ON IMMERSIONS OF SURFACES INTO SL(2,C) AND GEOMETRIC
CONSEQUENCES
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ABSTRACT. We study immersions of smooth manifolds into holomorphic Riemannian
space forms of constant sectional curvature -1, including SL(2,C) and the space of
geodesics of I3, and we prove a Gauss-Codazzi Theorem in this setting.
This approach has some interesting geometric consequences:
e it provides a model for the transitioning of hypersurfaces among H", AdS™, dS™,
and S";
e it provides an effective tool to construct holomorphic maps to the SO(n, C)-character
variety, bringing to a simpler proof of the holomorphicity of the complex landslide;
e it leads to a correspondence, under certain hypotheses, between complex metrics on
a surface (i.e. complex bilinear forms of its complexified tangent bundle) and pairs
of projective structures with the same holonomy. Through Bers Theorem, we prove

a Uniformization Theorem for complex metrics.
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1. INTRODUCTION

It is a well known result in Riemannian and Pseudo-Riemannian Geometry that the theory
of codimension-1 (admissible) immersions of a simply connected manifold M into a space
form is completely described by the study of two tensors on M, the first fundamental form
and the shape operator of the immersion, corresponding respectively to the pull-back metric
and to the derivative of a local normal vector field.

On the one hand, for a given immersion the first fundamental form and the shape operator
turn out to satisfy two equations known as Gauss and Codazzi equations. On the other hand,
given a metric and a self-adjoint (1,1)-tensor on M satisfying these equations, there exists
one equivariant immersion from the universal cover into the space form with that pull-back
metric and that self-adjoint tensor respectively as first fundamental form and shape operator;
moreover, such immersion is unique up to post-composition with ambient isometries of the
space form. Results of this kind are often denoted as Gauss-Codazzi Theorems, Bonnet
Theorems or as Fundamental Theorem of hypersurfaces. See for instance [17], [21].

In [5], the authors consider a generalization of this formalism in the holomorphic context,
applying a similar approach to immersions of complex manifolds of dimension 2 into C3.

In this article we approach a different extension of the Gauss-Codazzi formalism to the
complex setting, studying immersions of smooth manifolds into holomorphic Riemannian
space forms of constant curvature —1. A proper definition of holomorphic Riemannian metric
and sectional curvature will be given later in this paper (see Section , let us just mention
that holomorphic Riemannian metrics are a natural analogue of Riemannian metrics in the
complex setting and a good class of examples is given by complex semisimple Lie groups
equipped with the Killing form (extended globally on the group via translations).

The study of this kind of immersions turns out to have some interesting consequences,
including some remarks concerning geometric structures on surfaces. In order to give a

general picture:
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e it provides a formalism for the study of immersions of surfaces into SL(2, C) and into
the space of geodesics of H?, that we will denote by G;

e it generalizes the classical theory of immersions into non-zero curvature space forms,
leading to a model to study the transitioning of hypersurfaces among H™, AdS™, dS™
and S™;

e it furnishes a tool to construct holomorphic maps from complex manifolds to the
character variety of SO(n,C) (including PSL(2,C) = SO(3,C)), providing also an
alternative proof for the holomorphicity of the complex landslide map (see [2]);

e it introduces a notion of complex metrics which extends Riemannian metrics and
which turns out to be useful to describe the geometry of couples of projective
structures with the same monodromy. We also show a uniformization theorem in this
setting which is in a way equivalent to the classical Bers Theorem for quasi-Fuchsian

representations.

1.1. Holomorphic Riemannian manifolds. The notion of holomorphic Riemannian
metrics on complex manifolds can be seen as a natural analogue of Riemannian metrics in the
complex setting: a holomorphic Riemannian metric on M is a holomorphic never degenerate
section of Sym¢(T*M ® T*M), namely it consists pointwise of C-bilinear inner products
on the holomorphic tangent spaces whose variation on the manifold is holomorphic. Such
structures turn out to have several interesting geometric properties and have been largely
studied (e.g. see the works by LeBrun, Dumitrescu, Zeghib, Biswas as in [19], [20] [7], [8]).

In an attempt to provide a self-contained introduction to the aspects we will deal with,
Section [2] starts with some basic results on holomorphic Riemannian manifolds. After a short
overview in the general setting - where we recall the notions of Levi-Civita connections (with
the corresponding curvature tensors) and sectional curvature in this setting - we will focus
on holomorphic Riemannian space forms, namely geodesically-complete simply-connected
holomorphic Riemannian manifolds with constant sectional curvature. We prove a theorem of
existence and uniqueness of the holomorphic Riemannian space form of prescribed constant
curvature and dimension and then focus on the ones of curvature —1, that we will denote as
X,,. The space X,, can be defined as

n+1
Xp={(21, -, 2n41) €C™TH | Y 2f + o+ 20y, =1}
i=1
with the metric inherited as a complex submanifold on C**! equipped with the standard
C-bilinear inner product.

This quadric model of X,, may look familiar: it is definitely analogue to some models
of H", AdS™, dS™ and S™. In fact, all the pseudo-Riemannian space forms of curvature —1
immerge isometrically in X,,: as a result, H”, AdS™ embed isometrically while dS™ and
S™ embed anti-isometrically, i.e. —dS™ and —S"™ (namely, dS™ and S™ equipped with the
opposite of their standard metric) embed isometrically.

For n =1,2,3, X, turns out to be familiar also in another sense:
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e X is isometric to C* equipped with the metric given by the quadratic differential

e X is isometric to the space G of oriented lines of H?, canonically identified with
CP! x CP*\ A, equipped with the only PSL(2, C)-invariant holomorphic Riemannian
metric of curvature —1;

e X3 is isometric up to a scale to SL(2,C) equipped with the Killing form.

1.2. Immersions of manifolds into X,,. In Section[3] we approach the study of immersions
of smooth manifolds into X,,. The idea is to try to emulate the usual approach as in the
pseudo-Riemannian case, but things turn out to be slightly more complicated.

Given a smooth map o: M — X,,, the pull-back of the holomorphic Riemannian metric is
some C-valued symmetric bilinear form, so one can extend it to a C-bilinear inner product on
CI'M =TM ® C; it now makes sense to require it to be non-degenerate. This is the genesis
of what we define as complex (valued) metrics on smooth manifolds, namely smoothly varying
non-degenerate inner products on each CT, M, z € M. We will say that an immersion
o: M — X, is admissible if the pull-back metric is a complex valued metric. By elementary
linear algebra, ¢ is admissible only if dim(M) < n: the real codimension is n and, despite it
seems high, it cannot be lower than that. It therefore makes sense to redifine the codimension
of o as n — dim(M). In this paper we focus on immersions of codimension 1 and 0.

It turns out that this condition of admissibility is the correct one in order to have extrinsic
geometric objects that are analogue to the ones of the pseudo-Riemannian case. Complex
metrics come with some complex analogue of the Levi-Civita connection, which in turn
allows to define a curvature tensor and a notion of sectional curvature. In codimension 1,
admissible immersions come with a notion of local normal vector field (unique up to a sign)
that allows to define a second fundamental form and a shape operator.

Section [3] ends with Theorem in which we deduce some analogue of Gauss and Codazzi
equations.

Section [4] is mainly devoted to the proof of a Gauss-Codazzi theorem for immersions into
X, in codimension 1, as stated in Theorem

For immersions of surfaces into X3 = SL(2, C) Theorems and can be stated in the

following way.

Theorem A. Let S be a smooth simply connected surface. Consider a complex metric g
on S, with induced Levi-Civita connection V and curvature K,, and a g-self adjoint bundle
homomorphism ¥: CT'S — CTS.

The couple (g, ¥) satisfies

1)dv ¥ = 0; (1)
2K, = —1 + det(V). (2)

if and only if there exists an isometric immersion o: (S, g) — SL(2,C) whose corresponding

shape operator is V.

~

Such immersion o is unique up to post-composition with elements in Isomg(SL(2,C))
SL(2,C) x SL(2,C
3OS s 1y, 1)y
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The almost uniqueness of the immersion grants that if I" is a group acting on S preserving
g and ¥, then the immersion ¢ is (I, Isomg(SL(2, C)))-equivariant, namely there exists a
representation
mon,: I' = Isomg(SL(2, C))

such that for all y € T’

mong(y)oo =0co-.

As a result if S is not simply connected, solutions of Gauss-Codazzi equations correspond

to (m1(S), Isomg(SL(2, C)))- equivariant immersions of its universal cover into SL(2, C).

1.3. Immersions in codimension zero and into pseudo-Riemannian space forms.

The study of immersions into X, in codimension zero leads to an interesting result.

Theorem B. Let M = M™ be a smooth manifold, g a complex metric on M.
Then g has constant sectional curvature —1 if and only if there exists an isometric
immersion (M, g) = X,,.

Such immersion is unique up to post-composition with elements in Isom(X,,).

This result can be deduced by the Gauss-Codazzi Theorem: in fact immersions in X, of
codimension 0 correspond to codimension-1 totally geodesic immersions in X, 11, namely
immersions with shape operator ¥ = 0. A full proof is in Section [

As a result, every pseudo-Riemannian space form of constant curvature —1 and dimension

n admits an essentially unique isometric immersion into X,,.

In fact, the last remark and the similar description of Gauss-Codazzi equations for
immersions into pseudo-Riemannian space forms lead to Theorem [I.11} as regards the case
of SL(2,C), the result can be stated in the following way.

Theorem C. Let o: S — SL(2,C) be an admissible immersion with pull-back metric g and

shape operator W.

e o(S) is contained in the image of an isometric embedding of H? if and only if g is
Riemannian and U is real.

e o(S) is contained in the image of an isometric embedding of AdS? if and only if
either g is Riemannian and ¥ is real, or if g has signature (1,1) and ¥ is real.

e o(S) is contained in the image of an isometric embedding of —dS? if and only if
either g has signature (1,1) and ¥ is real, or if ¢ is negative definite and ¥ is real.

e o(S) is contained in the image of an isometric embedding of —S? if and only if g is

negative definite and 7V is real.

1.4. Holomorphic dependence of the monodromy on the immersion data. Given a
smooth manifold M of dimension n, we say that (g, ¥) is a couple of immersion data for
M if there exists a m1 (M )-equivariant immersion M — X 41 with pull-back metric g and
shape operator U. As a result of the essential uniqueness of the immersion, each immersion

data comes with a monodromy map mon,: 71 (M) — Isomgy(X,41).
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In Section [5] we consider families of immersion data {(gx, ¥x)}rea for M.
Let A be a complex manifold. We say that the family {(gx, ¥x)}rca is a holomorphic
family of immersion data if the functions
A — Sym?(CT; M) A — Endc(CT, M)
A= ga(x) A= Uy ()
are holomorphic for all x € M.

For a fixed hyperbolic Riemannian metric A on a surface S, an instructive example is

given by the family {(g.,%.)}.ec defined by

g. = cosh®(2)h;
¥, = tanh(z)id
whose monodromy is going to be the monodromy of an immersion into H? for z € R and the

monodromy of an immersion into AdS? for z € iR.

The main result of Section [f]is the following.

Theorem D. Let A be a complex manifold and M be a smooth manifold of dimension n.
Let {(gx, Tx)}rea be a holomorphic family of immersion data for m (M )-equivariant

immersions M — Xy+1- Then there exists a smooth map
o Ax M — X1

such that, for all A € A and = € M:
e 0y :=0(\): M — X,,41 is an admissible immersion with immersion data (gx, ¥y);
e o(,z): A — X,,41 is holomorphic.

Moreover, the monodromy map
A — X(m(M),S0(n +2,C))

A = mon(oy)
is holomorphic.

In Section [5.2] we show an alternative proof of the holomorphicity of the complex landslide

using

1.5. Uniformizing complex metrics and Bers Theorem. In Section [6] we focus on
complex metrics on surfaces.

Even in dimension 2, complex metrics can have a rather wild behaviour. Nevertheless, we
point out a neighbourhood of the Riemannian locus whose elements have some nice features:
we will call these elements positive complex metrics (Definition .

In Theorem we prove that the standard Gauss-Bonnet Theorem also holds for positive
complex metrics on closed surfaces.

The most relevant result in Section [6] is a version of the Uniformization Theorem for

positive complex metrics.

Theorem E. Let S be a surface with x(S) < 0.
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For any positive complex metric g on S there exists a smooth function f: S — C* such
that the positive complex metric f - g has constant curvature —1 and has quasi-Fuchsian

monodromy.

The proof of this result uses Bers Simultaneous Uniformization Theorem (Theorem [6.13]
in this paper) and in a sense is equivalent to it.

Indeed, by Theorem [B] complex metrics on S with constant curvature —1 correspond to
equivariant isometric immersions of S into G = CP! x CP'\ A: hence, they can be identified
with some couple of maps S — CP! with the same monodromy. In this sense, Bers Theorem
provides a whole group of immersions into CP* x CP! \ A: such immersions correspond to
complex metrics of curvature —1 which prove to be positive. The proof of the uniformization
consists in showing that every complex positive metric is conformal to a metric constructed

with this procedure.

2. GEOMETRY OF HOLOMORPHIC RIEMANNIAN SPACE FORMS

2.1. Holomorphic Riemannian metrics. Let M denote a complex analytic manifold,

with complex structure J: TM — TM, and n = dimcM.

Definition 2.1. A holomorphic Riemannian metric {-,-) on M is a symmetric 2-form on
TM, i.e. a section of Sym?(T*M), such that:

o (-,-) is C-bilinear, namely for all X,Y € T,M one has (JX,Y) = (X,JY) = i(X,Y);
e it is a non-degenerate complex bilinear form at each point;

e for all X7, X local holomorphic vector fields, (X7, X5) is a holomorphic function.

We also denote || X||? := (X, X) € C.

Observe that, for a given holomorphic Riemannian metric (-, -), both the real part Re(-,-)
and the imaginary part I'm(-,-) are pseudo-Riemannian metrics on M with signature (n,n).

Drawing inspiration from basic (Pseudo-)Riemannian Geometry, one can define several
constructions associated to a holomorphic Riemannian metric, such as a Levi-Civita con-
nection - leading to the notions of curvature tensor, (complex) geodesics and completeness -
and sectional curvatures. We recall some basic notions, the reader may find a more detailed
treatment in [20] and in the Thesis [11].

Let us start with an analogue of the Levi-Civita Theorem.

Proposition 2.2 (See [20]). Given a holomorphic Riemannian metric (-,-) on M, there
exists a unique connection D over TM, that we will call Levi-Civita connection, such that
for all X, Y € I'(TM) the following conditions hold:
d(X,Y)=(DX,Y)+ (X,DY) (D is compatible with the metric);  (3)
[X,Y]=DxY — Dy X (D is torsion free). (4)

Such connection coincides with the Levi-Civita connections of Re(-,-) and Im(:,-) and
DJ =0.
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A direct computation shows that the Levi-Civita connection D for a holomorphic Rie-
mannian metric (-, ) is explicitly described, for all X,Y, Z € T'(TM), by

1
(DxY,2) = 5 (X<Y, Z)+Y(Z.X) — Z(X,Y)+
(5)
(X, Y], 2) = (v, 2], X) + (1Z.X], V).
The notion of Levi-Civita connection D for the metric (-, -) leads to the standard definition

of the (1, 3)-type and (0, 4)-type curvature tensors, that we will denote with R, defined by
R(X,Y,2,T) := —(R(X,Y)Z,T) := —(VxVyZ — VyVxZ - Vixy2,T)

for all X,Y, Z, T € T(TM).

Since D is the Levi-Civita connection for Re(:,-) and for I'm(:,-), it is easy to check that all
of the standard symmetries of curvature tensors for (the Levi-Civita connections of) pseudo-
Riemannian metrics hold for (the Levi-Civita connections of) holomorphic Riemannian

metrics, too. So, for instance,
R(X,Y,Z,T)=-R(X,Y,T,Z)=R(Z,T,X,Y)=—-R(Z,T,Y, X).

Since the (0,4)-type R is obviously C-linear on the last component, we conclude that it is

C-multilinear.

Example 2.3. Let M = G be a complex semisimple Lie group. Since its Killing form
(-,-): Lie(G) x Lie(G) — C is non-degenerate and Ad-invariant, it can be extended to a
holomorphic Riemannian metric on G equivalently by left or right multiplication.

In this case, the induced Levi-Civita connection admits a simple description. Indeed,
applying Formula to left-invariant vector fields, one gets that
1

Dx, Yy = 3

(XL, Y]

for all XY} left-invariant vector fields.
By a straightforward computation, one also gets (see [22]) that for all X,Y, Z € Lie(QG)
the curvature tensor R induced by D is described by

R(X,Y)Z = &[[X, Y], Z).

Definition 2.4. A non-degenerate plane of T,M is a complex vector subspace V < T,M
with dimc) = 2 and such that (-,-)|y is a non degenerate bilinear form.
For holomorphic Riemannian metrics, we can define the complex sectional curvature of a

nondegenerate complex plane V = Spanc(V,W) < T,M as

_ _<R(Vv W)Vv W>
K (Spanc(V:W)) = [oRpwiE v, wye: ©

This definition of K(Spanc(V,W)) is well-posed since R is C-multilinear.

2.2. Holomorphic Riemannian space forms. We will say that a connected holomorphic
Riemannian manifold M = (M, (-, -)) is complete if its Levi-Civita connection is geodesically

complete
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We will call holomorphic Riemannian space form a complete, simply connected holomor-

phic Riemannian manifold with constant sectional curvature.

Theorem 2.5. For all integer n > 2 and k € C there exists exactly one holomorphic

Riemannian space form of dimension n with constant sectional curvature k up to isometry.

We first prove uniqueness, then existence will follow from an explicit description of the

space forms.

Proof of Theorem -Uniqueness. The proof follows the standard proof in the Riemannian
case.

Let (M, (-, )m), (M, (-, }a) be two holomorphic Riemannian space forms with the same
dimension n and constant sectional curvature k € C. Fix any p € M and ¢ € M. Since all
the non-degenerate complex bilinear forms on a complex vector space are isomorphic, there
exists a linear isometry L: (Tp,M, (-, ym) = (T,M/, (-, Y ).

For all X € T, M and for all ¢ € [0, 1], the composition of L with the parallel transports
via the geodesics ~(t) = exp" (tX) and ~} (t) = exp™ (tL(X)) induces a linear isometry

Ly: TeappyM = Toppr (px)yM'-

Applying the same proof as in the Riemannian case (see for instance [4]), the symmetries

of the curvature tensor allow to say that

for any X,Y,Z € T'(TM), and similarly for M. As a result, L., being an isometry implies
that

2(1)(RM/) = Rr"
both when R is meant as a (0, 4)-tensor and as a (1,3) tensor.

By iteration, for any piecewise geodesic curve «: [0,1] — M with v(0) = p, one has a
well-defined notion of induced piecewise geodesic curve v} : [0,1] — M, which induces a
linear isometry

Ly: TywyM = Ty )M’
such that L (RM') = RM.
The classical Cartan-Ambrose-Hicks Theorem for affine connections (e.g. see [23]) allows

to conclude that there exist a diffeomorphism
fiM—M

such that f* (DM/) = DM f(p) = q and such that, for every piecewise geodesic curve
7v: [0,1] = M with y(0) = p, and f, (1) = L. Since any point on M can be linked to p by a

piecewise geodesic curve, f is an isometry. O

2.2.1. Existence in Theorem[2.5] - the spaces X,,. The simplest example of complex manifold

with a holomorphic Riemannian metric is C" with the usual inner product

n
(zw)o = "z-w=>_ zw:
i=1
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In this paper, we will focus on another important class of examples.

Consider the complex manifold
X,={zeC"|tz.2=—1}.

The restriction to X,, of the metric (-,-)g of C"™! defines a holomorphic Riemannian
metric. Indeed, the restriction of the bilinear form to each p+ = T,X,, is non degenerate
since (p,p)cn+1 # 0; moreover, being the inclusion X,, = C"*! holomorphic, the inherited
metric is in fact holomorphic.

Since SO(n + 1, C) acts by isometries on C"*! with its inner product, it acts by isometries

on X, as well, and the action is trivially transitive. Moreover, for e := (0,...,0,%) € X,

SO(n,C)
‘0

Stab(e) = ( 2) = 50(n, C);

we conclude that X,, has a structure of homogeneous space

~ 50 1,C
XTL = (n+ ) )/SO(n,(C).

Theorem 2.6. The n—dimensional space form with constant sectional curvature k € C is:

e C" with the usual inner product (-, -)o for k& = 0;
o (X;,—%(-)) for k € C*.

It is clear that C" is the flat space form. It is also clear that, if we prove that X,, =
(X, (+,+)) is the space form for constant sectional curvature —1, then, for all « € C*,
(Xp, —2(-,-)) has the same Levi-Civita connection and is the space form of constant sectional
curvature .

We give a proof of the fact that X,, = (X, (-, -)) is the space form of constant sectional

curvature —1 among the following remarks on the geometry of this space.

Remark 2.7. (1) Define a complex volume form for X,, as a holomorphic non-zero n-
form with the property of being SO(n + 1, C)-invariant. At least one complex volume
form exists: any C-multilinear n-form on T.X,, is SO(n, C)-invariant (indeed, it is
SL(n,C)-invariant), so the action of SO(n + 1,C) defines a well-posed SO(n + 1, C)-
invariant n-form on X,,.

Moreover, any automorphism of a holomorphic Riemannian manifold is uniquely
identified by its 1-jet at any point (indeed this holds for the real part of the metric),

hence we get that
SO(n + 1,C) = Isomy(X,,) = Isom(X,,,wp).

Moreover, Isomg(X,,) is a subgroup of index 2 of Isom(X,) = O(n + 1,C).
(2) By standard arguments on submanifolds, the Levi-Civita connection D for X,, is the

tangent component of the canonical connection d for C"*!, so one can immediately
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see that the exponential map at a point p € X,, C C**! is given by

exp,: T, X, = X,

cosh(+/{v,v))p + Mv if (v,v) #0 (8)
v (v,0) .

p+v if (v,v) =0
Note that the description of the exponential map is independent of the choice of
the square root.
The space X, is diffeomorphic to T'S™.
Regard TS™ as {(u,v) € R"™! x R"*! | ||jullgn+1 = 1, (u,v)gn+1 = 0}. Then a
diffeomorphism X,, — T'S™ is given by

1
Y,x),

=z tiye (e
Z Q"‘ZQ (HQHRHJA,

which is well-posed since

(@+iy,z+iy) =—1 = Il = llzlnss +1 >0

(z,y)0 =0
In particular, X, is simply connected for n > 2.
For n > 2, X, has constant sectional curvature —1.
It is clear that it has constant sectional curvature since SO(n,C) acts transitively
on complex nondegenerate planes of (T.X, (-,-)). In order to compute the value of

the sectional curvature, observe that the embedding
R21 <y O+l
(z1,22,23) — (21,22,0,...,0,ix3)
induces an isometric embedding
v H? = X,

which is totally geodesic by Formula . Computing the sectional curvature of
Spanc (L4 (T(070,1)H2)) by taking generators in ¢, (T(oyoyl)IH2), one concludes that the
sectional curvature is —1.
Consider the projective quotient p,,: C**1\ {0} — CP™.

Then pyx, is a two-sheeted covering on its image PX,;,, which corresponds to

the complementary in CPP™ of the non-degenerate hyperquadric
Qn ={21 + -+ 25, =0} = OPX,

that we denote as the boundary of PX,,.

The SO(n + 1, C)-invariancy of the the metric on X, implies that the action of
SO(n +1,C) on CP" fixes PX,, globally (hence the complementary hyperquadric)
and acts by isometries on it.

The group of isometries of PX,, is given by PO(n+ 1, C) acting on the whole CP™
as a subgroup of PGL(n + 1,C). Conversely, it is simple to check that PO(n + 1,C)
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coincides exactly with the subgroup of elements of PGL(n + 1,C) that fix PX,,
globally (or, equivalently, that fix OPX,, globally).

2.3. X3 as SL(2,C). We show that X3 is isometric (up to a scale) to the complex Lie group
SL(2,C) = {A € Mat(2,C) | det(A) = 1} equipped with the holomorphic Riemannian metric
given by the Killing form, globally pushed forward from Is equivalently by left or right
translation.

Consider on Mat(2,C) the non-degenerate quadratic form given by M — —det(M), which

corresponds to the complex bilinear form
1
(M, N)prrat, = 2<tr(M -N) —tr(M) -tr(N)).

In the identification TMat(2,C) = Mat(2,C) x Mat(2,C), this complex bilinear form induces
a holomorphic Riemannian metric on Mat(2,C).

Observe that the action of SL(2, C) x SL(2, C) on Mat (2, C) given by (4, B)-M := AMB~!
is by isometries, because it preserves the quadratic form.

Since all the non-degenerate complex bilinear forms on complex vector spaces of the same di-
mension are isomorphic, there exists a linear isomorphism F': (C4, (-, -)o) — (Mat(2,C), (-, ") pat,)
which is also an isometry of holomorphic Riemannian manifolds: such isometry F restricts
to an isometry between X5 and SL(2,C), where SL(2,C) is equipped with the submanifold
metric.

For all A € SL(2,C), T4SL(2,C) = A-T1,SL(2,C) and
T1,SL(2,C) =5sl(2,C) = {M € Mat(2,C) | tr(M) =0}
can be endowed with the structure of complex Lie algebra associated to the complex Lie
group SL(2,C).
The induced metric on SL(2,C) at a point A is given by
1
<A‘/v AW>A - <V’ W>12 = <‘/a W>Mat2 = itr(v : W)v

as a consequence we have (-, )y, = £ Kill where Kill is the Killing form of s[(2,C), which
is an Ad-invariant bilinear form (e.g see [3]) and (-, ) 4 is the symmetric form on T4SL(2,C)
induced by pushing forward the Killing form equivalently by right or left translation by A.

We will often focus on PSL(2,C) = SL(2, C)/{:I:I2} = PX3 too.

Proposition 2.8.

ISOmO(SL(Qa(C)) o SL(?,C) X SL(2’C)/{:|:(IQ,IQ)}

where the action of SL(2,C) x SL(2,C) is given by
SL(2,C) x SL(2,C) x SL(2,C) — SL(2,C)

(A,B)-C:=AC B! ®)

Proof. Since Isomg(X3) = Isomg(C?, (-, -)g) = SO(4, C), one has Isomg(SL(2, C)) = Isomg(Mat (2, C)) =
SO(4,C). Since, for all A, B € SL(2,C), det(A M B~') = det(M), the action above pre-

serves the quadratic form, hence it is by isometries. We therefore have a homomorphism
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SL(2,C) x SL(2,C) — Isom(SL(2,C)) whose kernel is {+(Is, I2)}. Finally, since

dimg¢ (SL(Q’C) x SL(2’C)/{:|:(IQ’IQ)}> = 6 = dimclsom(SL(2, C)),

we conclude that Isomg(SL(2,C)) = SL(2,C) x SL(2, C)/{i(lz L)} O

2.4. X, as the space of geodesics of H3. An interesting geometric description of Xy is
given by the space of geodesics of H3. Let us look at it quite closely.

The restriction of (-, ) prqat, to sI(2,C) being a non degenerate C-bilinear form, one has
that SL(2,C) Nsl(2,C), with the induced holomorphic Riemannian metric, is isometric to Xa.
Under the natural action of SL(2,C) on H?, one can see that SL(2,C) N sl(2,C) corresponds
to rotations of angle 7 around some axis.

Define G := C x C\ A and its 2-sheeted quotient G. defined by (z,w) ~ (w, z). Under
the usual identification of C as the visual boundary of H3, one can see G (resp G..) as the
space of mazimal oriented (resp. unoriented) unparametrized geodesics of H3.

Consider the map

Azis.: Xo 2 SL(2,C)Nsl(2,C) — G
that sends each rotation of angle 7 to its unoriented axis. One can immediately see that this

map is a 2 : 1 covering map, hence it lifts to a homeomorphism
Axis: SL(2,C)Nsl(2,C) — G.

Explicitly, one can define Axis as

b . .
A:m's((a ))Z(G+Z=— b.,a P = b.> (10)
c —a c a—1 c a-+1

from which one deduces that Axis is a biholomorphism.
Another interesting remark is that Azis is PSL(2, C)-equivariant, where PSL(2,C) acts
on SL(2,C) Nsl(2,C) by conjugation and on G via the natural diagonal action via Mobius

maps.
Define (-, )¢ as the push-forward of the holomorphic Riemannian metric of SL(2,C) N
5[(2,C) via Azis. The metric on G can be computed explicitly.
Let (U, z) be an affine chart for CP!, so (U x U \ A, 2z x z) is a holomorphic chart for G,

set z X z =: (21, 22)

Proposition 2.9. The pull-back Riemannian holomorphic metric on G is locally described

by
4

(21— 2)
so G endowed with this Riemannian holomorphic metric is isometric to Xs.

3 ledZQ,

1This notation means that, on each component, at least one between RHS and LHS makes sense and they
coincide if they both make sense.
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Moreover, Isomg(G) = PSL(2,C) acting diagonally on G via M&bius maps and the

immersion
H?> > G
z 1 (2,7),

with H? in the upper half-plane model, is an equivariant isometric embedding.

Proof. e Anisotropic vector in 77, .,)G = CxCis such that, for all ¢ € Stabo((z1, 22)) C
PSL(2, C), the differential of ¥ sends a vector (wy,ws) to a multiple of its. By taking
¥ as any purely hyperbolic map with axis (21, 22), one gets that a tangent vector is
isotropic if and only if it is of the form (w,0) or (0, w).

As a consequence, isotropic complex geodesics in G correspond to the factor
components, i.e. they are of the form (CP!\ {22}) x {22} or {z1} x (CP!\ {z1}).
e We fix an affine chart (U, z) for CP! and we want to write the metric on the chart
(UxU\A,zx z) for G.
Since the isotropic directions for (-, )¢ are the factor components, the metric at
the point (1,0) is of the form

(01,0 = Aodz1dzo

for some Ay € C*.

Since the metric is invariant by the action of PSL(2,C), consider for all (21, 22) €
C x C\ A the morphism %: w + zow + 21(1 — w) and use it to deduce that
1

e _
<‘, '>(Zl,22) =, < ) >0’1 = Ao (Zl — 22)

5 dz1dzs.

e Let us compute Ag.

Each of the two connected components of SL(2,R) N sl(2,R) is isometric to H2:
it can be seen in fact as H? in the usual hyperboloid model. The image of one of
these connected components goes into {(z,%Z)} where z lies in the upper half plane
H of C. As a result, by taking H? in the upper half plane model, the immersion

c:H—G
z v (2,%)
is a totally geodesic isometric immersion.
The pull-back metric of (-, )¢ is Wc{z - dz, hence it coincides with the

usual hyperbolic metric if and only if A\g = —4.
O

3. IMMERSED HYPERSURFACES IN X, 41
In this section we study the geometry of smooth immersions of the form

M — Xn+1
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where M is a smooth manifold of (real) dimension n and X,,11 is the Riemannian holomorphic
space form of constant sectional curvature —1 and complex dimension n + 1.

As an immersion between smooth manifolds, it has very high codimension. Nevertheless,
we can define a suitable class of immersions for which we can translate in this setting some
aspects of the classical theory of immersions of hypersurfaces. In order to do it, we will
introduce a new structure on manifolds that extends the notion of Riemannian metric:
complex valued metrics.

We will use X, Y, Z to denote elements (and sections) of TM and X, Y, Z to denote elements
(and sections) of the complexified tangent bundle CTM :=TM & iTM = C ®@g TM whose
elements can be seen as complex derivations of germs of complex-valued functions.

Let M be a smooth manifold of (real) dimension m and o: M — X,,41, with n +1 > m,
be a smooth immersion. Since X,, 11 is a complex manifold, the differential map o, extends

by C-linearity to a map
o.: CTM — TX,
X =X+i¥ = 0.(X) + Jo.(Y) =: 0.(X).
Now, consider the C—bilinear pull-back form ¢*(-,-) on CT'M defined by
o (-, )p: CT,M x CT,M — C
(X,Y) = (0.X,0.Y).

Note that o*(-,), is C-bilinear and symmetric because (-, ), () is.
Definition 3.1. o A complex (valued) metric g on M is a non-degenerate smooth

section of the bundle Sym(CT*M & CT*M), i.e. it is a smooth choice at each point

p € M of a non-degenerate symmetric complex bilinear form
gp: CT,M x CT,M — C.

e A smooth immersion o: M — X,, 41 is admissible if g = o*(-,-) is a complex valued
metric for M, i.e. if 6*(-,-), is non-degenerate.
e If g is a complex metric on M, an immersion o: (M,g) — X,41 is isometric if

o () =g.

Remark 3.2. If o is an admissible immersion, then o.,: CT,M — T, (,) X411 is injective.
Indeed, if 0,,(X) = 0 then clearly o*(X,-) =0, hence X = 0.

3.1. Levi-Civita connection and curvature for complex metrics. Let M be a manifold
of dimension m and g be a complex valued metric on CT'M. Recall that for sections X,Y of
CTM we have a well-posed Lie bracket [X, Y] which coincides with the C-bilinear extension
of the usual Lie bracket for vector fields.

We define a connection on CI'M as the C-linear application

V:T(CTM) — I'(Homc(CTM,CTM))
a— Va(: X — Vxa)
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such that, for all f € C*°(M,C), Vx(fa) = fVxa+ X(f)a.
In a similar way as in classical Riemannian geometry, a complex valued metric g induces

a canonical choice of a connection on CT'M.

Proposition 3.3. For every complex valued metric g on M, there exists a unique connection
V on CTM, that we will call Levi-Civita connection, such that for all X,V € I'(CT M) the

following conditions stand:

d(g(X,Y)) =9g(VX,Y) 4+ g(X,VY) (V is compatible with the metric);
[X,Y]=VxY - VyX (V is torsion free).
Proof. Exactly as in the Riemannian case. O

Observe that if g is obtained as a C-bilinear extension of some (pseudo-)Riemannian
metric, then the induced Levi-Civita connection is the complex extension of the Levi-Civita
connection for the (pseudo-)Riemannian metric on M.

We can also define the (0,4)-type and the (1, 3)-type curvature tensors for g defined on
CT'M by

R(X,Y,Z,T) = —g(R(X,Y)Z,T) = —g (VXVyZ ~VyVxZ - VixyiZ, T)

with X, Y, Z, T € T(CTS). The curvature tensor is C-multilinear and has all of the standard
symmetries of the curvature tensors induced by Riemannian metrics.

Finally, for every complex plane Spanc(X,Y) € CT,M such that g|span.(x,y) is non-
degenerate, we can define the sectional curvature K(X,Y) := K(Spanc(X,Y)) as

—g(R(X,¥)X,Y) )

9(X; X)g(Y,Y) —g(X,Y)?
where the definition of K(X,Y) is independent from the choice of the basis {X,Y} for
Spanc(X,Y).

K(X,Y) =

It is simple to check, via the Gram-Schmidt algorithm, that in a neighbourhood of any
point p € M it is possible to construct a local g—orthonormal frame (Xj)gnzl on M. We
show it explicitly.

Fix a orthonormal basis (W;(p))j., for CT;, M and locally extend, in a neighbourhood of
p, each W;(p) to a complex vector field W;. Up to shrinking the neighbourhood in order to
make the definition well-posed, define by iteration the local vector fields Y; by

w, - 3 Uy

1 Yka Yk
which are such that Y;(p) = W;(p) and by construction the Y;’s are pairwise orthogonal.
Y;

Va(¥5,Y5)

local choice of the square root) determine a local g-orthonormal frame around p. Similarly,

Finally, up to shrinking the neighbourhood again, the vectors X; = (defined for any

every set of orthonormal vector fields can be extended to a orthonormal frame.
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Let (X;)JX; be a local orthonormal frame for g, with X; € CTM. Let (67)7L, be the
correspondent coframe, §° € CT* M, defined by 6° = g(X;,-).

We can define the Levi-Civita connection forms 9;- for the frame (X;); by

VX, = Z 0" @ X,
h

or, equivalently, by the equations
do* = —Zjﬁ;- N
0% = —6!

3.2. Extrinsic geometry of hypersurfaces in X,, 1. From now on, assume dim(M) = n.

Let o: M — X,,41 be an admissible immersion and g = ¢*(-,-) be the induced complex
metric. Denote with D be the Levi-Civita connection on X,, 1 and with V be the Levi-Civita
connection for g. We want to adapt the usual extrinsic theory for immersed hypersurfaces to
our setting. The following ideas are in fact quite classical but the complex context requires

some additional caution.

Define the pull-back vector bundle A := ¢*(TX,,4+1) — M, which has a structure of
complex vector bundle given by ioc*(v) := ¢*(Jv) and which can be endowed on each fiber
with the pull-back complex bilinear form, that we will still denote with (-,-). If U is an open
subset of M over which o restricts to an embedding, then Ay = TXn+1|o—(U)'

The tangent map o,: CTM — X,, 41 being injective, CT'M can be seen canonically as a

complex sub-bundle of A via the correspondence

CTM — A
X = 0" (0.X),

Moreover, the complex bilinear form on A corresponds to the one on CI'M when restricted
to it, since ¢ is an isometric immersion.
We pull back the Levi-Civita connection D of TX,,+1 in order to get a R-linear connection
V on A,
V=0"D:T(A) — I‘(HomR(TM, A)).

Observe that V is completely defined by the Leibniz rule and by the condition

Vy 0% = o (DU*X g) VE € D(TXps1), X € D(TM).

By C-linearity, we can see V as a map V: I'(A) — I‘(Hom(c((CTM, A)) by defining
Vit = Vi, §+iV,E.

Via the canonical immersion of bundles CT M < A, it makes sense to consider the vector
field VxY with X,Y € T'(CTM).

Since DJ = 0 on X,,; 1, V is C-bilinear. Indeed, for all X € I'(T'M) and Y € I'(CT M),

Va(io*(€)) = o* (DU*X(JE)) —o* (DU*XJJ g) —o* (J]D(,*X 5) — i Vxo"€ .
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We observed that CT'M is a sub-bundle of A over which the restriction of the complex
bilinear form of A is non-degenerate. Hence, we can consider the normal bundle N' = CT M=+
over M defined as the orthogonal complement of CT'M in A. N is a rank-1 complex bundle
on M. For all local fields X,Y € I'(CTM) we can define II(X,Y) as the component in N of

VxY. Similarly to the Riemannian case, one has that V decomposes on CTM as

VxY =VxY +1I(X,Y).
where we recall that V is the Levi-Civita connection of g. In particular, one gets that II is a
symmetric C-bilinear tensor.

For all p € M, consider on a suitable neighbourhood U, C M a norm-1 section v of N:
we call such v a local normal vector field for o. A local normal vector field fixed, we can

locally define the second fundamental form of the immersion o as the tensor
I := (I, v) = (V,v).

Since there are two opposite choices for the section v, II is defined up to a sign.

We define the shape operator ¥ associated to the immersion o: M — X,,;1 as the tensor
U e F(Sym((CT*M B¢ CTM))

such that, Vp € M and VX, Y € T, M, g(¥(X),Y) = —(II(X,Y),v) = —II(X,Y). As I is defined
up to a sign, ¥ is defined up to a sign as well.
We will say that o is totally geodesic if and only if Il =0, i.e. ¥ =0.
Exactly as in the Riemannian case, one gets that
U= V. (12)
Indeed, for all X € I'(T'M), since (Vyv,v) = 1d((v,v))(X) = 0, Vyv € CTM; moreover, for
all Y e I(CT M),
9(¥(X),Y) = ~1I(X,Y) = ~(Va¥,v) = (Y, Vav) — d((Y,1))(X) = (Y, Vyv) :
as a result, Equation holds on T'M, therefore on CT'M by C-bilinearity.
We are finally able to show that Gauss and Codazzi equations hold as well
Consider the exterior covariant derivative dV associated to the Levi-Civita connection V
on CT'M, namely
(@VU)(X,Y) = Vx(¥(Y)) — Vy (¥(X)) - ¥([X,Y])

for all X,Y € T(CTM).
Fix a local orthonormal frame (X;)?_, with coframe (6?)"_;. We can see the shape operator

U in coordinates:
U=V 00X =V eX,
where ¥’ € C*(U,C), with ¥} = ¥/ and ¥ € Q' (CTM). Notice that

H(X,) = ~(W(X)), ) = ~(W]X;, ) = —Wipf = —wipl = v (13)
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Theorem 3.4 (Gauss-Codazzi, first part). Let o: M™ — X,,41 be an admissible immersion
and g = 0*(-,-) be the induced complex metric.

Let V be the Levi-Civita connection on M, RM the curvature tensor of g and ¥ the shape
operator associated to o.

Fix a g-orthonormal frame (X;); with corresponding coframe (6%);.

Then the following equations hold:
1dV¥ =0 (Codazzi equation); (14)
)RM(X;, Xj, ) — W AW = 0" A ¢ (Gauss equation). (15)

Proof. Once again, the proof follows the standard well-known proof in the Riemannian case.
We recall the essential steps and skip the full computations (for which one can refer to the
thesis [11] ).

In a neighbourhood U of a point p € M, fix a local normal vector field v. Let Z € T'(CTU),
let X(p),Y(p) € T, M and let X,Y € I'(TU) be local extensions of X(p) and Y(p) such that
[X,Y] = 0.

By definition, VyZ = VyZ + I1(Z, Y)v. Hence, by second derivation, one gets

ViV Z = Vo Z + T1(Z,Y)U(X) + (H(x, Vv Z) + d(11(Z, Y))(x)) .
We can therefore compute R = o*(RX»+1) in terms of g and IL. Since [X,Y] = 0, one gets
R(X,Y)Z = RM(X,Y)Z — g(¥(Y), Z)¥(X) + g(¥(X), Z)¥(Y) + ((VYII)(Z, X) — (VxID)(Z, Y)) .
Now, by Equation [7] for all V4, V3, Vs € T, X 11
R¥n+1(Vy, Vo) V3 € Spanc(Vi, Va)
thus (R(X,Y)Z,v) = 0. As a result, we have the equalities
(a) : (VxID)(Z,Y) — (VyID)(Z,X) = 0;
(b): R(X,Y)Z = RM(X,Y)Z — g(¥(Y), Z)¥(X) + g(¥(X), Z)T(Y).

We deduce from (a) and from (b).

By manipulation of (a), we get:
(VyID)(Z,X) = (VII)(Z,Y) = — d(g(¥(X), 2))(Y) + g(VvZ, ¥ (X)) + g(Z, ¥ (VyX))+
+ d(g(¥(Y), 2))(X) — g(VxZ, ¥(Y)) — g(Z, ¥(VxY)) =
=9(Z,Vx¥(Y)) — g(Z, Vy¥(X)) =
=9(Z,dV ¥ (X,Y))
Since this holds for all Z in T(CTM), d¥ ¥ (X,Y) = 0 for all X,Y € T, M, hence d¥ ¥ = 0.
In order to prove , observe that by C-linearity (b) is equivalent to

(b"): R(X,Y)Z = RM(X,Y)Z — g(¥(Y), Z2)¥(X) + g(¥(X), 2)¥(Y)

for all X,Y,Z € I'(CTM).
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Recalling Equation [7] in the orthonormal frame one gets
—(9(Xi, X0)g(X;, Xn) — 9(Xi, Xn)g(X;, X)) = RM(X4, X5, X, Xp) + (¥ AW )(Xp, Xy)

and Equation [I3] follows. O

For n = 2, the Gauss equation can be written in a simpler way. Fixed an orthonormal
frame { X7, X5} on the surface M, the curvature tensor R is completely determined by its value
R(X1, X5, X1, X5) which is the curvature of M. Similarly, 1A W2 = (U102 - 0209l A9?2 =
det(¥)0* A 2. Therefore, equation is equivalent to

Gauss equation for surfaces in PSL(2, C): K —det(V) = -1 (16)

4. INTEGRATION OF GAUSS-CODAZZI EQUATIONS AND IMMERSION DATA

The main aim of this section is to show that the converse of Theorem [3.4] is also true for

simply connected manifolds, in the way explained in the following theorem.

Theorem 4.1 (Gauss-Codazzi, second part). Let M be a smooth simply connected manifold
of dimension n. Consider a complex metric g on M with induced Levi-Civita connection V,
and a g-symmetric bundle-isomorphism ¥: CTM — CT M.

Assume g and ¥ satisfy

1)adv'v = 0;

2)R(Xi, Xj, o) —WEAW = 0" N O7
for every local g-frame (X;)7_, with corresponding coframe (#*)"_, and with ¥ = ¥’ ® X;.
Then, there exists an isometric immersion o: (M, g) — X,,+1 with shape operator .
Such ¢ is unique up to post-composition with an element in Isomg(X,+1) = SO(n + 2, C).

More precisely, if ¢’ is another isometric immersion with the same shape operator, there
exists a unique ¢ € Isomg(X,,4+1) such that o’(z) = ¢ - o(z) for all z € M

We state the case of surfaces in SL(2, C) as a corollary.

Corollary 4.2. Let S be a smooth simply connected surface. Consider a complex metric
g on S, with induced Levi-Civita connection V, and a g-symmetric bundle-isomorphism
v: CTS — CTS.

Assume g and ¥ satisfy

1)dv¥ = 0; (17)
2)K = —1+ det(0). (18)
Then, there exists an isometric immersion o: S — SL(2,C) whose corresponding shape

operator is V.

Moreover, such o is unique up to post-composition with elements in Isomg(SL(2,C)) =
P(SL(2,C) x SL(2,C)).
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4.1. Proof of Theorem We provide a proof of Theorem through a moving frame
argument, following the well-known proof of the analogous statement for hypersurfaces in
pseudo-Riemannian space forms. We will skip some details and technicalities, recalling the
essential steps and paying more attention to the main differences that the complex approach

involves. A full proof can be found in the thesis [I1].

A main tool from Lie Theory.
Let G be a Lie group. We recall that the Maurer-Cartan form of G is the 1—form
wg € QY(G, Lie(G)) defined by

(wa)g(9) = (Lg")-(9),

hence it is invariant by left translations. Moreover, it is completely characterized by the
differential equation
dwg + [we,wg] = 0.
The proof of both existence and uniqueness of Theorem [A.1] are based on the following

result on Lie groups.

Lemma 4.3 (See [16]). Let M be a simply connected manifold and G be a Lie group.
Let w € QY(M, Lie(G)).
Then
dw + [w,w] =0 (19)
if and only if there exists a smooth ®: M — G such that w = ®*wg, where wg denotes the
Maurer-Cartan form of G.

Moreover, such ® is unique up to post-composition with some Ly, g € G.

A proof of Lemma follows by constructing a suitable Cartan connection - depending
on w - on the trivial principal bundle my;: M x G — M so that its curvature being zero is
equivalent to condition . The solutions ® correspond to flat sections of the bundle.

In Section [5| we will prove Proposition which can be seen as a more general version of
Lemma [£.3]

Lifting to immersions into SO(n + 2,C).
Let dim(M) = n and let o: (M,g) — X, 41 be an isometric immersion with shape
operator ¥. Let (X;)7; be a local orthonormal frame for CT'M on some open subset U C M
and v be a normal vector field for the immersion o.
Let us constract a natural lift of o|y to an immersion into SO(n + 2, C) = Isom(X,,41).
Under the canonical inclusion T, (2)X,,41 < C" ™2 forallx € U, (0.(X1(2)), ... 0x(Xn(2)), 0uv(x), —ic(z))
can be seen as an orthonormal basis for C**2. Up to switching v with —v, we can assume

that this basis of C"*? lies in the same SO(n+2, C)-orbit as the canonical basis (v9,...,v9 )
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of C"*2. Recall that we defined

o
e= 0 = 10,9 € Xpq1.

i
Given an immersion o: U — X,,41, we can therefore construct the smooth map
®: U — SO(n+2,C)
defined, for all z € U, by
() (v?) = 0.0 (X5) i=1,...n
q’(m)(ﬂgﬂ) = 0sa(v), (20)
D()(0 ) = —i®()(e) = —io(a) -

Note that the lift ® depends on the choice of a local g-orthonormal frame.

Uniqueness.

Proposition 4.4 (Uniqueness in Theorem . Let M be a connected smooth manifold of
dimension n. Let 0,0": M — X,,41 be two admissible immersions of a hypersurface with
the same induced complex metric g = o*(-,-) = (¢/)*(-,-) and the same shape operator V.
Then, there exists a unique ¢ € Isomg(X,,4+1) such that o’(z) = ¢ - o(z) for all z € M.

Proof. We first prove that ¢ is unique. Assume ¢ 00 = ¢ o0 for some @1, po € SO(n+2,C),
then, for any z € U, ¢, ' o ¢, coincides with the identity on Spanc(o(x), 0. (T, M)) < C**2
which is a complex vector subspace of dimension n 4+ 1, so ¢1 = ¢o.

Clearly the main obstacle is to prove that ¢ exists. Observe that it is enough to show that
the statement holds for any open subset of M that admits a global g-orthonormal frame, then
the thesis follows by the uniqueness of ¢ and by the fact that M is connected. We therefore
assume in the proof that M admits a global ortonormal frame without loss of generality.

Consider an isometric immersion o: M — X,,11 with immersion data (g, ¥), fix a
g-orthonormal frame (X;); and construct the lifting ®: M — Isomg(X,1) as in (20).
Define wg = ®*(wg), where wg denotes the Maurer-Cartan form of SO(n + 2, C), therefore
we € I(CTM,o(n +2,C)) = Skew(n,I'(CTM)) . An explicit computation (see [11]) shows
that

o —ul e

we = —un —ifn
viowm 00
o' ... @m0 0

where © = (9;)” and ¥’ is defined by ¥ = ¥ ® X;: as a consequence, wq depends on ® only
through g, ¥, and through the choice of the global g-orthonormal frame (X;);. Assume that
o and ¢’ are two isometric immersions with the same immersion data (g, ¥), the induced lifts
D, 9": M — G =S0(n+ 2,C) from the frame (X;); would be such that ®*wg = (®')*wg:
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by Lemma [4.3] there exists ¢ € SO(n + 2, C) such that ®'(z) = ¢ - ®(x) for all z € M, hence
o'(z) = ¢ o(x). O

Corollary 4.5. Let o,0": (M"™,g) — X,,41 be two isometric immersions with the same

/

— !/
"z, then o =o'

shape operator W. Assume o(z) = o’(x) and 04, = 0

Proof. By Proposition there exists ¢ € SO(n + 2,C) such that ¢ o 0 = ¢’. Since there
exists at most one matrix in SO(n + 2, C) sending (n + 1) linearly independent vectors in

C"*+2 into other (n + 1) given vectors, we have do(z)® = id, hence ¢ = id. ([l

Local existence.

To prove the existence part of Theorem [£.I] we start by assuming that there exists a global
g-orthonormal frame on M: this holds up to replacing M with some small open subset U.

Let (X;)j~, in CTU be a g-orthonormal frame with dual frame (6");, and let © = (6?) be
the skew-symmetric matrix of the Levi-Civita connection forms for (X;);.

Our aim is to construct a suitable form w € QY(U, o(n + 2,C)) satisfying (19)) in order to
be able to apply Lemma The proof in Proposition [£.4] suggests to define w as

@ -yl gt
wtoogn 0 0
it . ion 0 0

In fact, assuming that Gauss-Codazzi equations hold, one gets explicitly that dw + [w,w] =0
(see [11]).

By Lemma there exists ®: U — SO(n + 2,C) such that w = wg = P*wg where
we is the Maurer-Cartan form of SO(n + 2,C), and we can define 0: M — X, as
o(z) == ®(z) - e = i®(x)0 .

Observe that

0un(X;) = i (D) 12), (X;) = i®ur (X)) 15 =

= i®(2)w(X;) 0y 19) = 0" (X;)®(x)o = P(x)0].

We conclude that o is an immersion at every point and that it is an isometric immersion
since its differential sends an orthonormal basis into orthonormal vectors.
We get that this construction is in fact inverse to construction (20): as a result, one gets

a posteriori that the shape operator of ¢ is ¥ by the description of w = ®*wg.

4.1.1. Global existence.

To prove that local existence of the immersion involves global existence, we use that M is
simply connected together with a classical analytic continuation argument. Here we give a
sketch, see [11] for further details.

Say that an open subset of M is immersible if it admits an isometric immersion into X,

with immersion data (g, ¥).
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Starting from a base point x € M and from an immersion o: U — X, 1 with immersion
data (g, ¥) and with U being an open neighbourhood of z, for every y € M and for every
simple path « connecting x and y, one can cover the image of o with a suitable finite collection
of open immersible subsets: by the essentially uniqueness part of the statement, one can
find for each immersible subset an immersion with data (g, ¥) so that they coincide on the
intersections, providing an extension of o over the union of these subsets. This extension
furnishes a value of o(y) and one can prove, using that M is simply connected, that such
value is independent of the collection of open subsets and of the path a. By proceeding for

all y, one gets a global immersion o: M — X,,11 with immersion data (g, ¥).

Remark 4.6. Let (M, g) be a manifold with a complex metric g and a symmetric (1,1)
form ¥ such that (g, ¥) satisfy the Gauss-Codazzi equation.
Consider its universal cover (M ,G), over which 7 (M) acts by isometries, and the lifting

U of U, which is 71 (S)-invariant; by the previous result, there exists an isometric immersion
o (Mvg) — Xn—i—l

with shape operator @7 unique up to an ambient isometry. It is now trivial to check that
o is (m(M),SO(n + 2,C))-equivariant. Indeed, for all a € 71 (M), o o a is a new isometric
embedding, hence there exists a unique ¢ =: mon(a) € SO(n + 2,C) such that

ooa=mon(a)oo.

We will call such a pair (g, ¥) immersion data for S.

4.2. Totally geodesic hypersurfaces in X, ;. A particular case of immersions M — X,
is given by totally geodesic immersions, namely immersions with W = 0. The study of this
case leads to several interesting results.

First of all, if g is a complex metric on a smooth manifold M with constant sectional
curvature k € C, then, for any X,Y, Z, W € I'(CT M),

R(X7K Zv W) = k(g(Xv Z)g(}/a W) - g(Ya Z)g(Xv W))

An analogous result was mentioned previously for holomorphic Riemannian manifolds in
Equation [7], and, also for this statement, the proof works exactly as the standard proof for
Riemannian metrics (see []).

In particular, one gets that R(X,Y)Z € Spanc(X,Y).

Theorem 4.7. Let M be a smooth manifold of dimension n.
Then, g is a complex metric for M with constant sectional curvature —1 if and only if

there exists an isometric immersion
(M,g) = X,

which is unique up to post-composition with elements in Isom(X,,) and therefore is (71 (M), O(n+

1, C))-equivariant.

Proof. Let t: C"1 — C"*2 be the immersion t(21,...2n41) = (21, -, Zn+1,0).
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Assume there exists an isometric immersion o: (M, g) = X,, thend =100: (M,g) —
X, +1 is another immersion and it has E*Q8+2 as a global normal vector field. The induced
shape operator is therefore

¥ =V(avyt?) = 0.
By Gauss equation, this means that, for every local orthonormal frame (X;);, R(X;, X;, X;, X;) =
—1,1i.e. (M,g) has constant sectional curvature —1.

Conversely, assume (M, g) has constant sectional curvature —1. Then, by taking ¥ = 0,
the couple (g, ¥) trivially satisfies the Codazzi equation and, by the previous lemma, we have
R(X;, Xj,,-) = —0' A7, so the Gauss equation holds as well. By Theorem there exists
an isometric 71 (M)-equivariant immersion 7: (M, g) — X, +1. Let v = 71y be a normal
local vector field w.r.t. @, with vy(x) € To (o) Xpt1- As 1y is unitary it turns out that ry is
orthogonal to 9. On the other hand, differentiating 0 = (vy(t),v(t)) and using that vy is
orthogonal to ¥, we deduce that rg is orthogonal to the vector v(¢). Thus g is contained in
7.(CTM), and

vy =0, V(%) =0.

We conclude that () = 0, hence v is a constant vector and Im(&) C vg. Up to
composition with elements in SO(n + 2, C), we can assume vy = (0,...,0,1), so Im(c) C X,,.

Finally, an isometric immersion of (]Tf ,9) in X, is unique up to composition with elements
in SO(n + 2,C) that stabilize X,,, namely up to elements in O(n,C). O

An interesting case we are going to treat in Section [0]is the case n = 2. In this setting,

the previous theorem can be stated in the following way.

Proposition 4.8. Let (S, g) be a surface equipped with a complex metric, denote with (§, J)

the universal covering. Then:

e (S, g) has constant curvature —1 if and only if there exists an isometric immersion

4
——dzid
(2’1 —z2)2 21 22)

which is (m1(5), Isom(G))-equivariant. In particular, g induces a monodromy map

o= (f1,/2): (5,3) = G = (CP' x CP"\ A, —

mong: m1(S) = PSL(2,C) x Zs

defined up to conjugation. Being o admissible, the maps f;: S — CP! are such that
rk((f;)«) = 1.
e By composing with some affine chart (U x U \ A, z x z) of G, a complex metric g
with constant curvature —1 can be locally expressed as
4

g= e f2)2df1df2-

e The maps f1, f2 are local diffeomorphisms if and only if no real vector X € T'S \ {0}

is isotropic for g = 0*(-,-) = (f1, f2)" (-, ).
Proof. We only need to prove the last part of the statement. There exists X € T,.S such that
g(X,X) = 0 if and only if df;(X) - df2(X) = 0 for some v, which holds if and only if one between

f1 and f3 is not a local diffeomorphism. O
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Example 4.9. The hyperbolic plane H?2 in the upper half-plane model admits the isometric
immersion z — (z,%) as described in Section

Consider the immersion of S? given by

(fi,f2): 8?~C— G
1
z (2, —%)
which in fact embeds S? into the graph of the antipodal map. The pull-back metric is given
by
. 4
(f1, f2) () = —WC&CZE

which coincides with the negative definite space form of curvature —1, namely —S?2, the
sphere equipped with the opposite of the standard elliptic metric.

Another example is given by the Anti-de Sitter 2-space AdS?, in its model homeomorphic

to the cylinder, which is isometric to RP* x RP!\ A 1.

4.3. Connections with immersions into pseudo-Riemannian space forms. For all
mi, My € Z>p with n := m; + mg > 2, denote with ™2 the n-dimensional pseudo-
Riemannian space form of signature (mq,mz) and constant sectional curvature —1. One

has:
H™Y ~ H" the hyperbolic space
Hr b~ AT(TS/” the universal Anti-de Sitter space
HY" !> —qSn the de Sitter space with opposite metric (&SV" =dS" for n > 3)
HO" >~ _s» the Riemannian sphere with opposite metric.
It is well known that H™1™2 is isometric to the universal covering of
Qe = (@1, ma) | 0]k, ke — = 1) CRMT

where R™1:m2+1 ig the Minkowski space of signature (my,mo + 1).
By Theorem [4.7] one has a unique isometric immersion of H™*™2 — X, up to composition

with ambient isometries. In fact, one can explicitly check that the embedding
QM2 X, c C"HL
(1, Tn1) P (T2, ooy Tony s Wy 41y - - - 5 WTt1)

is isometric, so its lifting to the universal covering provides an isometric immersion of H™1-™2
into X,,.

There exists a general theory of immersions of hypersurfaces into H™™2 see for instance
[21]. One can define an immersion o: M"~1 — H™"™2 to be admissible if the pull-back
metric is a (non-degenerate) pseudo-Riemannian metric. By composition with the isometric
immersion ¢: H™»™2 — X,,, one can see an immersion ¢ into ™2 as an immersion
o =100 into X,,, and the extrinsic geometry of the latter extends the one of the former.

Indeed:
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e The map ¢, induces a canonical bundle inclusion of o*TTH"*"™2 into ¢*T'X,,: indeed,
since Spanc (v« (TRH™"™?)) = T, X, one has

o TH™ ™2 @p C = 5 TX,,.

Since ¢ is isometric, the pull-back Levi-Civita connections coincide on o*TH™1™2,

e If (-, ) has signature (m; — 1,7ms2), then one can define a local normal vector field
v as a local section of o*TH™™2 with (v,v) = 1; we denote this case as case a).
Conversely, if 7" (-, -) has signature (my,ms—1), then any local section of o*TH™1-2
orthogonal to T'M is timelike, so one can define a local normal vector field v as a
local section of o*TH™™2 with (v,v) = —1; denote this case as case b).

In case a), v is also a normal vector field for & as we defined in Section [3} in case
b), iv is norm-1 and is a normal vector field for &.

e The exterior derivative of the local normal vector field defines a shape operator 1,
which coincides in case a) with the shape operator ¥ induced by &, while in case b)
one has ¥ = iy.

e For immersions into H™?"™2 there exists a Gauss-Codazzi theorem analogous to
Theorem [£11

Proposition 4.10. Let h be a pseudo-Riemannian metric on M with signature
(m1 — 14 d,mg — §) for some § € {0,1}. Let ¢»: TM — TM be a h-self adjoint
(1,1)-form. The data (h,1)) satisfy

1)dY"y = 0;
2)R(XivXja ) ) - (25 - 1)1/}1 A W = —0' A
for every local h-frame (X;);-; with corresponding

coframe (%), and with ¢ = 9" ® X;.

if and only if there exists a 71 (M)-equivariant isometric immersion o: (]Tj h) =
H™™2 with shape operator .

If o: M — H™ ™2 is an admissible immersion with data (h, 1), then too: M —
X, is an admissible immersion with immersion data (g, ¥) = (h, (id + 1 — d§)9)). On
the other hand, the pair (g, ¥) uniquely determines the immersion of M into X,, up
to ambient isometry. Since also ¢ is the unique isometric immersion of H™*™2 into

X,, up to ambient isometry, one can conclude the following.

Theorem 4.11. Let M = M"~! (g, ¥) be immersion data for a m (M )-equivariant immer-
sion of M into X,. Assume that g is real, namely that g;ras is pseudo-Riemannian, and that
it has signature (m; — 1,ms), 0 <p <mn—1.
Then, if ¥ is real, i.e. if ¥ restricts to a bundle homomorphism W: TM — T M, there
exists an isometric 71 (M )-equivariant immersion o : M — X,, such that O’(M) C o(H™m2),
Similarly, if 4¥ is real, then there exists an isometric m;(M)-equivariant immersion
o: M — X, such that o(M) C o(H™ ~Lma2+1),
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4.4. From immersions into H3 to immersions into G. Given o: S — H? a m1(9)-
equivariant immersion with immersion data (h,) and normal field v, one can define the
immersion
5: 5S-G
where &(z) is the oriented maximal geodesic of H? tangent to v(z). In the identification
G = CP! x CP!\ A, one has 7 = (0400, 0o ) corresponding to the endpoints of the geodesic
rays starting at o(z) with tangent directions respectively v(x) and —v(z). We will call & the
Gauss map of o
The map 7 is m1(5)-equivariant with the same monodromy as o.

We want to prove the following formula for the pull-back metric for &.

Proposition 4.12. Let J be the complex structure induced by h and inducing the same
orientation as v. Under the notation above, the pull-back g = g*(-,-) of the metric is the

m1(S)-invariant complex bilinear form on CT'S given by
g = h((id + i), (id + iJy)-) = h = k(- ¢-) + ih((YJ — Jip)-,-)
which is non degenerate (i.e. a complex metric) in z if and only if Kj(x) # 0

In order to prove the proposition, we regard & as the composition of the normal section
v: S — T'H? with the natural projection II : T'H? — @G, whose fibers are the leaves of the
geodesic flow.

First of all let us recall that the tangent space T; (pyﬂ)(TllH?’) is naturally identified with
TpIH3 @ v’ where v is the orthogonal space to v in TpIEI3. The identification works as
follows: given a path a : (—e, €) — T'H?, which can be written as a(t) = (p(t),v(t)) with
v(t) being a unit vector field along the path p(t), the identification is given by

Dv
4 (0) = ( 0), 2=2(0 )
(0) = (p(0), —-(0)
Notice that, since v is unitary, by differentiating ggs(v(t), v(¢)) = 1 one gets that the vector

Duv
dt

This identification allows us to get a simple expression for the differential of the normal
section v : S — T H3.

(0) is orthogonal to v, so the correspondence is well-posed.

Remark 4.13. Up to the above identification, for any = € S and v € TS we have
ve(X) = (0.X, 0. (¥(X))) .
Proof. The proof is trivial by definition of the shape operator. O
Lemma 4.14. Let us fix (p,v) € T'H? and w;,ws € v-. Then
<d(P7U)H(w17 wQ)ad(p,v)H(wlv w2)>G =
= gz (w1, w1) — gms (w2, w2) + 1(gpz (W1, v X W2) — gms (w2, v X w1)),
where x is the vector product on TTH?.

Proof. We consider the half-space model of H> = C x Ry. Set p = (0,1) and, in the
identification T,H® = C x R, set v = (1,0). As a result, v = Spang((i,0), (0,1)) < T,H?,
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we can canonically see 9H? = C and II(p,v) is the geodesic with endpoints IT, (p,v) = 1 and
II_(p,v) = —1. The tangent space T(; _1)G can be trivially identified with 7'C x T_;C =
CxC.

Let us consider the following 1-parameter groups of isometries of I3

a(t) = exp(tX), b(t) =exp(itX),
c(t) = exp(tY), d(t) =exp(itY).

0 0
where X,Y € sl(2,C) are defined as X = ((2) ,and Y = | o)

SN

1

2 2
Notice that a(t) and ¢(t) are groups of hyperbolic transformations with axis respectively

(0,00) and (4, —i). On the other hand, b(t) and d(t) are pure rotations around the corre-
sponding axes. We have chosen the normalization so that the translation lengths of a(t) and
c(t) equal ¢, and so that the rotation angle of b(¢) and d(t) is ¢.

Observe that p lies on all the axes of a(t),b(t), c(t), d(t). It follows that ¢t — a(t) - v is a
parallel vector field along the axis of a(t), so the derivative of a(t) - (p,v) corresponds under
the natural identification to the vector ((0,1), (0,0)). On the other hand, the variation of the
endpoints of the family of geodesics a(t) - (—1,1) € G is given by (—1,1) € T(_; 1)G. Using
that the map II is equivariant under the action of PSL(2,C), we conclude that

A IL((0, 1), (0,0)) = (~1,1).

In the same fashion, using ¢(¢) we deduce that

Ay (4,0, (0,0)) = (—i, ).

On the other side, b(t)p = p for all ¢, therefore one can explcitly compute that

b(t) - v = dpb(t)v = costv +sint(0,1) x v € T,H.

It follows that the derivative at t = 0 of b(t) - (p, v) corresponds to ((0,0), (¢,0)). We conclude

as above that
d(p,v)H((O7 O)a (Zv 0)) = (_i7 7’)
and analogously for d(t) we get
d(p’v)H((O, 0>7 (0,1)) = (1, 1).
Finally, we can explcitly compute d;, )11}, 1 gy : v vt 2R xRy — Th,-nG=CxC:

Using the description of the metric as in Proposition [2.9] we get that

o ) (o = G =B+ il =D +B) +ila+))
(G, ) (i, 6)) > = ~1 T

=a?+ B2 — 42— 6%~ 2i(ad — By) =
= [l Giev, B)II* = || (v, O)II* + 2igm ((icx, ), (1,0) x (i, 0)))

and the thesis follows. O
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Proof of Proposition[{.19 The proof follows directly by Remark and Lemma
If (X1,X2) is a h-orthonormal frame of eigenvectors for ¢, with corresponding eigenvalues

A1 and Ay respectively, the pull-back bilinear form via & is described by

1=X2 (M — )
g .
’L(/\l — )\2) 1— /\%
whose determinant is (1 — A\;\2)?: hence, by Gauss equation, g is a complex metric at x if
and only if Kj(x) # 0. O

5. ON HOLOMORPHIC DEPENDENCE ON THE INITIAL DATA

5.1. The main result. In this section we discuss holomorphic dependence on the immersion
data for immersions into X,,+; and their monodromy.

Let M be a smooth n-manifold and A a complex manifold. We will say that the family
of immersion data {(gx,¥x)}rea for 7 (M)-equivariant immersions of M into X1 is

holomorphic if, for all x € M, the maps

A — Sym?(CT; M) 4 A — Endc(CT, M)
an
A= gx(x) A= Uy ()

are both holomorphic. We remark that this definition does not require any holomorphic
structure on M.

This section is devoted to the proof of the following theorem.

Theorem 5.1. Let A be a complex manifold and M be a smooth manifold of dimension n.
Let {(gx, ¥x)}rea be a holomorphic family of immersion data for m (M )-equivariant

immersions M — X,,+1. Then there exists a smooth map
o: Ax M — Xnt1
such that, for all A € A and = € M:

e 0y :=0(\,): M — Xy,41 is an admissible immersion with immersion data (gx, ¥Uy);

e o(,z): A — X,,41 is holomorphic.
Moreover, defined the character variety
X(m(M),SO(n+2,C)) = Hom(m(M), SO(n+2,C))//SO(n +2,C),
the monodromy map

A — X(m1(M),SO(n + 2,C))

A = mon(oy)

is holomorphic.

As a corollary one gets the result for families of immersions of M™ into X,,.
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Corollary 5.2. Under the notations of Theorem if Uy =0 for all A, then o can be

constructed so that its image lies in X,,. Moreover, the induced monodromy map

A — X(m1(M),SO(n + 1,C))

A= mon(oy)
is holomorphic.

Example 5.3. Let h be a hyperbolic metric on a closed surface S and let b: T'S — T'S
be a h-self-adjoint (1,1)-form such that det(b) = 1 and dVb = 0, V being the Levi-Civita
connection of h; one may choose for instance b = id. Then, the family {(g.,%.)}.ec defined
by

g- = cosh?(2)h;

¥, = — tanh(z)b
is a holomorphic family of m;(S)-equivariant immersion data for constant curvature immer-
sions S — SL(2,C), with K, = —m. Observe that z € R corresponds to an immersion
data into H?, while z € iR corresponds to an immersion data into AdS3.

By Theorem there exists a family of immersions o : § — SL(2,C) with data (g.,.)

whose monodromy is a holomorphic function in z.

5.2. An application: the complex landslide is holomorphic. We postpone the proof
of Theorem 5.1l to Sections 5.3 and 5.4.
In this section, we provide a direct application of Theorem we show an alternative
proof for the fact that the holonomy of the complex landslide, defined in [2], is holomorphic.
We briefly recall some basic notions on projective structures, the notions of landslide,

smooth grafting and complex landslide. One can use as main references [6] and [2].

Let S be an oriented closed surface of genus g > 2.
Denote the character variety into PSL(2,C) by

X (S) :=Hom(m(S), PSL(2,C)) // PSL(2,C).

We recall that a (complex) projective structure on S is a (PSL(2, C), CP')-structure on
S. A projective structure induces a complex structure and an orientation, we will stick to
projective structures compatible with the orientation on S. As a (PSL(2,C), CP!)-structure,
a projective structure is determined by a (m1(S), PSL(2,C))-equivariant developing map
S — CP!, which is unique up to post-composition with elements in PSL(2,C). We therefore
define

P(S) := {projective structures on S} =
p: m(S) = PSL(2,C),

(f,p) ~
= f: S — CP! p-equiv. orientation-preserving local diffeo /PSL(2, C)
_P(S
P(S) =" by s)
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Equip the set of pairs {(f, p)} with the compact-open topology, and ’ﬁ(S) and P(S) with
the quotient topology. The space P(S) is a topological manifold and one can define on
it a smooth and complex structures - compatible with the topology - via the Schwarzian
parametrization (e.g. see [6]).

Also define the holonomy map

Hol: P(S) — X(5),
which passes to the quotient to a map

Hol: P(S) — X(5).

Theorem 5.4. (Hejhal [I3], Hubbard [15], Earle [I0]) The holonomy map Hol is a local

biholomorphism.

Let B(S) be the Teichmiiller space of S.
In 2], the authors define two smooth functions satisfying several interesting properties:
the Landslide map
L:38(S)x8(S) xR —8(S) x8(5)
and the Smooth Grafting map
SGr: 8(S) x 8(9) x RT — P(9)

which turn out to have several interesting geometric properties and are related respectively
to the earthquake map and to the grafting map.

There are several equivalent definitions of L and SGr, we mention the ones most fitted to
our pourposes.

Let h be a hyperbolic metric. As a consequence of the works of Schoen [24] and Labourie

[18], it has been proved that the map

b: TS —TS h-self adjoint,
bundle isomorphism | dV+b =0, = B(9)
such that: det(b) =1

b= [h(b-,0-)]
is well-posed and bijective. We will denote the tensors in the domain as h-regular.

e Given ([h],[h(b-,1)]) € B(S) x 6(S) with b h-regular, define for all ¢ € R the
operator 3, = cos(§)id + sin(%)Jb where J is the complex structure induced by h.

The landslide map is defined as

L([h]v [h(b-,b-)]ﬂf) = ([h<ﬁt '7ﬁt : )}7 [h(BtJrﬂ' '7Bt+7r )})

o Given ([h], [h(b-,b)]) € B(S) x B(S), the data (h,b) satisfy Gauss-Codazzi equations
for H? and so does the data

(hs,bs) = (cosh2(g)h,tanh(§)b)



ON IMMERSIONS OF SURFACES INTO SL(2,C) AND GEOMETRIC CONSEQUENCES 33

for all s € R. As a result, for all s there exists a unique 7 (S)-equivariant isometric
immersion

Os: (§,Es) — W3
with shape operator b, (here the notation is J*(D]H3) — Vhs =1, v = —hg(bs, Vs,
where II is the second fundamental form of os and v is the normal vector field).
The tensor bs; having positive determinant for all s # 0, o, is convex for all s # 0
and the normal is oriented towards the concave side for s > 0. As a result, for s > 0

the map o, induces a local diffeomorphism
Os, 400" S — OH? =~ CP!

defined by o5 4.0 (x) being the endpoint of the geodesic ray starting at o(x) with
tangent direction v(x). The map o5 4o is equivariant inducing the same monodromy
into PSL(2,C) as o5, thus it defines a projective structure on .S. The smooth grafting
is defined by

SGr([h], [h(b-, b)), 5) = [7s,4oc)-

In the same article, for every hyperbolic metric A and hA-regular tensor b, they define
Puy: H— P(S) (21)
2 =t+is SGr <L([h], [h(b-, b)), t),s) (22)
where H C C is the upper half-plane.

Theorem 5.5 (Bonsante - Mondello - Schlenker [2]). P, 5 is holomorphic.

Here we provide an alternative proof for this statement, quite different from the one in [2],

using Corollary and Proposition

Theorem 5.6. The holonomy of the projective structure P, () is equal to the monodromy

of the complex metric
g: = h((cos(z)id —sin(2)Jb) -, (cos(z)id — sin(z)Jb) - > ,

where J is the complex structure of g.
The complex metric g, has constant curvature —1, and, as a consequence of Corollary [5.2]
and Theorem [5.4} Py is holomorphic.

Proof of Theorem[5.6. Let z =t + is and recall P, ,(z) = SGr (L([h], [ (b, b-)], —t) , s)

Defining h, := h(ﬁm - B ) for all x € R, one has

L1 1000 1) = ([l o]

It is easy to convince oneself that

htin = hy(BebB_se, BebB_t) =t h_y(b_s, b_t)
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and that the complex structure induced by h_; is

It = BBt

In order to compute the monodromy of SGr([h_¢], [h_¢+x],s), consider the immersion into
H? with immersion data (cosh?(s)h_¢,tanh(s)b_;) and apply Proposition m to conclude

that it has the same monodromy of its Gauss map, whose pull-back complex metric is

cosh?(s)h_; ((zd +itanh(s)J_b_;)-, (id + i tanh(s).J_tb_;) - ) =

=h_, ((cosh(s)id + isinh(s)B: JbB_¢)-, (cosh(s)id + i sinh(s)B; JbS_+) - > =

=h<((cos(is)id — sin(is)Jb) o B_¢)-, ((cos(is)id — isinh(s)Jb) o ;) - )
=h ((cos(is)id — sin(s)Jb)(cos(t)id — sin(t)Jb)-, (cos(is)id — sin(is)Jb)(cos(t)id — sin(t)Jb) - ) =

h((cos(z) — sin(z)Jb)-, (cos(z) — sin(z)Jb) ) =g,

where in the last step we used - as one can check explicitly - that JbJb = —id.
By construction, (g.,0) is an immersion data for an immersion into G for all z.
Clearly, for any X,Y € I'(T'S),

9.(X,Y) = cos®(2)h(X, X) — sin®(2)h(bX,bY) — sin z cos z(h(X, JbY) + h(JbX,Y))

is holomorphic in 2. By Theorem the monodromy of g., hence the holonomy of
Py, 1, is holomorphic in z; by Theorem the projective structure P, ;(z) depends on z
holomorphicly. O

5.3. Proof of Theorem A proof of Theorem relies on some general techniques
which are well-known to experts and have been used widely (e.g. see [14]). Here we provide
the sketch of a proof, the reader might refer to the thesis [I1] for additional details.

Generalizing Lemma [£.3]
The first step consists in improving Lemma [4-3] in the way expressed in the following

proposition.

Proposition 5.7. Let M and A, with M simply connected, and let G be a Lie group with
Lie algebra g.

Consider a smooth family of forms {wy}axea C Q(M,g), namely the parametrization
provided by a smooth map we: A — Q(M, g).

Assume for all A € A that

dwy + [wr,wx] =0 . (23)

Then, for every fixed zo € M, smooth ¢¢: A — G and for every smooth collection of g-valued
1-forms {wy }aea, there exists a unique smooth solution ®: A x M — G to

wy = P(A, ) we

(I)()‘7 .'170) = ¢0

(24)



ON IMMERSIONS OF SURFACES INTO SL(2,C) AND GEOMETRIC CONSEQUENCES 35

Note that For A = {pt} one has Lemma
Here is an idea of the proof of Proposition[5.7] To prove the existence part of the statement,
one first shows that Equation 23] implies that the distribution

D()\,m,g) = {()\7-7379) € T()\,:L’,g) (A X M x G) | w/\<jj) = WG(Q)} = T()\,z,g)A 2] D?)\,w,g)'

is integrable. Then one deduces that each leaf of the corresponding foliation can be seen
as the graph of a smooth function ®': A x M — G, and that construction satisfies wy =
®'(\,-)*wg. Finally, by left-invariance of the Maurer-Cartan form, one concludes that
D(A,x) = (AN, x) 0 Ly(xy(@(ra)) -1 Satisfies Equation . Uniqueness of ¢ follows by

uniqueness of the integrating foliation.

Holomorphic dependence of ® on w,.

Assume, under the notations above, that G is a complex Lie group and that we: A —
QY(M,g) is a holomorphic parametrization, namely that, for all X € TM, we(X): A — g is
holomorphic. Then, for ¢y = e, one gets that ® is holomorphic in A as well.

Indeed, for all \g € A, A € Ty, A, both

filz) = 0,5 (2N, 2) - (@(No,2))™')  and  fo(z) = i05 (P(\,z) - (D(No, 7))~ )
satisfy the Cauchy problem
f«(-) = Ad(®y,) 0 0,3 (w()) TM — g
f(x0) =0

which trivially has a unique solution.

5.3.1. Proof of the main statement. To prove Theorem [5.1] it is sufficient to retrace the proof
of Theorem [£.1] in Subsection [f.1] and to check that, starting from a holomorphic family of
immersion data (gx, Vy),, the holomorphicity is preserved at each step.

For all fixed (\,Z) € A x M one can consider a local neighbourhood U x V such that for
all A € U there exists a gx-frame (eg;»)r such that A — eg.x(x) is holomorphic for all £ and
x € V. From each (gx, ¥,), locally construct the form wy € QY(V,0(n + 2,C))

S -}
O
wy = —ox by
vl 0 0
0L ... oy 0 0

where (9’§)k is the dual of (eg;x)r, while ©y and the \I/}/{’s are respectively the matrix of
the Levi-Civita connection forms and the shape operator components with respect to the
adapted frame.

By Proposition and by the subsequent remark, there exists a smooth ®: U x V —
SO(n 4 2,C) such that ®(-,x) is holomorphic for all x. As we observed in Subsection
o:=®-e: UxV — X,41 is now such that o(A, ) has immersion data (gx, ¥») for all A € U,

while clearly o(-, ) is holomorphic for all x € V.
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One can directly check, using Proposition[5.7} that if o’ : U x V" is another function with the
sought properties such that VNV’ # (), then there exists a holomorphic ¢: U — SO(n+2,C)
such that ¥(X) - o/(A\,z) = o(\,z) for all z € U NU’: as a result one gets that there exists a
global o: U x M — SO(n + 2, C).

By choosing ®(\, 29) = id for some fixed xy and for all A, one has that the 1-jet of o(}, )
at xo does not depend on A. Via this observation, one gets that different o’s with domain of
the form V' x M constructed this way glue to one another, proving that there exists such a
o with domain on the whole A x M.

It is now simple to check that the monodromy of o(J,-) is holomorphic with respect to .
Indeed, for all v € m (M), the map mon,: A — SO(n + 2,C) is defined by

oA, y(x)) = mony(A) oo(A, z) :

since both ¢ and o o vy satisfy the conditions in the statement of the theorem for the data
(g, 7), hence mon, is holomorphic in .

If U, =0 for all A, then by constructing o so that the 1-jet of o(},-) at some xg, one gets
immediately that the image of o lies in some isometric copy of X,, inside X, 11 as in the
proof of Theorem [4.7] leading to Corollary [5.2}

It is now simple to check that the monodromy of o(J,-) is holomorphic with respect to .
Indeed, for all v € w1 (M), the map mon,: A — SO(n + 2,C) is defined by

oA, y(x)) = mony(A) oo(A z) :

since both ¢ and o o 7y satisfy the conditions in the statement of the theorem for the data

, ), hence mon-, is holomorphic in A.
(9 o P

6. A GAUSS-BONNET THEOREM AND A UNIFORMIZATION THEOREM FOR COMPLEX
METRICS

6.1. Positive complex metrics. In this section we suggest an intrinsic study of complex
metrics on surfaces. To this aim, we will introduce a natural generalization of the concept of
complex structure for surfaces and we will present a uniformization theorem in this setting.

Given an oriented surface S, the natural inclusion T'S < CT'S factors to a bundle inclusion

r(TS) —— Pc(CTS)

o~

Fiberwise, for every « € S, Pg(7,.S) is mapped homeomorphicly into a circle in P¢(CT,.S)
whose complementary is the disjoint union of two open discs. The conjugation map on CT'S
descends to a bundle isomorphism on P¢(CT'S) that fixes Pgr(7'S) and that swaps the two

discs fiberwise.

Definition 6.1. A bicomplex structure on a surface S is a tensor J € I'(CT*S ® CT'S) such
that
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e for each z € S the endomorphism is J, diagonalizable with eigenvalues +i and
eigenspaces V;(J), V_,;(J) with complex dimension 1;

e for all z € S, the eigenspaces V;(J,) and V_;(J,) of J, have trivial intersection
with T,.S and are such that the points Pc(V;(J;)) and Pc(V_;(J;)) lie in different
connected components of P¢(CT,S) \ Pr(T,S).

As a result if J is a bicomplex structure then J2=J0J = —iderg.
Clearly complex structures extend to bicomplex structures. Observe that a bicomplex
structure J is not a complex structure for S in general, since it may not restrict to a section

of TS @ T*S. In other words, J(X) # J(X) in general.

Nevertheless, J induces two complex structures Ji, Jo defined by the conditions

Vi(d) =Vi(J2) =V_i(J2)  and  V_;(J) =V_i(J1) = Vi(J1)
which totally characterize J; and .Js.
Also observe that J; and Jy induce the same orientation. Indeed, representing the set of

complex structures on S as C(S) U C(S), the map

C(S)uC(S) — Pc(CT,S) \ Pr(T%S)
Jo = Pc(Vi(Jo)z)

induces a bijection between the connected components.

As a result, every bicomplex structure induces an orientation. An orientation of S fixed,
denote with BC(S) the set of orientation-consistent bicomplex structures. With the notations
above, we therefore have a bijection

BC(S) = C(S) x C(9) (
26)
J— (Jl, JQ)
Endow BC/(S) with the pull-back topology for which, in particular, it is connected.

Remark 6.2. More geometrically, the orientation of 7.5 induces an orientation of Pg(7,.S).
As P¢(CT,S) is naturally oriented, there is an induced orientation on the normal bundle
of Pr(T,S) in Pc(CT,.S), which allows to distinguish the two components of Po(CT,S) \
Pr(T,S). With respect to the oriented curve Pg(7,.5), the component on the left of Pg(T,.S)
is called the upper component, the component on the right will be called the lower component.
More explicit if vy, v is a positive basis of 1,5, elements of the upper components are of the
form [avy + bug] such that I'm(a/b) > 0. It turns out that J is positive if V;(J) is a point in
the upper component of P¢(7,5) \ Pr(T,S).

Definition 6.3. Let g be a complex metric on S.

e Denote the set of isotropic vectors of g as

ll(g) :={v € CTS | g(v,v) = 0} \ {0s}

and define ll(g,) := ll(g) N CT,S. Notice that li(g,) is the union of two complex

lines with trivial intersection.
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o A positive complexr metric on a surface S is a complex metric g such that the two
points P¢(1l(g,)) lie in different connected components of P¢(CT,S) \ Pr(7yS).
e Denote with CM™(S) the space of positive complex metrics on S with the usual

C*°-topology for spaces of sections.

If g is a positive complex metric on S then for every z € S we denote by Il (g,) the
isotropic line contained in the upper component of P¢(CT,S) \ Pr(T,S), and by ll_(g,) the

isotropic line contained in the lower component. Let us remark that the sets

e(9) = J () U-(9)=JU-(90)

€S €S
are complex subbundles of CT'S of dimension 1. Indeed if (X3, X3) is a local oriented
orthonormal frame than X; +¢X5 and X7 —iX5 locally span those bundles. Clearly we have
that CT'S = Ul (g) ® ll_(g).

Proposition 6.4. Let g be a positive complex metric on a surface S. There exists a unique

bicomplex structure J compatible with the orientation of S such that for all x € S we have

9o(Jo Ja) = gu () (27)

Proof. Condition forces 114 (g,) and ll_(g.) to be eigenspaces of J. Since we require J
to be compatible with the orientation of S we must set V;(J) = ll1(g,) and V_i(J) = ll_(gz).
On the other hand defining J in this way, (27) is clearly satisfied. O

Let us give a more geometric and motivating interpretation of positive complex metrics.

Proposition 6.5. Let g a complex metric on CT'S. Then it is positive if and only if there

exists a function « : S — C* such that Re(a - g)|rs is a Riemannian metric on T'S.
We postpone the proof of this Proposition for a simple lemma of linear algebra.

Lemma 6.6. Let B € SLy(C) such that B?> = —I,. Consider the action of B on CP! and
assume that B fixes two points, one in each component of CP! \ RP!. Then there are two
linearly independent vectors X,Y € R? and a complex number p # 0 such that BX = pY
and BY = iX .

Proof. The matrix B induces an isometry on the hyperbolic space H?, which is a rotation by
7 around the axis £ with endpoints the fixed points of B in CPP! = JH3. Let X be the totally
geodesic plane in H? whose asymptotic boundary is RIP!. By the assumption, ¢ intersect II
at a point. Consider a geodesic line m contained in 3 and orthogonal to ¢: if p,q are the
end-points of m then Bp = ¢ and Bq = p. Finally, real vectors X and Y representing p and
q satisfy the statement. O

Proof of Proposition[6.5 First we show that if g is a complex metric such that Re(g)|rs is
Riemannian, then g is positive. As being positive is a conformal invariant condition, this will
prove one implication of the statement.

Let go denote both the Riemannian metric Re(g)|rs and its complex bilinear extension

on CT'S. Tt is simple to check that the complex bilinear form g; = (1 — t)go + tg is non
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degenerate and such that Re(g:) = go. Note that the isotropic directions of go|, are two
conjugate points of Pc(CT,.S), so they lie in different components of Pc(CT,S) \ Pr(7%5).
On the other hand for every ¢ € [0, 1] we have that Re(g;) = go is positive definite on T'S, so
isotropic directions of g; never meet Pg(7T'S). So a simple continuity argument shows that g
is positive.

On the other hand let us assume that g is positive. First let us prove that for every z € S
there is a complex number o € C such that Re(aggs)|rs is positive definite.

Notice that, fixing a positive basis of TS, we may identify CT,.S with C? so that TS is
sent to R? C C2. Through this identification the bicomplex structure J is sent to an element
B € SL5(C) and the condition of the positiveness of the metric implies that B satisfy the
assumption in Lemma [6.6] We deduce that there are X,Y € T3,S and a complex number
i # 0 such that J(X) = pY. In particular g(X,Y) = 0.

Let us distinguish two cases. If Re(g,)(X,X) - Re(g,)(Y,Y) > 0, then either Re(g.)|rs
or —Re(g,)|rs is positive definite, so ay = £1 works. Otherwise, if there are isotropic
real vectors for Re(g), denote g(X,X) =: a + ib and ¢(Y,Y) =: ¢ + id it turns out that the

a b
matrix J is invertible, otherwise any isotropic vector for $(g) would be isotropic for g,
c

contradicting that g is positive. Therefore, there are real numbers k, h such that ka + hd =1
and kc+ hd = 1. Setting g = (k — ih), it turns out that Re(apg)(X,X) = Re(apg)(Y,Y) =1
an Re(apg)(X,Y) = 0. So ap works.

To conclude let us notice that being positive definite is an open condition, and so is each
of the two cases shown above. As a result, for every x € S there is a neighborhood U of x
and a function oy : U — C* such that Re(ay - g)|rs > 0. Using a partition of unity, we can
then define a global function a : S — C, which satisfy the statement. (]

Remark 6.7. Given a positive complex metric g, one can define an area form dA €
Q*(CTS,C) for g as a complex 2-form such that [|dA[|> =1, i.e. for all local g—orthonormal
frame (X1, X32) one has dA(X1,X2) € {—1,1}. The area form is unique up to a sign.

An orientation of S fixed, there exists a canonical area form for g compatible with the
orientation: if J is the bicomplex structure compatible with the orientation and with ¢ in

the sense of Equation then we define the area form compatible with the orientation as

dA=g(J-).

We will say that (X,Y) is a positive orthonormal frame for CT'S with respect to the
orientation induced by J if J(X) =Y.

With the language of fiber bundles, a positive complex metric on a surface S provides a
reduction of the frame bundle of CT'S — S to the structure group O(2, C), while the pair of

a positive complex metric and an orientation on S provides a reduction to SO(2,C).

Corollary 6.8. Given an oriented surface S, the map that sends a positive complex

metric g to the orientation-consistent bicomplex structure J compatible with g induces a
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homeomorphism
+ ~
oM (S)/Coo(s’ vy = BO(S) 2 C(8) x C(5)
C>(S,C*)-g—J,

(28)

Conformal structures of Riemannian metrics correspond to elements of the diagonal of

C(S) x C(S).

Proof. We showed that the map is continuous. In order to construct an inverse, fix a real
volume form « € Q%(T'S), which extends by C-bilinearity to an element in Q?(CTS, C), and
define for any bicomplex structure J the metric

g:=a(,J):

Clearly g is non-degenerate and C-bilinear, and it is symmetric since g(v, w) = a(v, Jw) =
—a(J(Jv), Jw) = (detd)a(w,Jv) = g(w,v). Moreover, g induces J in turn, hence it is a
positive complex metric.

By choosing « as a real volume form for S, one gets an explicit correspondence between

the diagonal of C'(S) x C(S) and the set of conformal structures of Riemannian metrics. [

Finally, we remark that Proposition can be restated in an interesting way for positive

complex metrics in terms of developing maps for projective structures.

Theorem 6.9. Let S be an oriented surface and g a positive complex metric on .S. Denote
with (S, ) the universal cover.

(S, g) has constant curvature —1 if and only if there exists a smooth map
(f1,f2): S = G =CP! xCP'\ A

such that:
hd g = (flaf2)*<'7 > = _ﬁdfl : dfg
e f1 and f5 are local diffeomorphisms, respectively preserving and reversing the orien-
tation.

e f1 and fo are (m(S5), PSL(2, C))-equivariant local diffeomorphisms with the same

monodromy
mony, = mony, =mong, r,): m1(S) — PSL(2,C)
Moreover, if J is the bicomplex structure on S induced by g, then, in identification ,
I = () F5(-1)

where JCP is the standard complex structure on CP!.

Proof. As we observed in Proposition [4.8] the fact that the complex metric g is positive

implies that f; and fs are local diffeomorphisms.
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Let wy, be a local holomorphic chart on = € S for the pull-back complex structure f; JeP

Then, by Cauchy-Riemann equations,

Ker(dfy: CT,S — C) = Spanc(% )
k|z

so by the explicit description of the metric one has

ige) = (Spone (5= ) @ Spane (5= )\ 103

and the two points of P¢(ll(g,)) lie in two different components of P¢(CT,S) \ Pe(7,S) if
and only if the two pull-back complex structures via f; and f; induce opposite orientations.

The choice of (f1, f2) inducing the same g is unique up to post-composition with elements
of PSL(2, C), since the composition with the diagonal swap s : (z,y) — (y,z) on G gives an
immersion with orientation-reversing first component.

All the elements of 71(S) are orientation-preserving, hence o is (m(S),PSL(2,C))-
equivariant and, since PSL(2,C) acts diagonally on G, both f; and f; are equivariant
with the same holonomy.

From the description of Il(g) above, one can conclude the last part of the theorem. O

6.2. A Gauss-Bonnet Theorem for positive complex metrics. The aim of this subsec-
tion is to prove a generalization of Gauss-Bonnet Theorem in the setting of positive complex
metrics.

Let g be a positive complex metric on an oriented surface. Let J be the bi-complex

structure associated to g and let dA be the corresponding area form for g as in Remark

Theorem 6.10. Let S be an oriented surface and g a positive complex metric of curvature
K. Then

/ KdA = 2my(S)
S
where x(95) is the Euler-Poincaré characteristic of S.

In order to prove Theorem [6.10} the first step consists in showing that KdA can be
regarded as the curvature form of a linear bundle.

Notice that the line bundles ll; (g) and l[_(g) are parallel for the Levi Civita connection.
This comes from the fact that if 1 is an isotropic section for g then, by metric compatibility,
Vn is orthogonal to 7, so it is in fact a multiple of 7. So V restricts to connections on
11 (g), whose curvature forms are complex valued 2-forms, say Q4+, on S. Classically Q4
is regarded as a complex valued form on T'S, but it can be clearly extended to a complex

bilinear alternate form on C7T'S. Under this identification we have the following statement:
Lemma 6.11. With the notation above
Q4 = —iKdA.

Proof. Thus it is sufficient to prove that if X is a local norm-1 section of CT'S, and Y = JX,
then Q4 (X,Y) = —iK. Now observe that the metric compatibility of the connection implies
that there is a 1-form w such that VX = w ® Y. On the other hand n := X —iJX is a
section of ll4 (g), and one sees that Vi = iw @7, so Qy = idw.
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By Cartan’s Formula Q4 (X,Y) = ¢(X(w(Y) — Y(w(X)) — w([X,Y])X). By a similar

computation
VxVyX = VyVxX = Vix v X = (X(w(Y) - Y (w(X)) —w([X,Y])Y

and we conclude. O

Proof of Theorem[6.10, Recall that the first Chern class of 114 (g) is represented by the closed
form —ﬁ(br so by Lemma the integral of the statement is equal to the 2wdeg(ll(g)).

Notice that the morhism F : CT'S — [l (g) defined by X — X — iJX, induces an
isomorphism between T'S and Il (g) so we deduce that |deg(li(g))] = x(S). In order to
conclude we need to prove that the isomorphism induced by F' preserve the orientation, i.e.
that, if (X,Y) is any oriented basis of T'S, then F(Y) = oF'(X) with Im(«) > 0.

Recall that, by Lemma there is a positive basis (X,Y) of T'S such that JX = uY and
JY = —iX. Since F(X) = X — iuY is in the eigenspace V;, which is contained in the upper
component of Pc(CT'S) \ Pr(T'S), we deduce that Im(—i) > 0 (see Remark . On the
other hand we simply see that F(Y) = fiF(X) and we conclude.

O

Remark 6.12. The form KdA can be defined any time a bi-complex structure J compatible
with the metric exists, that is any time the set of isotropic directions can be written as the
union of two linear subbundles. The proof above shows that in general its integral computes
the degree of the bundle Il4 (g). Notice however that this degree is not necessarily x(.5). In

fact it is not hard to construct examples of complex metrics such that ll1(g) is trivial.

6.3. A Uniformization Theorem through Bers Theorem. The aim of this subsection
is to prove a generalization of the classic Riemann’s Uniformization Theorem for bicomplex
structures and complex metrics.

Before stating the main theorem, we recall some notions about quasi-Fuchsian representa-
tions.

A representation p: m1(S) — PSL(2, C) is quasi-Fuchsian if its limit set A, C CP?, i.e. the
set of accumulation points of any p(my(S))—orbit in CPP!, is a Jordan curve in CIPL. Since this
condition is preserved by the action of PSL(2,C), the set of quasi-Fuchsian representations
defines an open subset of the character variety QF(S) C X(5).

Theorem 6.13 (Bers Simultaneous Uniformization Theorem, [I]). Let S be an oriented
surface with x(S) < 0. For all Jy, Jo complex structures over S, there exists a unique quasi-
Fuchsian representation p = p(Jy, J2): m1(S) — PSL(2, C) such that, defined A, C CP! as
the limit set of p and Q4,Q_ as the connected components of CP! \ A,
e there exists a unique diffeomorphism fi: S = Q., which is Ji-holomorphic and
p-equivariant;
e there exists a unique diffeomorphism fs: S = Q_, which is J-antiholomorphic and

p-equivariant.

Moreover, (p, f1, f2) are continuous functions of (Jy, J2) € BC(S).
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This correspondence determines a homeomorphism in the quotient
B:B(S) x B(S) = QF(S) (29)

where B(S) is the Teichmiiller space of S.

Define
Por(S) = Hol  (QF(S)),
PQF(S) = Hol_l(QF(S))

which, by continuity of the holonomy maps, are open subsets of ﬁ(S ) and of P(S5).

Theorem 6.14 (W. Goldman, [I2]). Let S be a compact oriented surface of genus g(S) > 2.

An open connected component of the space 73Q r(S) is

5 (8) = f: S — CP!, p-equiv. with quasi-Fuchsian
ol mondromy p: m (S) = PSL(2,C), with f(S)NA, =0

Moreover, the restriction

Hol: Po(S)/DiHO( 5) = Po(S) = QF(S)

is a homeomorphism.
With the notations of Theorem and equation , the inverse is given by

ol = LA = £ (370D |

We are now able to state a generalization of the Uniformization Theorem.

For an oriented surface S, define
CM™,(S) := {Positive complex metrics with constant curvature —1}

endowed with the subspace topology from CM™(S).

Theorem 6.15. Let S be an oriented surface with x(S) < 0.

1) For all g € CM™(S), there exists a smooth f: .S — C* such that f - g has constant
curvature —1 and quasi-Fuchsian holonomy.

More precisely, the map
J: CM™(S) — BC(9S)
g lgl=J,
admits a continuous right inverse

U: C(S) x C(S) = BC(S) — CM™*,(5)
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such that the diagram
C(S) x C(S) = BC(S) —— CM*,(S)

| =

B(S) x B(S) — 22— X(5)

commutes, where B is defined as in .
If S is closed, the image of il is the connected component of CM™,(S) containing

Riemannian metrics.

Proof of Theorem [6.15] 1) Consider J € BC(S), which corresponds to two complex

structures (Jy, J2) € C(S) x C(S).
Applying Theorem to the couple (Ja, J1), there exist:
— p=p(J1,J2): m1(S) — PSL(2,C) quasi-Fuchsian;
- fi: S — CP! Ji-antiholomorphic and p-equivariant embedding;
— fa: S — CP! Ja-holomorphic and p-equivariant embedding
with Im(f1) N Im(f2) = 0. Hence, we have an admissible, p-equivariant embedding

oc=(f1,f2): S — G=CP' x CP"\ A.

By Theorem the pull-back complex metric on S is positive and projects to a
positive complex metric g on S.

After we show that the constructed g is compatible with J, the thesis follows by
defining U(J) := g. Let w; and wy be the complex coordinates on S induced by J;
and J, respectively. Then,

4
g:mfl*dzl'f;dZQZ Qdfl'deZ

4
(f1 — f2)
_ 4 af1 9fs w7 - duwsy:

(f1r = f2)? 0wy Ow,
hence V;(J1) = Vi(J) and V_;(J2) = V_;(J) are the isotropic directions of g.
Since one can see

Im(U) = {g | (Lo J)(9) = g} C CMZ,(S),

Im(41) is a closed connected subset of CM ™, (S). We need to prove that it is also
open.

As we stated in Theorem for any g € CM™, there exist two developing maps
for projective structures f; and fo on S and S respectively, uniquely defined up to
post-composition with elements in PSL(2, C), such that o = (f1, f2): (5,3) — G is
an isometric immersion. We therefore have a map

proj: CM™*,(S) — 73(5’) X ﬁ(?)
9= "(f1,f2)"(; e = ([Al D)

The thesis follows after we show that

Im(81) = proj ' (Po(S) x Po(S))
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since Py(S) is an open subset of Por(S), hence of P(S).
By construction of 4, clearly
Im(Y) C proj = (Po(S) x Po(S)).

Conversely, assume g = (f1, f2)* (-, e € proj = (Po(S) x Po(S)). Since holj, =
holy,: m(S) — PSL(2,C), f1 and fs, by Theorem the maps fi; and f> cor-
respond exactly to the maps one gets through Theorem [6.13] from the couple of

complex structures (f7(JCF"), f3(—JCP"), hence
(1o f2)" (e = WA, F5(-3).
(I
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