal map CP! —
CP! and such that 0= o,

e A family (parametrized by M) of tz-real holomorphic sections with normal bundle
isomorphic to O(1)% | the twistor lines.

We now briefly recall the construction of the Deligne—Hitchin moduli space, which
may be interpreted as the twistor space of the hyper-Kéhler moduli space of solutions
to the self-duality equations on a Riemann surface X. For details we refer to [28], see
also [3] for a more differential geometric account. The discussion of this subsection
works for complex reductive Lie groups G as structure groups. Since we fully work
out our concepts, e.g., twisting (Sect. 1.3), for SL(2, C), we choose G = SL(n, C) in
this subsection for concreteness.

Let ¥ be a compact Riemann surface and denote by £ — X the trivial smooth
rank n vector bundle. We endow E with an SL(n, C)-structure, i.e., a trivialisation
det E = Oy, which in the case of rank 2 is a complex symplectic form. We denote by
sl(E) the subbundle of End(E) given by the endomorphisms of trace zero.

Denote by C(E) the space of holomorphic structures d on E that induce the trivial
holomorphic structure on det E = . It is an affine space for Q%1(x, sl(E)). To
formulate the self-duality equations, we must reduce the structure group to the maximal
compact subgroup SU(n), i.e., we choose a hermitian metric 4 on E. Then the self-
duality equations are given by
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FVh 4 [® A ®] =0,

_ 1.1
00 =0 b

for a holomorphic structure e C_(E) and ® € Q10(Z, sl(E)). As usual, Vj, is the
Chern connection with respect to d and #. Moreover, *j, is the adjoint with respect to
h, which we will sometimes just denote by x* if confusion is unlikely. We denote by

H C C(E) x @02, s(E))
the space of solutions to (1.1). Then the moduli space of such solutions is given by
Msp(E,8UMm) =H/G

with the special unitary gauge group g = F(SU(E)) = {g € I'(End(E): u*u =
id, detu = 1} acting by (3, ). g = (g 1690 g, g '®g). The smooth locus of
Misp(X, SU(n)) is given by /\/l’” (X, SU(n)) = H"" /G, where H!"" denotes the
set of irreducible solutions, i.e. those for which (8, d).g = (8, ®) implies that g € G
is a constant multiple of idg.

The space C(E) x QLO(z, sl(E)) is an affine space for Q%2 sI(E)) @
QLO(%, sl(E)). It carries a flat hyper-Kihler structure given by the three complex

structures
Li(y, B) = (l% iB),
Ly, B) = (=B" v, (1.2)
Ly, B) = (—ip",iy"),

for (v, B) € Q¥1(Z, sl(E)) @ Q"0(Z, sI(E)) and metric

2 ﬂ)||2=2i/2tr(y*/\y+ﬂAﬂ*). (13)

The holomorphic symplectic 2-form wc = ws + iw3 (with respect to 17) is

wc((y1, B1), (2, B2)) =2i /}: (B2 Ay1— B1 A y2). (1.4)

The action of G preserves this hyper-Kéhler structure and (formally) the self-duality
equations are the vanishing condition for the associated hyper-Kdhler moment map.
Therefore, by the hyper-Kihler quotient construction, ’” (X, SU(n)) inherits a
hyper-Kéhler structure [11,18].

To give a complex analytic description of the twistor space of ./\/1”’ (X, SU®m))
Deligne introduced the concept of a A-connection [28]:

Definition 1.1 Let A € C. A holomorphic A-connection on E is a pair @, D) such
that:

e 0 cC(E),
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e D:T(E) — Q'9(E)isa C™ differential operator satisfying
D(fs)=A0f ®s + fDs,

such that the induced differential operator on det E coincides with Ady.
e The differential operator D is holomorphic in the sense that

D3I +39D = 0. (1.5)

The group of complex gauge transformations Go = I'(SL(E)) = {g € '(End(E)):
det g = 1} acts on the space of A-connections by

(0,D)-g=(g 'odog, g 'oDog).

A holomorphic A-connection (3, D) on E is called stable (resp. semi-stable) if any
D-invariant holomorphic subbundle F C (E, 9) satisfies deg F < 0 (resp. deg F <
0). We call a holomorphic A-connection polystable if it is isomorphic to a direct sum
of stable A-connections whose associated holomorphic bundles have degree zero.

Remark 1.2 The concept of holomorphic A-connections gives a way of interpolating
between flat SL(n, C)-connections and Higgs bundles.

(1) If L = 0, then D is C*-linear and holomorphic, hence defines a holomorphic
section ® € HO(sl(E) ® K). Hence a O-connection is the same as an SL(n, C)-
Higgs bundle. The Higgs bundle is stable (resp. semi-stable, resp. polystable) in
the sense of [18] if and only if the O-connection is stable (resp. semi-stable, resp.
polystable) in the sense of the above definition.

(i) If A # 0 and (3, D) is a holomorphic A-connection, then the condition (1.5)
implies that we obtain a flat SL.(n, C)-connection V via

V=03+A"'D.

Stability in this case means that there exist no V-invariant subbundles. A
polystable A-connection corresponds to a completely reducible flat connection,
i.e., a direct sum of irreducible flat connections.

(iii) The action of the group of gauge transformations specialises to the usual action
on the space of Higgs bundles and flat SL.(n, C)-connections, respectively.

(iv) A holomorphic A-connection (3, D) on E is called irreducible if (3, D) - g =
(9, D) implies that g € G is a constant multiple of the identity endomorphism
idg, i.e., g is a constant map to the center of SL(n, C)). Since we work with
vector bundles, irreducible A-connections are equivalent to stable A-connections.
In particular, irreducible O-connections are stable Higgs bundles.

Definition 1.3 Let X be a compact Riemann surface. The Hodge moduli space
Muyoa (2, SL(n, C)) is defined as

Mpoa(Z,SL(n, C)) = {(3, D, 1): » € C, (3, D) polystable hol. A-connection}/Gc.
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Remark 1.4 The Hodge moduli space M p,q(%, SL(n, C)) is a complex space. Its
smooth locus coincides with the locus M7, (X, SL(n, C)) of stable A-connections.
Note that we have a holomorphic projection

P Muoa(2,SL(,C)) - C, (3, D, 1) — A.
The map (5, D,\) — (5 +171D, A) induces a biholomorphism
p~H(C*) = Myr(2, SL(n, ©)) x C*,

where Myg (%, SL(n, C)) is the moduli space of completely reducible flat SL(n, C)-
connections on . Via the Riemann-Hilbert correspondence, this is biholomorphic
to the representation variety Mp(X,SL(n, C)) = Hom"¢“ (1 (¥), SL(n, C)) /
SL(n, C) of isomorphism classes of completely reducible representations of the fun-
damental group 1 (%) into SL(n, C).

There is a natural isometric circle action on Mgp (X, SU(n)) induced by the circle
action

e (5, Cb) = (5, ei"‘fl>>

on C(E) x Q1O0(sl(E)). It preserves the complex structure /; and rotates I, I3. The
action complexifies to a natural C*-action on M g,4(Z, SL(n, ©)) covering the stan-
dard C*-action on C. A given ¢ € C* acts on an element (9, D, 1) by

t-(@,D,)) = (@,tD, t)). (1.6)

Definition 1.5 Let X be a compact Riemann surface and denote by = the conjugate
surface. The Deligne—Hitchin moduli space M pg (%, SL(n, C)) is

Mpu(Z,SL(n, C)) = (Mpoa(E, SL(n, C)) UMpea(E, SL(n, C)))/ ~,
where
@, D, ) ~ 3 'D, 2719, A7

for any (3, D, A) € Mpyou(Z,SL(n,C)) with A # 0. If we glue stable A-
connections, then we write M, ,; (X, SL(n, C)).

Remark 1.6 The projections from the respective Hodge moduli spaces to C glue to give
a holomorphic projection 7 : Mpy (X, SL(n, C)) — CP'. The Deligne—Hitchin
moduli space is a complex space. Its smooth locus ./\/lfqo 4(Z, SL(n, C)) coincides
with the twistor space of MiS’I’)(E, SU(n)) ([28, §4)).

The anti-holomorphic involution T can be seen via the Riemann—-Hilbert corre-
spondence as follows. On M p (%, SL(n, C)) we have the natural anti-holomorphic
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involution which associates to a representation R : w;(¥) — SL(n, C) its com-

plex conjugate dual representation y > R(y)*ll, i.e., R is composed with the
Cartan involution corresponding to the compact real form SU (n). Under the Riemann—
Hilbert correspondence Mp(%, SL(n, C)) = Myzr(%, SL(n, C)) this induces an
anti-holomorphic involution on the space of flat connections and we denote by v
the flat connection associated to V in this way. It can be interpreted as the connection
on E" induced by V, hence the notation. We arrive at the following description of
the anti-holomorphic involution on the Deligne—Hitchin moduli space (see also the
discussion in [28, §4] and [3, §1.4]).

Definition 1.7 The Deligne-Hitchin moduli space comes with the following involu-
tions.

(i) We have the involution N given by the action of (—1) € C*:
N: Mpu(%,SL(n, C)) - Mpu(E,SL(n,C), [, D, ]+ [@, =D, —1)].

(i) We have an anti-holomorphic involution t, covering the antipodal involution A —
—1
X .

T Mpy (S, SL(n, C)) = Mpu (S, SL(n, C)).
(3. D. N> [ D=7 9. - Y =1G3.-D" -1

(iii) From N and t we get a further anti-holomorphic involution p = 7o N = N o
7: Mpy(2,SL(n,C)) - Mpy(%,SL(n, C)) covering the inversion at the
unit circle A —> A~

It is easily checked that the involutions 7 and p are compatible with the C*-action
in the following sense. If o € {p, t} and t € C*, then

1

o(t-(@,D,))=1  -0(,D,21). (1.7)

1.2 Sections of the Deligne-Hitchin moduli space

In this subsection we recall some concepts and definitions from [3].

Definition 1.8 We call a holomorphic section s: CP! — Mpy (=, SL(n, C)) (i.e.,
a holomorphic map such that 7 os = id¢p1) irreducible if the image of s is contained
in M}, , (2, SL(n, ©)).

Remark 1.9 Note that we could also call such sections stable by Remark 1.2.
For every k € N U {oo}, A-connections of class C k instead of C°, are defined in

an obvious way. Also, the notion of holomorphic A-connections of class C* is defined
correspondingly. The next lemma shows their relation to (local) irreducible sections.
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Lemma1.10 [3, Lemma 2.2] Let s: B — MY, (2, SL(n, C)) be an irreducible
section where B C CP' is an open neighborhood of 0 € CP'. For every k € NZ2,
there exists a holomorphic lift

o o
500 =00, DO A) = [+ MW 0+ 0+ M a], red
Jj=1 j=2
(1.8)
of s to the space of holomorphic A-connections of class CX. Here B' C B is an open
neighborhood of 0 which equals B if B C CP' and equals C if B = CP'. In the
latter case, there also exists a lift =5 on CP'\ {0}.

Remark 1.11 The proof in [3] is formulated for SL(2, C) and global irreducible sec-
tions but generalizes to the setup of Lemma 1.10. Note that if B is sufficiently small,
any irreducible section s on B admits a lift to the space of holomorphic A-connections
of class C*°. We lose regularity when such local lifts are glued together over larger B
though, see [3] for details.

We further observe that if s : B — Mpg (%, SL(n, C)) is a local section around
0 € CP! such that s(0) is a stable Higgs bundle, then there is an open neighborhood
B’ C B of 0 such that s,z maps to MY, (X, SL(n, C)). In particular, the germs of
such sections always admit lifts to the space of holomorphic A-connections.

Finally, the above lemma applies for sections locally defined around co € CP! in
the obvious way.

Given an irreducible holomorphic section s with lifts 5, ~5 over C and CP! \ {0}
respectively, we will often work with the associated C*-family of flat connections

V=W +r Dy =r2o 4V 4+

and ~V defined similarly over CP 1\ {0, 0o}. Here we write V.= 9 + 9 in the
notation of Eq. (1.8). One can show [3], that there exists a holomorphic C*-family
g(A) of GL(n, C)-valued gauge transformations, unique up to multiplication by a

holomorphic scalar function, such that *V*.g(A) = ~V*.
Irreducible holomorphic sections corresponding to solutions of the self-duality
equations have the special property that we have lifts such that TV = ~V on C*, i.e.,

we can arrange g = idg in the above discussion. This is axiomatised as follows.

Definition 1.12 We call a holomorphic section s of Mpg (X, SL(n, C)) admissible
if it admits a lift s on C of the form

S = @4+ AV, A0+ D, 1)

for a Dolbeault operator 9 of type (0, 1), aDolbeault operator d of type (1, 0), a (1, 0)-
form ® and a (0, 1)_—form W, such that (9, ®) and (9, W) are semi-stable Higgs pairs
on X respectively X.

In the rank 2 case the family of gauge transformations g(A) suchthat *V.g = ~V
can be used to define the following invariant of an irreducible section s.
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Definition 1.13 Let s be an irreducible section of M pg (X, SL(2, C)) with associated
families TV and ~V over C and CP! \ {0} respectively. Consider a holomorphic C*-
family g(A) of GL(2, C)-valued gauge transformations such that TV* . g(1) == V*.
The parity of s is the parity of the degree of the holomorphic function det g: C* — C*.

Remark 1.14 (i) We remark that the parity of an irreducible section s is zero, if and
only if we can arrange the family g(A) gauging TV to ~V to be SL(2, C)-valued.
In particular, any admissible section has parity zero.

In higher rank » > 2 one can construct a similar invariant given by deg(det g)
mod n € Z/nZ. For groups other than SL(n, C) it is not obvious what an appro-
priate generalisation of this invariant might be.

(ii) Let s be an irreducible holomorphic section which is not admissible. Consider
the holomorphic family g(A): ¥ x C* — GL(2,C) such that TV - g(1) = ~V
and interpret this as amap g: ¥ — AGL(2, C). Here AGL(2, C) is (a suitable
Sobolev completion of) the group of holomorphic maps C* — GL(2, C). Then it
is shown in [3, Proposition 2.7.] that g(X£) € AGL(2, C) cannot be fully contained
in the big cell of loops that admit a Birkhoff factorization of the form g = g4 g_,
where g4, g extends holomorphically to A = 0, A = oo respectively. In other
words, for a non-admissible section there is a non-empty subset y C ¥ on which
we cannot write g = gy g—.

Definition 1.15 Leto € {z, p}, where 7 and p denote the anti-holomorphic involutions
defined in Definition 1.7. A holomorphic section s: CP! — Mpy(Z, SL(n, C))
of the fibration 7 : Mpy (T, SL(n, C)) —> CP! is called it real with respect to o,
or just o-real, if s(A) = o (s(G(1))) forallA € CP!, where 5: CP! — CP!is the
induced involution.

If we have a lift V* on C ¢ CP! of a o-real holomorphic section s, then for every
A € C* there is a gauge transformation g() such that the following equation holds

Vig() = VOO (1.9)

If s is o-real and irreducible of parity 0, we can choose the family of gauge trans-
formations g(A) in (1.9) to depend holomorphically on A and may assume that it takes
values in SL(2, C). By irreducibility, the holomorphic family g(1) is then uniquely
determined up to a sign. By [3, Lemma 2.15] the following definition makes sense.

Definition 1.16 Let o € {r, p} and consider an irreducible o -real holomorphic sec-
tion s : CP! — Mpy (=, SL(2, C)) of parity 0. Let V* be a lift of s over C and
let g(1), » € C*, be a holomorphic family of SL(2, C)-valued gauge transforma-

tions such that (1.9) holds. Then s is called o -positive if —g(A)g(E(A))—lt = Id and
o-negative if —g(M)g@ ()1 = —Id.
Remark 1.17 (i) The signs in Definition 1.16 are chosen to be consistent with [3],

where the fact that an SL(2, C) bundle is isomorphic to its dual is incorporated
into the definition, see [3, §1.6] for details.
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(i) If (3, @) is a solution to the SU(2)-self-duality equations, the associated twistor
line is given by the C*-family of flat SL(2, C)-connections

V=27 ® 4+ V), + AD*",

It is shown in [3, Theorem 3.6] that the irreducible solutions of the self-duality
equations correspond precisely to the admissible, irreducible T-negative sections
CP!' - Mppy (X, SL(2, ©)). By the non-abelian Hodge correspondence, these
correspond to equivariant harmonic maps f : ¥ — H> = SL(2, C)/SU(2).
(iii) On the other hand, p-negative sections CP! — Mpy(Z, SL(2, C)) are auto-
matically admissible and correspond to equivariant harmonic maps f : % —
§3 = SU(2). These are obtained from solutions to the harmonic map equations

FVh — [® A @] =0,

- 1.10
a® =0. (10

The associated sections are of the form V* = A~1® + vV, — A d*,

1.3 Twisting

We briefly review the twisting or Gaufl map procedure that played a central role in
the construction of 7-positive holomorphic sections of M pg (X, SL(2, C)) in [3].
Starting from an irreducible solution (V, ®) to the SU(2)-harmonic map Eq. (1.10)
with nilpotent Higgs field, one considers the associated family of flat connections

VA=V 4+211d— 10"

Denote by L the kernel bundle of ®, so that we get a smooth splitting E = L@ L. To
this family V* of flat connections, one associates a new family V* of flat connections
by twisting, which is given by

vt = v,

where

% 0
— A
R < 0 ﬁ)

is written with respect to the splitting £ = L @ L*. In [3] it was shown that the
so defined C*-family of flat connections extends to define an irreducible, admissible
holomorphic section over all of CP!. In this section we study this procedure more
systematically.
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Lets: CP! - Mpy (2, SL(n, C)) be a holomorphic section. Then we may use
the C*-action to define a new holomorphic section § over C*:

§5:C* > Mpy(Z,SL(n,C)), 5 =r""-s02.

Since the C*-action on M pg (=, SL(n, C)) covers the obvious one on CP! = C U
{oo} it is clear that § is a holomorphic section over C*. It is a natural question to
ask under what conditions on s the twisted section s extends to define a holomorphic
section § : CP! — Mpg(Z, SL(n, C)).

Definition 1.18 We call a holomorphic section s: CP! — Mpy(Z, SL(n, C))
twistableif §: C* — Mpg (X, SL(n, C)), » — A~'.s(12), extends to a holomorphic
section §: CP! — Mpy (2, SL(n, C)), which we call the twist of s.

Remark 1.19 In terms of A-connections, we can view the construction of the twist as
follows. Write

s() =[@M), D), M].
Then for A € C*
) =271 50 =27 [AG3), DOA, AT = [BGH), AT DA, 1.

The construction of [3] suggests that there exists a transformation from the space
of p-real twistable sections to the space of t-real sections. The precise result is as
follows.

Proposition 1.20 i) Suppose that s: CP' — Mpu(Z, SL(n, C)) is a twistable
holomorphic section. Then the twist s is N-invariant.

ii) Suppose that s: CP' — Mpy(Z, SL(n, C)) is a p-real twistable holomorphic
section. Then the twist § is again p-real and moreover N -invariant, hence t-real.

iii) Suppose that s: CP' — Mpy(Z,SL(n,C)) is a t-real and N-invariant
twistable holomorphic section. Then the twist § is again t-real and moreover
N-invariant.

Proof (i) We have by definition §(1) = 271 s(0) and so
52 = (A" s((=0)H = =0 750H = (D) - A7 s = NGOY).

(il) We have §(A) = A~! . s(1). Therefore
PG = pA 50D =T ps(AD)) =% 5K ) =5R )

Thus, using (i),

TG0 = NGO = NGG ) =5 (-7").
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(iii) Since the section s is T-real and N-invariant, it must be p-real, since
—1 —1
ps(A) = N(t(s(A) = N(s(—A ) =s( ).

By part (ii) the twist § is therefore again t-real and N-invariant. O

Remark 1.21 (i) In part (iii) of Proposition 1.20 the assumption that the t-real section
s is moreover N-invariant is needed due to Eq. (1.7) with o = 7. In general we
gett(5(A)) = - s(—X*Z) and the N-invariance then ensures the t-reality of §.

(i) Theorem 3.4 in [3] can be interpreted as the statement that, in the SL(2, C)-case, an
irreducible admissible p-negative section s with nilpotent Higgs field is twistable
and that the twist § is T-positive.

The following proposition describes a class of twistable sections in the SL(2, C)-
case.

Proposition 1.22 Lets: CP! > Mpy(Z,SL(2, C)) be an irreducible holomorphic
section such that the stable Higgs pairs s(0) = @, ®T) and s(c0) = (3, ) on =
and X have nilpotent Higgs fields. Then s is twistable and the twist § is an irreducible
section of Mpg (X, SL(2, C)).

Proof We need to prove that A — 5(A) extends to A = 0, co. Both cases work
analogously, so we only deal with 4 = 0. Let us consider a lift V* of s over {A #
oo} € CP! given by

o0
VF=rlot + v+ Z,\k\yk.
k=1

Here &1 € Q10 and W; € Q! fork > 1. Then by Remark 1.19 we get a lift of § over
C* by

o0
VP=)220T +V 4+ sz"\pk.
k=1

The section § extends to A = 0 if we can find a C*-family 4 (X) of complex gauge
transformations such that

o0
VA h) =2 "lo+ vV + Z}\k\ifk
k=1

and the Higgs pair 5(0) = (3", ®) is stable. If ®+ = 0 there is nothing to prove,
so let us assume ®+ # 0. By assumption ®* is nilpotent, so let us denote by L
its kernel bundle, which must satisfy deg L < 0, since (3¥, ®T) is a stable Higgs
pair by irreducibility of the section s (see Definition 1.8 and Remark 1.2). Take a
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complementary bundle L. Then, with respect to the splitting £ = L @ L', we can

take
oy = Ao
“\Lo 1)

_ (09
* = (5)

Ot - h(A) = h(W)'dTh() = AT,

and get with

the equation

The flatness of V* implies 0 = dV &+ = 3" ®*, so that V must be of the form

v vl «
_(ﬂ V“>’

with 8 € Q"0(Hom(L, L1)). Then, writing

_ Y11 Y2
Y= <1ﬁ21 Ilfzz)’

we get

vl

Y A
A1 Vit '

v-h@) = ( T )

) . R hO) = (
With this the lift V* transforms to

VA h() = 2720 h(W) 4+ V- h(W) 4+ 220 - k(L) + Zﬂ"\pk “h(R)
k=2

_,-1(0¢ vi oo 0 « ok
=2 <ﬂ0>+<0VLL>+A(¢2]O)+I§A\D;<.

It now follows just like in the proof of [3, Theorem 3.4.] that the section s extends to
A = 0 and that 5(0) is a stable Higgs pair. Moreover, for any A # 0 the connection

V* = V¥ is irreducible, which implies that also V*.h () is irreducible. Altogether
this shows that § is an irreducible section. O

We expect that a similar construction works for n > 2 as well. The main difficulty
is to verify the stability of 5§(0) and §(co) which is more involved for general n > 2.
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2 The energy functional
2.1 The definition of the energy functional
Consider a holomorphic section s: CP' — Mpy(Z, SL(n, C). Assume that s(0) is

a stable Higgs pair. We shall denote the space of such sections by S. By Remark 1.11
there exists an neighbourhood B of 0 € CP! and a lift

SN =0@+AW+..., &+ +---,1), Ar€eB
to the space of A-connections with associated family of flat connections
VP=ATlo4+VHAW 4., 1eB\{0.
Here ® € Q19(I(E)), ¥ € Q%!(sl(E)) and V = 3 + 3 is an SL(n, C)-connection.
We have seen in Lemma 1.10 that we can even find a global lift (i.e., B = C) if the

section s is irreducible.
Consider

E®) = L tr(® A W), 2.1
2mi b))

Proposition 2.1 The quantity E(5) is independent of the choice of local lift S of the
local section s. It defines a function £: S — C

E:S—>C

E(s) = E@).
The function £: S — C is holomorphic in the following sense: if T is a complex
manifoldands: T — S, t > s; is a holomorphic family of sections, then the function

Eos: T — C,t+ E(s;) is holomorphic.

Proof WriteS = (d +AW +---,®+Ad +..., 1) as above. Let 5 - g be another lift
of s, where g is a A-dependent family of gauge transformations

g =go+Xrg1+---,

defined in a neighbourhoof of 0 € C. We split g (1) into the product of a constant gauge
transformation and a gauge transformation which equals the identity for A = 0:

g(h) = golgy 'g(h)).

It is clear that E(5.go) = E(5), since ® and W are just conjugated by go. Thus, we
may assume that gop = 1. Then
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Thus,
SW).gN) =@ +A(W —3g)+--- , P+AI+ -, 1)

It then follows from Stokes’ theorem and 8@ = 0 that
EG-g(h) = / tr(® A (W —0g1) = E@®).
)

The holomorphicity of £ as stated in the Proposition follows directly from the definition
of £. O

Definition 2.2 We call £ the energy functional on the space S of holomorphic sec-
tions of Mpg (X, SL(n, C)) admitting a local lift to the space of holomorphic
A-connections near A = 0.

Remark 2.3 (i) For the definition of £(s) we do not have to require the Higgs pair
s(0) to be stable. We have just made this assumption to streamline the exposition.
The proof of Proposition 2.1 works without modification for any local section s
for which there exists a lift 5 to the space A-connections in a neighbourhood of
0 € CP'. In particular we can define the energy of an admissible section, and in
particular of a twistor line.

(i) Itis immediate from the definition that the energy functional £ does only depend
on the complex analytic structure of the Deligne—Hitchin moduli space, and not
on the identification of M pg (X, SL(n, C)) with the twistor space of the Higgs
bundle moduli space.

(iii) The existence and relevance of such a functional is implicitly contained in [19,

Theorem 13.17] and [2, Theorem 9] for the case of tori, and [16, Theorem 8] for
holomorphic sections in certain equivariant moduli spaces.

The name energy functional is motivated by the following observation.

Theorem 2.4 Let s be a twistor line ofMDH(E SL(2,C)) — CP! corresponding
to an equivariant harmonic map f: % — H?, where H? is equipped with its constant
sectional curvature —1 metric. Then

E(s) = —gzenergy(f),

where energy(f) is the energy of f on X. In particular, if s is a twistor line, then
E) <.

Likewise, for a p-negative holomorphic section s of Mpg (%, SL(2,C)) — CP!
corresponding to an equivariant harmonic map to SU(2) (equipped with its constant
sectional curvature 1 metric) we have

E(s) = gzenergy(f).
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Proof Take the associated family of flat connections, which provides us with a natural
lift of such a (t- or p-)real holomorphic section (see Remark 1.17). The theorem then
follows by interpreting the Higgs field as the (1, 0)-part of the differential of the map
f,see[9,18]. O

Remark 2.5 Analogous formulas hold for the case of equivariant harmonic maps of ¥
into the anti-de Sitter space SL(2, R) and into the de Sitter space SL(2, C)/SL(2, R).

Proposition 2.6 Leto € {p, t} and let s: CP! - Mpy(Z, SL(n, C) be an admis-
sible holomorphic section. Then we have for the section 6*s = o os 0 &

E(o*s) = E(s).

In particular, if s is o -real, then its energy E(s) is real.

The last statement is generalized to arbitrary holomorphic t-real sections in Sect. 3
(cf. Lemma 3.6) and Corollary 3.11).

Proof Since s is admissible, we may find a global lift 5 with associated C*-family V*
of flat connections of the form

VF=1"1o + V + A0,

where ® € Q0(Z, sl(E)), ¥ € QO1(Z, sl(E)). Then 6*s = o o s o & has a lift
given by

., . ATl 4 V4 a0 -
OV)‘ = VO'(A) = _6—(}\71)(1)* =+ V* — G()\,)\I’* = 1 + —:ik_ ' “ ’ .
—ATUFHV —AD*, o =p
It follows that

1
g(O'*S) = 2—7” Etl'(‘l-’* A (I)*)

2mi b3

1 S — 1 —
=—— | r(®dAVY) = <—/ tr(® A \IJ)> = £(s).
2mi >

2.2 The effect of twisting on the energy

In this paragraph we investigate how the energy functional behaves under the twisting
construction introduced in Sect. 1.3.

Proposition 2.7 Let s: CP! > Mpy(Z, SL(2,£C)) be an irreducible holomorphic

sectign such that the stable Higgs pairs s(0) = (3, ®7) and s(c0) = (3, ™) on &

and ¥ have nilpotent Higgs fields. Then the energy of the twisted section s is given by
EG)=2E(s) —deglL,
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where L is the kernel bundle of ®+.

Proof By Proposition 1.22 we know that s is twistable. With the same notation as in
the proof of Proposition 1.22 we have a lift of the form

o0
VA=V h0) = A0 4+ 1Al + ) Ak,
k=2

s _(0¢ - (VPO : (0«
e=(30) o= (own) we()

Let us for convenience relabel ¢ = ;. The energy of s is given by

where

1 1

The energy of the twist is
- =~ 1 O
EG)=EG) =— [ tr(®d A V)
2mi b))

=i./<¢w+ma>=5(s>+i./ﬁw.
2ri Jy 271 Jy

Since V* is flat for all A € C*, we see
0="r"
:A‘ldvé+<FV+[&>A\f11])
o] - 1 k
I A O
+ 2 M@V [ A Bl + 5 ) 10 B
k=1 j=1
~ L
:A—ldV&>+<Fv +¢/\w+aAﬂ*)

* *

00 k
- 5 B 1 B 5
k| v
+k§])\ d ‘Pk+[©/\‘1’k+1]+§ E l[qjqu"kfj]
= j=

Thus, F¥" + ¢ Ay +a A B =0, ie.,

Bra=F" £ony.
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It follows that
5(5):5(s)+L,/ ,8Aa=5(s)+i_/(FvL—i—(]ﬁ/\lﬁ):ZS(s)—degL.
2mi b)) 2mi b))

O

Corollary 2.8 Consider an irreducible, p-real, admissible holomorphic section s:
CP' - Mpy (2, SL(2, C)) given by a family of flat connections

VA =1"1o + V — p0*,

where 0 # ® € QVO0(sI(E)) is nilpotent and (V, ®) is an irreducible solution of the
harmonic map Eq. (1.10). Then the energy of the twisted section s satisfies

E(S) > |degL| > 0,

where L denotes the kernel bundle of ®. In particular, the t-real section s cannot be
a twistor line.

Proof By Theorem 2.4 we know that £(s) > 0, since ® # 0. The energy of the twisted
section § is then (note that deg L < 0 by irreducibility)

EE) =2E(s) —degL > |degL| > 0.

We know from Proposition 1.20 that 5 is t-real since s is p-real. But for a twistor line
the energy is negative, while we have just seen that £(5) > 0. Hence § cannot be a
twistor line. O

Remark 2.9 The proof of [3, Theorem 3.4] has two steps: first an irreducible p-real
section s with nilpotent Higgs field corresponding to a solution of the Eq. (1.10) is
constructed. Then it is shown that the twist 5 is an admissible t-positive section, and
therefore cannot be a twistor line. The above corollary simplifies the second step by
showing instead £(5) > |deg(L)| > 0 and applying Theorem 2.4.

3 Interpretation of the energy via the hyperholomorphic Line bundle

We have defined the energy functional on the space of holomorphic sections of the
Deligne—Hitchin moduli space M’Drjq — CP'. In this section we will see that it
is in fact a natural functional on the space of holomorphic sections of the twistor
space Z(M) — CP! of any hyper-Kihler manifold M with a circle action that
induces a standard rotation of the S? of complex structures. The crucial tool is the
hyperholomorphic line bundle introduced by Haydys [12] which was given a twistorial
description by Hitchin [20].

More precisely, let (M*; g, I1, I, I3) be a hyper-Kihler manifold with corre-
sponding Kihler forms w;, j = 1,2, 3. Suppose that M comes equipped with an
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isometric circle action which preserves w; and rotates wy, w3, i.e.,
Lxw1 =0, Lxwr=—w3, Lxws=wy, 3.1

where X is the vector field induced by the circle action.

Let u: M — iR be the moment map corresponding to w;. Haydys has shown that
the two-form! w; + iddfu is of type (1, 1) with respect to each I;, j = 1,2,3. In
particular, if [w/27] € H 2(M , 7)), then there exists a line bundle Ly, — M such
that ¢ (L) = [w1/27] which carries a unitary connection with curvature equal to
w1 + idd{ p. Such line bundles are unique up to tensor product with a flat line bundle
on M and we fix one in the following. By Haydys’ result this connection is hyper-
holomorphic: it induces a holomorphic structure on L with respect to each complex
structure in the S%-family of compatible complex structures. The hyperholomorphic
line bundle Lj; induces a holomorphic line bundle Lz — Z on the twistor space
7wz Z = Z(M) — CP! of M, which is trivial on the twistor lines.

Remark 3.1 We emphasize that for the existence of Ly, and hence Lz, it is sufficient
to work with iy w; instead of the moment map (also see [24]).

3.1 Meromorphic connections on L7

Before we define the energy functional in general, we need some background on
meromorphic connections on Lz complementing the results of [20]. The line bundle
L 7 corresponds to the Lie algebroid

0 — Oy —> TP7/C* —3 Ty —> 0 (3.2)

where Py is the principal C*-bundle corresponding to Lz and T Pz /C* is the vector
bundle on Z whose sections correspond to the C*-invariant vector fields on Pz. For
later reference we denote the extension class of (3.2) by nz € H Lz, T}‘). Since
T Pz/C* is a Lie algebroid, nz actually lies in (the image of) H'(Z, T; ) for the
closed 1-forms TZ*,cl‘ That is, 5 can be represented by a Cech cocyle with values in
the sheaf of closed one-forms.

Hitchin observed that 1)z is of a special form if additionally H' (M, C) = 0.Namely,
let Y € H%(Z, Tz) be the holomorphic vector field induced by the circle action lifted
to the twistor space Z. After applying Mobius transformations, we may assume that
the circle action satisfies

dnz(Y) =s =} (M%) € H(Z, n*0(2)). (3.3)

I As usual, we write d;f =1 jo dol b for j =1, 2, 3. Also note that both Haydys and Hitchin work with
R-valued moment maps explaining our additional factor ¢, for example i dju = ix w1 .
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If D := Do + Do denotes the divisor determined by the fibers of 7z over 0 and oo,
then s yields the short exact sequence

0 — Tp — T52) — Tj(2)p — 0. (3.4)

In his twistorial approach to L z, Hitchin constructed a section ¢ € H (D, T72)p),
assuming H 1 (M, C) = 0, which satisfies

8z(@) =nz, @I = —%iyww- (3.5)

Here 87: HY(D, T7;2)p) — HY(Z, Ty) is the connecting homomorphism in the
long exact sequence associated to (3.4), Tr = ker dmrz is the tangent bundle along the
fibers of w7 and

o = (03 + iw3) + 2irw) + 2 (w2 — iw3) € HY(Z, A’ T} (2)). (3.6)

We next show that ¢ satisfying (3.5) is essentially unique.

Proposition 3.2 Let M be a connected hyper-Kdhler manifold with a circle action as
before. Additionally assume that (w1 /2m] € HZ(M, 7). Then the space

{p € HY(D, T;2)|p) | ¢ satisfies (3.5)}

is an affine complex line if non-empty (e.g., if H'(M, C) = 0). Each such ¢ determines
a unigue meromorphic connection V, on Lz with simple poles along D with

resp(Vy) = ¢ € H(D, T;(2)|p) 3.7)

and non-singular otherwise.

The existence of a meromorphic connection V,, with (3.7) already appeared in [20]
but we include its proof for completeness.
As a preparation we give the proof of the following well-known lemma.

Lemma3.3 Let mz: Z — CP! be the twistor space of a connected hyper-Kiihler
manifold M. Then H(Z, AkTg) =0=H%z, AkT;‘)forallk > 1 and in particular
HY(Z,0,) =C.

Proof Leta € H(Z, T7) and let s, : CP! — Z be the twistor line determined by
m € M. Then s, induces the holomorphic splitting

SETS =55 TE @ s¥ (150(=2)) = N, @ O(=2) = O(—1H® @ O(-2).

Hence if we restrict o (as a section) to the image s,, (CP') C Z, we obtain Qs (CPly =
0.By varyingm € M, we conclude o = 0. The same argument shows H(Z, A¥ T;) =
0= H%(Z, A*T}). Since M is connected, it immediately follows that H%(Z, O7)
C.

o ll
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Proof of Proposition 3.2 First of all, we consider for each F € {Ték T:, w5 TE pl =

T[;O(—Z)} the short exact sequence
C*(F): 0 — F = FQ2) — FQ)p — 0. (3.8)

These fit into the diagram
0

!

C*(r;0(-2))

!

C*(T3) (3.9)

!

C(Ty)

!

0

with exact rows and columns. Next we consider (parts of) the corresponding long
exact sequences. Since H%(Z, T;) =0 = HY(Z, T7) and H%Z,07) = C, we
obtain the following diagram?

C —— H%Op) —— H'(n;0(-2))

l [ [

HO(T3(2) — HOT3Q)p) —2— H'(T}) (3.10)

! I !

H(T}(2)) — HYT:(2))p) — H'(T})

Now let ¢, ¢’ € H(T}(2)p) satisfy (3.5) and set ¢ := ¢ — ¢'. By assumption,
we have §z(c) = 0 and r(c) = 0. Therefore the exactness of (3.10) implies that
c € H(Z, ©z) = C. To make this more explicit for later purposes, note that Op
appearing in (3.10) is actually 7* (O(=2) ® O(2))|p. Using y := ndr ® ”;a% as
trivializing section®, we have

¢+ (CY|Dys € ViDa) € HY(Do, T3 (2)1py) ® H(Doo, T (2) 1D, (3.11)

under the inclusion C < H%(T}(2)|p) in (3.10). In that sense ¢ € H*(Z, T}(2),,,)
satisfying (3.5) is unique up to an additive constant.

For the last statement, assume ¢ € H(D, T7(2)|p) with (3.5) exists. This is the
case, for example, if H'(M, C) = 0. Then choose an appropriate open covering I of

2 We drop the spaces from the notation to simplify notation.

3 Note that we pullback dA as a 1-form but % as a section.
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Z such that ¢;ynp lifts to oy € HOU, T;5(2)) forevery U € U. By (3.5), the cocycle

nuv = (/)TU - (pTV
is a Cech cocycle representing nz = 8z(¢) € HY(Z, T;). But 5z is determined by
the line bundle Lz so that nyy = g;{,dgyv for a Cech cocyle gyy defining Lz.

Altogether

—1
guydguv = nuv = % - %

so that L are connection 1-forms of a meromorphic connection V,, on Lz with the
claimed properties.

For the uniqueness of V,, let Vi, V, be two meromorphic connections on Lz
with resp (V1) = resp(V>) and holomorphic otherwise. Then V := V| ® V;‘ is a
holomorphic connection on Lz ® L}, = Oz. Hence V is of the form d + « for a
global holomorphic 1-form « on Z which must vanish by Lemma 3.3. Consequently,
V1 and V; are equal. O

As a next step, we examine how such ¢ interact with the real structure 7. First
observe that for every ¢ satisfying (3.5), the section

r

¢ =@+ 150)
again satisfies (3.5) and is further real, i.e.,
D@ =¢" & e =9k (3.12)

Since 7 commutes with 77, it follows that 77 (nz) = 77 and consequently /L7 =
Ly.

Remark 3.4 Hitchin’s sections ¢ € H (D, T; (2)|p) satistying (3.5) are real by con-
struction.

For later reference, we record the following observation.

Corollary 3.5 The space
{p € H(D, T;(2)|p) | ¢ satisfies (3.5) and 15,9 = ¢}

is an affine real line (if non-empty).

Proof By Proposition 3.2, if ¢, ¢’ obey (3.5), then ¢ — ¢’ = ¢ € H(Z, ©) = C. The
reality condition implies

O
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3.2 Residues

For the next proposition, we assume H 1 (M,C) = 0 so that real sections ¢ €
HY(D, T7(2)) as in Corollary 3.5 and correspondingly meromorphic connections V,
on Lz exist as in Proposition 3.2. Let S be the complex-analytic space of holomorphic
sections of 7z : Z — CP! and define the function

resy, 1 S — C,  resy(s) :=reso(s*Vy).

This is well-defined because s*¢g € H({0}, ©) = C. It is immediate that res, is
holomorphic in the following sense: if T is a complex manifold and (s,: CP' —
Z);er a holomorphic family of sections of 7z, then

T — C, t>resy(s)

is holomorphic. We further observe that res, (s) is defined for any local holomorphic
section around 0 € CP!.

In case s is a real section defined on all of CP!, then we obtain the following
relation:

Lemma 3.6 Ifs € SR is a real holomorphic section of w7, then
res, (s) = deg(s*Lz) — resy(s). (3.13)

In particular, if s is a real holomorphic section withdeg(s*Lz) = 0, thenres,(s) € iR.

Proof Since @y = T ¢w0, We obtain by the reality of s

1e8,(5) = %00 = § T P00 = T(p15" Poo = 18800 (s* V).

The last equation uses again the fact that H({oo}, C) = C canonically so that the pull-
back along 7 p1 has no effect. By the residue formula for meromorphic connections
on line bundles over Riemann surfaces, we have

deg(s*Lz) = reso(s*Vy) + reseo(s* V). (3.14)

Combining the two formulas, we arrive at (3.13). m]

The previous lemma reflects the fact thatres,, yields amoment map on all connected
components of S¥, see Sect. 3.4. To show this and the relation of res,, to the previously
defined energy functional, we need an explicit formula for res,. We begin with the
following lemma (see [20, Lemma 8]).

Lemma3.7 Let T;(2) = T7(2) ® Oz be the C*-splitting induced by the C*-
decomposition Z = M x CP'. Define the section € I'(Z, T;(2) ® Oz) via

U= (0, b= +idsu) +2irdu+ 025 — idsp). (315
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Then V\p is a holomorphic section of Tz(2)|p and satisfies (3.5).

Proof Let X be the C*-vector field on M induced by the circle action which we
identify with a C*®-vector field on Z = M x CP'. We denote by X 1’0 the (1, 0)-part
of X with respect to the complex structure I; on M. The holomorphic structure 3z on
T;(2) =T;(2) ® 5 Ocpr (with respect to the natural C*°-splitting) is given by

Jz(c, u) = (5ka, Gou+ir (ékxi’o)) , (3.16)

cf. Eq. (8) after Lemma 7 in [20]. Here we abuse notation and write 9, also for the
induced complex structure on O(2)-valued one-forms etc.
Let F = w1 + iddju, the curvature of the hyperholomorphic line bundle on M.
We first prove
dz¢ = (AF,0) (3.17)

which implies that v|p is holomorphic and satisfies the first equation in (3.5), i.e.,
determines the hyperholomorphic line bundle. The first summand in (3.17) is 5;(%).
Since ¢ is of type (1, 0) with respect to 9;. for all A, it follows that 8, ¢ = (d¢)"'. But
ddijn =i wy, k =2,3 so that

do =2iAddfu+i(w2+iw3)+iA2(w2 —iw3). (3.18)

Since w = (w2 +iw3) +2iAw) + 12 (wy —iw3) asin (3.6) is of type (2, 0) with respect
to 9, for every A, we conclude

3 (%) = L) = irddip —i )" = AF.
For the second summand in (3.17), we have to show
2irdp = ¢ (ehxi*o) (3.19)

by (3.16). Since ¢ is of type (1, 0) with respect to 9, we have ix¢ = iy10¢ and
A
therefore

& (5:X1°) = Bulixg) + ix10019 = B(ix) +22(ix )"
from (3.17). To evaluate i x ¢, observe that
ixdip=—-ig(X,X), ixdiu=—-iw3(X,X)=0, ixdiu=iwy(X,X)=0
and hence ix¢ = 2A4g(X, X). Further (ix F)*' =i 8, (1 + i g(X, X)) so that
P @:.X) %) =2irdupu (3.20)
and (3.19) is proven.
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It remains to prove that v satisfies ¥7, = zil.iya) along D (again for w as in (3.6)).
Since 1 is real, it suffices to check this equality at > = O:

Uity = $ 5o = 3(@si +idsp) = —5livas —iiyw) = —jivo.

Here we have used that wy + i w3 is of type (2, 0) along Dy and X(l)’O =Y. O

Remark 3.8 For our considerations in Sect. 3.4 we observe that the previous proof
works on any open, not necessarily S L invariant, subset U C D with H! (U,R) =0.
Indeed, under this assumption we always find a Hamiltonian function f with df =
ixwi. By replacing o with f, the previous argument provides gy € H(T, ).
The condition H'(M,R) = 0 then guarantees that the ¢y, which differ by a real
additive constant (Corollary 3.5), glue to a global section.

Theorem 3.9 Let Z = Z (M) be the twistor space of a connected hyper-Kiihler man-
ifold M with circle action as before with [w/2n] € H>(M, Z) and H' (M, C) = 0.
Let B C CP! be an open disk around 0 € CP' and s: B — Z a local holomorphic
section with s(0) = m € M. Then

res, (s) = reso(s*Vy) = — 3 iyw (5(0) — $,1(0)) + p(m), (3.21)

up to a additive constant where sy, is the twistor line throughm € M and u: M — iR
the moment map of the circle action.

Remark 3.10 (i) The right-hand side of (3.21) is well-defined because s (0) — 5, (0) €
TF.

(i) Since the moment map u: M — iR is only unique up to an additive constant in
iR, the freedom in ¢ reflects the freedom in .

Proof We first prove the statement about the additive constant. Let ¢, ¢’ €
HO(D, T; (2)) satisfy (3.5). As we have seen in Corollary 3.5, we have ¢’ = ¢ +cy
where ¢ € Rand y = 75dA ® n;%, cf. (3.11). But s*y = dr ® % €
HO(CP', 0(-2) ® O(2)), so that

resy (s) = s (@ +cy) =resy(s) + ¢

for any holomorphic section s of 7.

Hence it is sufficient to prove (3.21) for the section ¥ € HOY(D, T7(2))
of Lemma 3.7. Every twistor line s, induces the same smooth (dual) splitting
0s,,: SmTF(2) ® Ocp1 — Tz(2) as for the definition of ¢ so that we compute

reso(s,, Vy) = u(m).

Lets: B — Z be any local holomorphic section with s (0) = m. It defines the splitting
Os: s*Tr(2) ® Op — s*Tz(2). Since s,,(0) = s(0) we can compare the splittings at
A = 0 and obtain

0,1 00,(L) = 5(0) — $,(0) € Tp,. (3.22)

Sm
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Now ¥ is given in the dual splitting 67 so that

(s*¥)o = 5 ¢ ((0) — 5w (0)) + p(m)
= —3iy® ($(0) — §m(0)) + p(m)

by Lemma 3.7 and (3.22). O

Hence the residue res,, is natural in several ways. Not only is it essentially inde-
pendent of ¢ or the base point (i.e., 0 or co) but it is also the analytic continuation
of the moment map w: M — iR to the space of all holomorphic sections, where we
identify M with space of the twistor lines.

3.3 Relation to the energy functional

We next explain the relation between the generalized energy functional £ and the
residue(s) resy, if M = Mg’lg(E, SU(n)) is the smooth locus of Mgp (X, SU(n)), the
moduli space of solutions to the self-duality equations with structure group SU(n).
Here we use the notation set up in Sect. 1.1

Recall that the circle action on M is induced by the circle action on C(E) x
QLO(Z, sl(E)) given by !?.(3, ®) = (3, ¢/ ®). The corresponding vector field X at
a point (3, ®) € C x QLT sl(E)) is

d o
Xo.0)= Z|t=0(€” (3, @) =(0,iP). (3.23)

Here we have used the identification 73 4, (C(E) X Ql0(z,sl(E)) = Q%(Z,
sl(E)) ® Q19(2, sl(E)). The moment map (with respect to wp) is given by

Mamz—/u@A¢m (3.24)
p)

as follows easily from the explicit form of the metric

27 B). (v, B)) = 2i /E C(* Ay + B A B, (3.25)

Recall moreover that the holomorphic symplectic 2-form wc = w> +iws (with respect
to Ip)is

wc((y1, B1), (2, B2)) = 2i /2 tr(B2 A y1 — B1 A y2), (3.26)

where (i, f) € QUN(Z,sl(E) & QM2 sl(E), i = L2 If (y.B) €
QYI(z, sl(E)) ® Q1O(2, sl(E)) is an arbitrary tangent vector then (3.23) and (3.26)
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combine to give

iy 0,0 B) = 0C(X 3.gy. (71 B) = (0, i), (v, B)) = 2 /2 (@ A ).

(3.27)
The holomorphic line bundle Lz on Z is determined as follows (see [20, §3.7] for
details): by construction, Z = Z4y U Z_ where Z, = Mpgoq(Z, SL(n, C)) and
Z_ = Mpyoa(Z, SL(n, C)). On Z4 there is a natural determinant line bundle L+
with fiber (AP ker(D))* ® A°P coker(D) over the isomorphism class [(3, D)] € Z+
of a A-connection (3, D). Then L is obtained by gluing L, and L* over Z, N Z_.

Corollary3.11 Let M = MiS’l’)(E, SUn)), Z = Z(M) = M}, (%, SL(n, C)) the
corresponding twistor space. Further let Vy, be the meromorphic connection on Lz
uniquely determined by ¥ € HYZ, TZ*(Z)) as in (3.15). If s: B — Z is a local
holomorphic section around 0 € B, then

E(s) = 5=resy (s) (3.28)

where E(s) is the energy functional of Sect. 2.

Proof First of all, let m := [9, ®] := s(0) be the value of s at 0 and s,,,: B — Z the
corresponding twistor line through m. Further let S(A) = A~ '® + VO 4 AW +. .. and
Su(h) = A71d 4 V! 4 1d* be local lifts of s and s,, respectively. In particular, we
have

E@s) = ﬁ/ tr(d A W), (3.29)
)
F0) = 5,(0) = (W — @*, 8V — 37", (3.30)

Hence Theorem 3.9 implies

resy (s) = =% iy (5(0) = $(0)) + pu(m)
=—/ tr(CD/\(\IJ—d)*))—/ tr(® A D)
z z

= —/ tr (d A W)
b
= 27i £(s).

(3.31)

O

Remark 3.12 (i) We have formulated Corollary 3.11 for the SL(n, C)-case. However,
Corollary 3.11 makes sense for any semisimple complex Lie group G¢ and the
previous proof stills works once we replace tr by (an appropriate multiple of) the
Killing form. Note that in this case we still have H'(Msp(Z, G), C) = {0} by
[4].
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(ii) To our best knowledge, meromorphic connections V,, in terms of determinant line
bundles have only been given for M = M’;{I’)(E, C*) in [22, Theorem 5.13] via
their theory of intersection connections on Deligne pairings. Our results could be
useful to extend [22, Theorem 5.13] to higher rank.

3.4 The energy as a moment map

Let Z = Z(M) be the twistor space of a connected hyper-Kéhler manifold M with
circle action as before with [w1/27] € H?*(M,Z) and H' (M, C) = 0. We assume
that there exists a component N of real holomorphic sections of Z — CP! which
is different from the component M of twistor lines. We further assume that the nor-
mal bundle for any section s € N is the direct sum of O(1) — CP! and that the
twistor construction [21] yields a positive definite Riemannian metric g/ induced by
w. This implies that the evaluation map for any A € CP! of real normal sections is a
local diffeomorphism. Hence, by [21], (N, gV) extends to a hyper-Kzhler manifold
(N; gN 1 1N , IZN , I?fv ). The circle action on the twistor space induces a circle action on
N.Indeed, for ¢ € S' C C, and the corresponding biholomorphic map ®.: Z — Z,
we define for a given section s the new section

st CPY— Z, a @ (s (Ln)).

Clearly, s is real holomorphic if s is real holomorphic, and because S! is connected
s and s, are in the same component of real holomorphic sections. This circle action is
again rotating.

Theorem3.13 Let Z = Z(M) be the twistor space of a connected hyper-Kdhler
manifold M with circle action as before with [w1/27] € H2(M, Z)and HY (M, C) =
0. Let N C S be a component of real holomorphic sections of Z — CP such that the
twistor construction of [21] yields a hyper-Kdhler manifold (N; gV, IIN, I2N, I3N).
Then N has a rotating circle action, and the residue resy, : S — C of the natural
meromorphic connection Vy, on Lz — Z restricted to N yields a moment map for the
circle action with respect to a)f]. Inparticular, res is a Kdhler potential for (N, g, IzN).

Note that H!(N,R) might not be zero so that general arguments do not even
guarantee the existence of a moment map on N.

Proof For every s € N, there exist open neighborhoods U € N,V C M = Zp of s
and s(0) respectively such that there is a biholomorphism

V: Z(U) — Z(V)

of the twistor spaces of U and V. It is compatible with the fibrations to CP!, the real
structures and the twisted relative symplectic forms. Even though U might not be S'-
invariant, there is a holomorphic line bundle L 7(;/y—induced by a hyperholomorphic
line bundle Ly over U—with ameromorphic connection V,, as before, cf. Remark 3.1
and 3.8. Theorem 3.9 implies that resy, : U — iR, s — resp(s*Vy,), satisfies
dresy, = ixyw) where X is the vector field of the circle action on N.
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On the other hand, if d = deg(s*L7) for any s € N, then
UV L, ® N;(N)O(—d) = LZ(U) (3.32)

over Z(U). By Proposition 3.2, the meromorphic connections Vy, and V,, (tensored
with an appropriate meromorphic connection V¢ on O(—d) if necessary) on L Z(U)
and L 7 respectively are exchanged under (3.32) if the additive constants in the residues
@y and  are appropriately chosen. Hence resy (s) = resy,, (s) for any s € U up to
an additive constant. Since resy is globally defined on N, it is a moment map for the
circle action on N.

The second part is now standard, see [21, §3 (E)]. O

4 The energy and the Willmore functional

We have seen in Theorem 2.4 that for twistor lines the energy £ is directly related to the
harmonic map energy of the corresponding equivariant harmonic map. In [14], non-
admissible T-negative real holomorphic sections of the rank 2 Deligne—Hitchin moduli
spaces have been constructed. These sections correspond to equivariant Willmore
surfaces, for definitions see Sect. 4.2 below. We will exhibit an explicit formula relating
the Willmore energy of the surface with the energy of the corresponding section of
Mpp — CP!. Before we can state the main results, we need an auxiliary tool: the
dual surface construction. In the following sections we restrict to rank 2 Deligne—
Hitchin moduli spaces.

4.1 The dual surface construction

Consider a holomorphic section s of the Deligne—Hitchin moduli space. We assume
that 5 (0) is a stable Higgs pair with nilpotent Higgs field. The section s admits a (local)
lift V* = A~1'® + V 4+ AW + - .- such that ® is nilpotent.

By assumption, the kernel bundle L of ® has negative degree. Choose a com-
plementary subbundle L and apply the gauge transformation 2(1) = diag(A ™!, 1),
written with respect to L @ L* to V*, cf. the proof of Proposition 1.22. In this way,
we obtain a new C*-family of flat SL(2, C)-connections

VA = VA R, 4.1
With respect to L & L* we may write

_(0¢ AL _ (VY ¥
CD_<OO)’ V_<,3 VLL)’ qj_(l”zll/fzz)’
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with ¢ € HY(KL72), B € Q10(L?). By a computation analogous to the one in the
proof of Proposition 1.22 we see that

VP=VAh() =d+V-hQ) + AV -h(A) + - -
_,-1(00 vh ¢ Vil o«
= (o) + (g ot ) 2 (00 =

Note that although the corresponding family of A-connections has a limit as A — O,
this family is not the lift of any holomorphic section §: C — M py, as the Higgs pair

(5V, <i>) at A = 0 is unstable: Indeed, we have

=L
—v a0 - 00
3 _<*5“>’ *=(30)

Thus, the holomorphic subbundle L* is the kernel bundle of ® and has positive degree.
Still, we can interpret A — V*asa map § into the space of holomorphic A-connections,
and consider its energy E(5) as defined in (2.1). This is well-defined, and invariant
under holomorphic families of gauge transformations A — g(A) which extend holo-
morphically to A = 0 (see the proof of Proposition 2.1).

With
: Y o«
v =
< * Yo

a computation analogous to the proof of Proposition 2.7 yields the following formula
relating the energy of § to that of s. Note that on the right hand side of the formula
E(s) appears with a factor 1 as opposed to the formula in Proposition 2.7.

Proposition 4.1 Let s: cP! — MDH be an irreducible holomorphic section such
that the stable Higgs pair s(0) = (9, ®) on X has nilpotent Higgs field. Then we have

EE)=E(s) —degL,

where L is the kernel bundle of ® and § is determined by (4.1).

Remark 4.2 Consider an equivariant minimal surface f: ¥ — 83 = SU(2) and the
associated family of flat connections

V=270 +V - 10,
where (V, ®) is a solution of (1.10). The Higgs field @ is nilpotent as the surface is

given by a conformal harmonic map, and we can apply the construction (4.1). Denote
the kernel bundle of ® by L and write with respectto £ = L @ L=+

Via +271¢
A -1
VA=AT'd 4+ V- 10" = <_a*_k¢*vLL>.
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The dual surface construction then yields the family

. vi ra+ ¢
Vi = —)L_l()l* _ ¢>}< vLJ‘ ’

which satisfies the same reality condition as V*, i.e., both are unitary for A € st
Moreover V* has nilpotent Higgs field as well. It therefore gives another conformal
harmonic map into §* = SU(2) which is branched at the zeros of the Hopf differential
of the surface f. This construction is well-known in classical surface theory, and is
sometimes called the parallel or dual surface of the initial minimal surface f, see [23]
and the references therein.

Remark 4.3 Suppose (V, ®) is a solution to the self-duality equations with nilpotent
Higgs field ® corresponding to an equivariant minimal surface f: ¥ — H3. Let L
again be the kernel bundle of ®. The associated t-real family of flat connections on
E =L @ L* is of the form
vl a4+ 17lg
VE =110+ V 4 20* = .
+V+ <—a*+k¢* vit )

The dual surface construction yields the family

~ vE ra+ ¢
2
V= <—A‘1a* e VLt ) . 4.2)

We observe that

%A* _ W* X_la —* ¢ _ W* —(—)_\._1()[*4— d)) )
—ra* —g* VL' —(ho* + ¢%) VLt

Thus, V* satisfies a different reality condition than V> Infact, it follows that the family
Y)‘ does not give an equivariant harmonic map to A but an equivariant harmonic map
S = dsd= SL(2, C)/SU(1, 1) into the de Sitter space, see [3, Section 3]. Because

the Higgs field
00
a* 0

of the family V* is also nilpotent the corresponding equivariant harmonic map into de
Sitter space is conformal as well.

The de Sitter space dS> has the identification as the space of oriented circles on
a fixed 2-sphere. We consider the 2-sphere as the equatorial 2-sphere Sy in the 3-
sphere which separates two hyperbolic 3-balls. The space of oriented circles C in the
2-sphere can be identified with the space of oriented 2-spheres S in the 3-sphere which
intersect So, perpendicularly, i.e., C = SN So as oriented submanifolds of 3. In this
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interpretation, the equivariant conformal harmonic map into de Sitter 3-space yields
a map into the space of oriented 2-spheres in the 3-sphere. We will see in Sect. 4.3
below, that the latter map is the mean curvature sphere of the minimal surface f in
H? c §3, i.e., the map which associates to a point p of the surface the best touching
2-sphere of f at p.

Let s be a twistor line given by a nilpotent Higgs pair s(0), and apply the dual
surface construction. From (4.2) we can directly compute that E(s) > 0 with equality
if and only if V is reducible, i.e., « = 0. As an application of Proposition 4.1 we
reobtain the well-known energy estimate

0>&(s) >degL >1-—g,
where g is the genus of the surface X.

4.2 The Willmore functional and the energy of higher sections

A solution (V, ®@) of the self-duality equations with nilpotent Higgs field & # 0
gives rise to a branched conformal harmonic map, i.e., an equivariant minimal surface
f: £ — H? with branch points. The basic invariant of the equivariant minimal
surface is the area of a fundamental piece, which is determined by the energy of the
harmonic map, i.e.,

Area(f) = energy(f) = —4n&(s),

where s is the t-real holomorphic section of the Deligne—Hitchin moduli space cor-
responding to the solution (V, @) of the self-duality equations.

The Willmore energy of a conformal immersion f: ¥ — M into a Riemannian
3-manifold M is given by

W(f) = fz (H2 _K +1€) dA,

where d A is the induced area form, K is the curvature of the induced metric, H =
%tr(]] ) is the mean curvature, i.e., the half-trace of the second fundamental form
I1, and for p € ¥ the quantity K p is the sectional curvature of the tangent plane
Tropy f () C Ty (pyM. It was known already to Blaschke that the Willmore functional
for surfaces in R3 or §* is invariant under Mbius transformations of the target space. It
was first shown in [8] that the Willmore integrand is actually invariant under conformal
changes of the metric on M.

In the case of an equivariant, immersed minimal surface f: ¥ — H? into hyper-
bolic 3-space, H = 0 and the Willmore functional therefore equals to

W(f):—/):KdA—/):dA=2n(2g—2)+4715(s).
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We apply the dual surface construction (4.1) to the corresponding holomorphic section
s with nilpotent Higgs field ®. We obtain a new family of A-connections §. Let L be the
kernel bundle of ®. Because ® can be interpreted as the (1, 0)-part of the differential
of the minimal surface, the zeroes of the Higgs field are branch points of f. Since we
assume that f is not branched, we must have deg(L) = 1 — g. Hence, Proposition 4.1
implies

W(f) =4m E(3). 4.3)

The conformally invariant Willmore integrand (H 2-K+K ) dA can be gener-
alized to a class of branched conformal maps into the conformal 3-sphere. The extra
assumption is that the mean curvature sphere (the exact definition is given in Sect. 4.3
below) extends through the branch points of the conformal map, see [6] and related
literature. We will see in Sect. 4.3 that this assumption holds for branched minimal
surfaces in hyperbolic 3-space, yielding (4.3) in this more general situation. In fact,
we obtain an equality for the Willmore integrand:

Proposition 4.4 Let f: ¥ — H?> be an equivariant branched minimal surface with
associated C*-family of flat connections V*. Then the conformally invariant Willmore
integrand is given by

—2itr(® A D),

where V* = V*h(}) = VA+r 1o +adis given by the dual surface construction.
In particular

W(f) =4mE(S),

where § is the family of A-connections determined by V2,

A proofis given in Sect. 4.3 below using notions from conformal surface geometry.

In [14] it was shown that there exist compact Riemann surfaces £ whose associated
Deligne-Hitchin moduli spaces admit t-negative holomorphic sections s with the
following properties:

(1) The Higgs field ® is nilpotent, where s(0) = (9, ®1;

(2) The section s is not admissible: for a lift V* with VA~' = V*.g()) the Birkhoff
factorization g = g4 g_ fails along a real analytic (not necessarily connected)
curve y C X (see Remark 1.14);

(3) On X \ y the section s gives rise to an (equivariant) conformal harmonic map
which extends through the boundary 2-sphere at infinity of the hyperbolic 3-space,
yielding a Mobius equivariant Willmore surface f: £ — §° = H3 U S2 U H3.

It is a natural guess that the energy £(s) is related to the Willmore energy of a funda-
mental piece of f. We remark that [2, Theorem 9] can be interpreted as this relation in
the case of X being of genus 1. Our main result here is the following theorem, whose
proof we postpone to Sect. 4.4.
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Theorem 4.5 Let X be a compact Riemann surface. Let s be a T-negative holomorphic
section of the Deligne—Hitchin moduli space M pg (X, SL(2, C) satisfying the above
mentioned properties (1)—(3). Let L be the kernel bundle of the nilpotent Higgs field
of the Higgs pair s(0) = [3, ®). Then the energy of s is related to the Willmore energy
of a fundamental piece of the surface f by the formula

E(s) = =W(f) + deg(L).

Remark 4.6 This geometric interpretation might have applications in theoretical and
mathematical physics, in particular in the AdS/CFT-correspondence (see for example
[1,25] for more details): Consider a minimal surface in a totally geodesic H> c AdS*
which intersects the boundary at infinity. If the surface extends to a Willmore surface
in §3, giving rise to a 7-negative holomorphic section of the Deligne-Hitchin moduli
space of a compact Riemann surface, the finite part of the area functional is given by
the Willmore energy of the surface. If we additionally have a symmetry between the
two pieces of the minimal surface in the two components of H3in §3 = H3US?UH?3,
the Willmore energy is given in terms of the energy of the section. A similar relation
holds for space-like minimal surfaces in AdS>.

4.3 The lightcone approach to conformal surface geometry

Our proofs of Proposition 4.4 and Theorem 4.5 will use some concepts of conformal
surface geometry in the lightcone model, which we recall here. We refer to [5,7,26]
for details.

Consider R*! with the standard Minkowski inner product

(.,.) = —(dx0)* + (dx1)* + -+ + (dx4)*
and the lightcone
L={xeR" | (x,x)=0}.

Then the map R* > PR*!, (x1,x2,x3,x4) > [1 : x1 : x2 : X3 : x4] restricts to
a natural diffeomorphism between the 3-sphere S and the projectivization PL C
PR*!. There exists a natural conformal structure on PL induced by (.,.), which
contains the round metric on S3. If ¢ is a (local) section of 7: £ — PL then the
conformal structure is represented by the Riemannian metric g, defined as

8 (X,Y) :=({do(X),do(Y)).

The round metric is obtained from the lift o ([x]) = xio, [x] € PL. The space of

~

orientation preserving conformal diffeomorphisms of $3 = PL is then given by
PSO(4, 1) (via its natural action on PR*!). Those transformations are also called
Mobius transformations. We will often consider the conformal 3-sphere as the union
$3 = H3US?UH?3, i.e., as the union of two hyperbolic balls separated by an equatorial
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$2.In the lightcone model a 2-sphere S2 can be written as P (v N £) for a space-like
vector v € R*!. Itis known that the complement {[x] € PL: (x, v) # 0} is conformal
to H3 U H3. In particular, we note that a 2-sphere S> C S corresponds to a subspace
of R*! of signature (3, 1).

Consider a conformal immersion f: ¥ — PL from a Riemann surface. There
exists a real rank 4 vector bundle S ¢ R*! locally defined with respect to a holomor-
phic coordinate z and a local lift f of f to R*! as

S®C = span(f, fo, fz, f.2),

where for a function g we denote g, := g—‘g and so on. The real rank 4 bundle is well-
defined, and (., .) restricts to an inner product of type (3, 1). Under the correspondence
between 2-spheres in S° and subspaces of signature (3, 1) in R*! the bundle S can be
interpreted as a family of 2-spheres. It is called the mean curvature sphere congruence
associated with f. Its orthogonal complement is denoted by N and we obtain an
induced decomposition of the trivial connection on R*! = S @ A into diagonal and
off-diagonal parts

d =Ds+ B,

where f is tensorial and Dg is a connection. The Willmore energy of the surface is
then given by

Wi =4 [wepnp),
where *dz = idz, *dZ = —idz. A surface is Willmore if and only if
dPs « g =0,
which is equivalent to the flatness of the family of
SO4,1)c =S0(5,0)
connections
A eC* > D =Dg+ 210 + 280D,

The equivariant Willmore surfaces constructed in [14] have the additional property
that they are minimal in two hyperbolic balls separated by the boundary at infinity
§% ¢ §3 = PL. This condition is equivalent to the fact that there exists a space-like
vector v of length 1 which is contained in S, for all p € X, see [5,7,26] for a proof.
Therefore v is also parallel with respect to D* for all A € C*. After applying a Mobius
transformation we can assume that v = ey.
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In order to compare the SL(2, C)-family V* with the SO(S5, C)-family D* of flat
connections coming from the Willmore surface, we make use of the following model
of R*!: Consider the space

H:={Aegl2 C) | AT = A}
of hermitian 2 by 2 matrices, and
V=H®&R
equipped with the Lorentzian inner product given by the quadratic form
g(A, r) = —det(A) + r2.
An isometry ¥ : R*! — V is given by

X0+ Xx1 xp+ix
W (xp, X1, X2, X3, X4) = << oA 3>,x4).

Xp —iX3 X0 — X1

Let X be a Riemann surface. Consider a C*-family V* of flat SL(2, C)-connections of
the self-duality form (on the trivial C? bundle over ¥ with standard hermitian metric)
corresponding to an equivariant minimal surface f : £ — H? on the universal
covering, i.e.,

Vr=d+ e =d+r1e | + &+ 28

We have that £_1 € QUO(Z, s((2, ©)) is nilpotent, & € QOD(Z, s((2,C)), & €
Ql(z, s1(2, C)) with

d&* + & nEM =0
for all A € C*. The family £* satisfies the following reality condition

E =% and & =—£.

which implies
g1 =T
e o (4.4)
Consider a parallel frame F: C* x ¥ — SL(2, C) for V*, i.e.,

dF* = —g*F* (4.5)

with F* (p) = 1d for some fixed p € >, By (4.4) we have

—T —T1—T —T -
dF* = _Fr gh —Fh g2 (4.6)
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On the other hand, (4.5) implies d((F*)~!) = (F*)~1&*, so that

(FAy~! = ot @.7)

The corresponding equivariant minimal surface f in H> is now given by
f=F Y Py =FF.1): M-V,

where we put F := F! for short. As det(F) =1, f = Rf maps to the projectivized
lightcone PL C PV. Let z be a local holomorphic coordinate on U C X. The
complexified mean curvature sphere S ® C is spanned over U by

where the local function w is defined by
nld =26 A6 =8 A (£ 4).

as a short computation using flatness of d+£* shows. From this we obtain the following
frame of S ® C:

£ (FT;;_I (%)F,O), (ngl (%)F,o), ©,1). (4.8)

In particular, (0, 1) € V is a constant space-like vector contained in S, for all p >,
Moreover, by the Riemann extension theorem, we observe that the mean curvature
sphere extends through the branch points of f (given by the zeros of £_1).

Note that (4.8) yields an induced frame of the flat rank 5 bundle V by extending
the mean curvature sphere bundle by a constant length 1 section of its orthogonal
complement. We want to describe the connection D* with respect to this frame.

Locally, on open sets where F is well-defined and where we have a holomorphic
coordinate z, we can find an SU(2)-frame such that

0e'dz
§1= (O 0 )

1 1 = —uz g5
_ Fuzdz — suzdz —e "gdz
0 ( e"gdz  —%u.dz+ tuzdz (49)

—T 0 0
§1=%61 = (eudz 0)
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The locally defined function u is determined by the induced metric g (from the hyper-
bolic minimal surface) by

g= edz; ® dz,
and u,, u; are determined by u,dz + uzdz = du and ¢q is a holomorphic function

(representing the Hopf differential ¢ (dz)? of the surface).
We obtain the following (moving) frame for V ® C

@700 = Q). wm (7 (2)7).

Vs = (0,1), ¥s5:= (FT (é _01) F, 0) )
(4.10)

Due to (4.8) and (4.9) the mean curvature sphere bundle S ® C C V ® C is spanned
by ¥, ..., ¥4.

Lemma4.7 With respect to the frame (Y1, ..., Vs), the connection D* = D +
AL 1 A1 s given by

0 0 —*0 0 0 —“ 0 0 0
—2e" U, 00 0 0 —uz: O 0A2ge™™
d+| 0 0 —u, 0 A" 12ge ™ | dz+] —2¢* 0 u 0 0 dz.
0 0 00 0 0 0 0 0 0
0 —x7lge® 00 0 0 0 —Age™0 O
(4.11)

Proof Let &+ := £ = & | + & =+ 1. Then, by (4.6) we have dF = —£, F and
dFT = FTg_ Tt follows that if U € gl(2, C) is a constant matrix, then

d(FTUF) = FT(6_U — U&})F.

Since Y1, Y2, W3, W5 are of the form (FT U F, 0) and obviously dy/4 = 0 the lemma
follows by direct calculation using the explicit form of £+ provided by (4.9). O

Remark 4.8 Consider the trivial bundle V. ® C = gl(2, C) & C. Together with the
above quadratic form this becomes an SO(5, C)-bundle. Note that we have an action

by SL(2, C)-valued functions via FU = FTUF. It thus follows that gives a gauge
transformation from the standard frame given by

(199 o= (6)0) o=(69) )
cmano=((2) )
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to the frame v/, ..., ¥5. Since ¥4 = (0, 1) is parallel, D + B induces a connection
on the subbundle gl(2, C). Therefore, Lemma 4.7 implies that

D+B=d+ FldF.

Lemma4.9 Let V* = d +&" be as above. Consider the trivial rank 5 bundle V & C=
gl(2, C) ® C equipped with the connection D* defined by

D*(A, f) = (dA+ECPA — AE df),

where § is obtained from & by the dual surface construction, i.e., V= V* h()),
where h()) = diag(1, L). Then with respect to the frame

€1 =es5, €y =ey, €3 = —e3, €é4=e4, €5=¢€]

the connection D* is given by equation (4.11). Thus, D* and D* are gauge equivalent
by a h-independent gauge transformation.

Proof Obviously ﬁ)‘é4 = 0andfori =1, 2, 3, 5wehave ¢; = (E;, 0) with a constant
matrix E; € gl(2, C). Thus,

D*é; = (E“VE; — Ei£4,0).

A direct calculation then yields the connection matrix.

Note that in the notation of Remark 4.8 we have that ¢; is obtained from e; by
multiplying the matrix part by diag(l, —1) and leaving the scalar part unchanged.
Denote this map ¢; > & by S. Then S™' = S and we have with the notation of
Lemma 4.7

Vi = FSé;.

Clearly, the gauge transformation G=FoSis independent of A and satisfies G~
D* 0 G = D* as can be checked in the frame {ei}. O

4.4 Proofs

We will now use the theory of the previous section to give the proofs of the results
formulated in Sect. 4.2.

Remark 4.10 Note that the energy integrand E (and not only the integrated energy) is
invariant under gauge transformations which are constant in . In particular, we can
use any A-independent frame to compute the energy. Similarly, the Willmore energy
can be computed with respect to any frame of the (complexified) R*!-bundle.
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Proof of Proposition 4.4 By Lemma 4.7 the Willmore integrand is locally given by
—tup A B) = —Lue(BO A BOY) = 2igge " dz A dz.

On the other hand, locally, and with respect to the chosen SU(2) frame, ® and U are

given by
« (00 s (0—eT"g\ -
D= (e_“q O) dz and V= <0 0 >dz,
and we obtain
—2i tr(® A W) = 2igge *dz AdZ = —Lr(xB A B),

proving Proposition 4.4. O

Proof of Theorem 4.5 Let s be a section satisfying the assumptions in Theorem 4.5,
with associated equivariant Willmore surface f: ¥ — §3 = PL£. We start with a lift
of s

Vi=d+nt=d+n-i2 o+,

where n* is a A-family of s[(2, C)-valued 1-forms on X. There exists a curve y C %
such that on M = ¥ \ y we have a holomorphic A-family of gauge transformations
g+ (1) which extends to A = 0 and which gauges V* into self-duality form. That is,
on M we have V*. g, (1) = A~ 1¢p + Vo + A¢p*, where (Vo, ¢) solves the self-duality
equations and ¢ is still nilpotent. Denote by L the kernel bundle of the Higgs field ¢
with orthogonal complement L.

Choose a complementary bundle L* of the kernel bundle L = ker(y_;) and let
h().) = diag(1, 1) with respect to the splitting L* @ L. Consider the dual surface
construction

VA=V (W) =d + 7

The family g4 (1) induces a family of gauge transformations g (1), which gauges v
into the SU(1, 1) = SL(2, R) self-duality form (see the discussion in Remark 4.3).
We claim that ¢ extends holomorphically to A = 0 as a gauge transformation. To see
this, note that we have

g0y = @ @anhg @t @ L.

Because g4+ maps L to L it follows that g extends holomorphically to A = 0 as a gauge
transformation.

@ Springer



1210 F.Beck et al.

On the complex rank 4 bundle gl(2, C) — X we consider the family of flat con-

nections D* given by
D*A =dA+7"MA - AR

Note that the pair of gauge transformations g+ (1), g4+ (—A) induces a gauge transfor-
mation G (1) on gl(2, C) by

G = A g (=MD Ag ()7L

Moreover, by Lemma 4.9, D*.G (%) and D* are gauge equivalent by a A-independent
gauge transformation. The mean curvature sphere family extends smoothly through
the singularity set of the equivariant minimal surface f (or likewise g ). Therefore also
G extends smoothly through this singularity set as a positive gauge transformation.
The Theorem now follows from Remark 4.10 and Proposition 4.4. O

5 Energy estimates

Corollary 2.8 gives us a possibility to distinguish the space of twistor lines, i.e., the
space of t-negative admissible holomorphic sections, from the space of t-positive
admissible sections, by looking at the value range of £. Note that this criterion is much
easier to handle in practice than determining whether a t-real section is t-positive or
T-negative. We shall be able to use £ also to distinguish the recently discovered new
components of t-negative sections [14] from the component of twistor lines. We
emphasize that these T-negative sections cannot be admissible. In view of Simpson’s
question [28], such a complex-analytic tool to distinguish those components seems
desirable.

The first indication that the function £ does help can be seen in the case of tori, i.e.,
for X of genus 1. In this case, the SL(2, C) Deligne—Hitchin moduli space has a 2-fold
covering of the C* Deligne—Hitchin moduli space. Note that the £-function is still well-
defined in this situation, even if we do not have any irreducible A-connections at all: It is
well-known that on a torus solutions of the self-duality equations are totally reducible.
Applying Hitchin’s spectral curve approach [19] to this situation, we easily see that
twistor lines correspond to spectral data of spectral genus 0. Other components of the
space of T-negative holomorphic sections are given by spectral data for spectral curves
of positive genus, compare with [2,14,18]. While the spectral genus distinguishes the
different components of t-negative sections, the following theorem indicates the use
of the £-function in this context.

Theorem 5.1 Let s be a holomorphic section of the (singular) Deligne—Hitchin moduli
space over a Riemann surface of genus 1 which is T-negative and has a nilpotent Higgs
field. Assume that the spectral genus is bigger than 1. Then

E@s) >

FN
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Proof Such sections give rise to Mobius equivariant Willmore surfaces f: ¥ — §°
into the conformal 3-sphere, see [2] or also [14]. Because the kernel bundle of the
nilpotent Higgs field on a torus has degree 0, we obtain from Theorem 4.5 that

1
E(s) = EW(f),

where W( f) is the Willmore energy of a fundamental piece of f. The theorem follows
from an application of the quaternionic Pliicker estimate, see [10, Equation (89)]:
That the spectral genus is at least 2 (in fact it must be odd) implies that there are two
quaternionic holomorphic linearly independent sections on an unbranched fourfold
covering of the torus of a quaternionic holomorphic line bundle. The Willmore energy
of this quaternionic holomorphic line bundle coincides with the Willmore energy of
f on a fundamental piece. O

Note that holomorphic sections with nilpotent Higgs field on a torus cannot be
totally reducible and therefore are not twistor lines. They therefore lie in a different
component of the space of T-negative sections than the twistor lines. The assumption
on the spectral genus in Theorem 5.1 leaves open the case of spectral genus 1. In that
case, as the solutions are equivariant, one can make the energy E (s) to be arbitrarily
close to 0 by changing the conformal type of the torus . On the other hand, it does
not seem possible to fix the Riemann surface £ of genus 1 and then find, for each
€ > 0, a T-negative holomorphic section s in the Deligne—Hitchin moduli space with
nilpotent Higgs field such that £(s) < €.

In general, one might try to use the energy to distinguish different components of
T-negative holomorphic sections of the Deligne—Hitchin moduli space.

A first result is given in the following theorem, where we show that the energy is
positive for the T-negative holomorphic sections constructed in [14].

Theorem 5.2 There exist Riemann surfaces )y of sufficiently large genus g > 2 whose
SL(2, C) Deligne—Hitchin moduli space admits irreducible t-negative holomorphic
sections s with

E@s) > 0.

In particular, these sections cannot be twistor lines.

Proof The non-admissible 7-real holomorphic sections have been constructed by a
deformation of finite gap solutions of the cosh-Gordon equation of spectral genus 1
on a torus X. The initial section on the torus ¥ yields an equivariant Willmore surface
f. By Theorem 4.5, the Willmore energy of a fundamental piece is the energy of the
section, since the degree of the kernel bundle L is necessarily 0. Because the Hopf
differential ¢ (dz)? does not vanish, the Willmore integrand is positive, which implies
that the Willmore energy of f is positive.

The t-negative holomorphic sections s on surfaces of high genus have been con-
structed as follows (see [14, Theorem 4.5] for details): There is a g-fold covering
Riemann surface 3 — ¥ of the initial torus, branched over the four half-lattice points
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with branch order ¢ — 1. On X, there is a holomorphic family of connections with
regular singularities at the half-lattice points and local monodromies in the conjugacy

class of
eZm’/q 0
0 e—2ni/q .

The pull-back of this family of flat connections to 3 can be desingularized, and yields
a lift of a t-negative holomorphic section s on . This gives rise to a branched
equivariant Willmore surface f which is minimal in H3 away from its intersection
with the boundary at infinity [14, Section 5]. The counting of branch orders in [15,
Theorem 3.3] also holds in the case of (equivariant) minimal surfaces f constructed
by the T-negative holomorphic sections s, as it only depends on the local analysis near
the singular points, and branch orders are given by the vanishing order of the Higgs
field. In particular, (for odd ¢), this yields that (with the notations of [15, Theorem
3.3D)

P 2/q+1 2+gq
g 4  4q

where p = 2 + g and g = 4q are coprime since g is odd. Then
g(3)=2q—1.
Moreover, the total branch order of f is
4q/2—=p—1) =4q-3).
Hence, as the differential of the surface is a holomorphic section of
K L?,
where L is the kernel bundle of the Higgs field of s on T, we compute

1 A
deg(L) = 5(2 —28(%) +4(g —3)) = -4

By Theorem 4.5 it remains to show that the Willmore energy of f is bigger than 167.
This can be seen as follows: The family of regular singular connections on the torus ¥
yields a equivariant Willmore surface f on the 4-punctured torus by the reconstruction
method in [14, Section 5]. Putting ¢ many Mdbius-congruent pieces of f together in

the conformal 3-space yields the (equivariant) Willmore surface f . By construction
J is close to f away from two branch cuts between the singular points on the torus
X It follows from [14, Section 5] that for every € > 0 there exists § > 0 such that for
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all g with 1 < 8 we have [W(f) — W(f)| < €. Take € small such that V(f) > e.
As the Wiﬁmore energy of f is positive (independent of g) we obtain

W(f) =gW(f) > qWV(f) —¢€) > 16
for g large enough. O

Remark 5.3 Alternative proofs of the theorem can be given by making use of the
special coordinates introduced in [13].
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