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Minimal surfaces in germs of
hyperbolic 3—manifolds
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Abstract This article introduces a universal moduli space for the set
whose archetypal element is a pair that consists of a metric and second
fundamental form from a compact, oriented, positive genus minimal sur-
face in some hyperbolic 3—manifold. This moduli space is a smooth, finite
dimensional manifold with canonical maps to both the cotangent bundle
of the Teichmiiller space and the space of SO3(C) representations for the
given genus surface. These two maps embed the universal moduli space as
a Lagrangian submanifold in the product of the latter two spaces.
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1 Introduction

Immersed, compact, minimal surfaces are now known to appear in every com-
pact, hyperbolic 3-manifold. Indeed, Schoen and Yau [I4] proved that a Haken
hyperbolic manifold has at least one stable minimal surface. More recently, Pitts
and Rubinstein [IT, [0, 2], (see also [B]) proved that all compact, hyperbolic
3—-manifolds have at least one unstable, immersed, minimal surface. Other au-
thors, for example Freedman, Hass and Scott [8] and Hass and Scott [9] also
have foundational papers on this subject. The ubiquity of minimal surfaces
in hyperbolic 3—manifolds motivates the introduction and study of a universal
moduli space for the set whose archetypal element is a pair that consists of a
metric and second fundamental form from a compact, oriented, positive genus
minimal surface in some hyperbolic 3—manifold. This article introduces such a
moduli space and takes some (very) small steps to elucidate its properties.

In this regard, the moduli space introduced below has components that are
labeled in part by the Euler class, —y, of the surface. As explained below,
the component with label x is a smooth, orientable manifold of dimension 6.
Numerologists might notice that this number is the dimension of the cotangent
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70 Clifford Henry Taubes

bundle to the Euler class —y Teichmiiller space, and that it is also the dimension
of the adjoint action quotient of the space of homomorphisms from the surface
fundamental group to PSLy(C) in its guise as the group SO3(C). In fact, the
moduli space introduced here admits a canonical map to each of the latter two
spaces, and these maps play a central role in what follows.

The symbol H is used below to denote the union of the fixed x components of
the moduli space.

Before starting, please note that there is a tremendous body of published re-
search on the subject of minimal surfaces in 3—manifolds. The fact is that such
surfaces are an old and well used tool for studying hyperbolic 3—manifolds and
3—manifolds in general. Meanwhile, the author pleads the case of a noviate
to the subjects of minimal surfaces and hyperbolic 3—manifolds. On the basis
of this meager excuse, the author hereby asks to be forgiven for his rhyolitic
ignorance of the fundamental work of others, and also for belaboring what may
appear obvious to the experts.

In any event, Rubinstein [[2] has an excellent review of various aspects of
the minimal surface story as applied to 3—manifolds. Meanwhile, Colding and
Minnicozzi [4] have a recent monograph that reviews many of the more analytic
aspects of the subject. On the bigger subject of 3—manifolds, Scott’s exposition
[15] is still very much worth reading.

Finally, take note that moduli spaces of minimal surfaces have been introduced
by others (Brian White [I7] and also Colding and Minnicozzi [5], for example);
however, the results in these studies do not appear to speak directly to the
moduli space defined here.

The remainder of this article is organized as follows: The subsequent parts of
this section provide the precise definition of H and describes its canonical maps
to the cotangent bundle of Teichmiiller space and to

Hom(m(E); SOg(C))/ SOg(C)

Section Bl explains why H is a smooth manifold, while Section Bl describes the
critical loci of its two canonical maps. Section Bl next describes the pull-backs
via these maps of certain natural symplectic structures on the Teichmiiller space
cotangent bundle and on Hom(71(X); SO3(C))/ SO3(C). SectionHexplains why
every element in H arises as a minimal surface in some (usually incomplete)
hyperbolic 3—manifold. Finally, Section Bl describes an open subset of H whose
elements arise as minimal surfaces in certain complete, quasi-Fuchsian hyper-
bolic metrics on ¥ x R. There are also a number of appendices for novices that
provide derivations of more or less classical formulas.
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Minimal surfaces in germs of hyperbolic 3—manifolds 71

1.1 The definition of H

In what follows, ¥ denotes a compact, oriented, 2—dimensional manifold with
negative Euler characteristic. The absolute value of the Euler characteristic is
denoted as x. A pair (g,m) of Riemannian metric and symmetric section of
T3 ®T*% will be called a “hyperbolic germ” on 3 if the following conditions
are met:

decmap —dpmac =0

1 (1.1a)
T+(|m|2+§)—k’2:0

Here, and below, the notation is as follows: First, the subscripts indicate com-
ponents with respect to some local frame for T*Y. Second, dc denotes the
covariant derivative defined by the metric g, the norms are defined by the met-
ric g, and the respective functions r and k are the scalar curvature for the
metric g and the trace of m as defined using the metric g. Finally, repeated
indices are to be summed.

A “minimal hyperbolic germ” on ¥ is a pair, (g,m), of metric and symmetric
tensor that obeys both (LCIal) together with the auxiliary condition

k=g*Pmap =0. (1.1b)

With regards to the terminology, an argument is given below to prove that
there is an honest hyperbolic metric on a neighborhood of ¥ x {0} in ¥ x R
whose respective first and second fundamental forms on ¥ x {0} are g and m
when (g,m) is a hyperbolic germ. The latter metric and that defined by the
line element

1 1
ds® = (gap + 2tmap + 5162(|m|2 + g)gAB)dzAdzB + dt? (1.2)

agree to order 3 near t = 0. In this regard, a metric given by (CZ) has
R;; = —%g;; at t =0 if and only if (CI&) holds. Thus, ([I&) insures that the
metric in (C2) is hyperbolic to first order at t = 0. Granted ([LIal), the surface
¥ x {0} has zero mean, extrinsic curvature with respect to this same metric
if and only if (LIH) holds. Thus, it is a minimal surface with respect to the
metric in ([CZ) and to the associated hyperbolic metric on a neighborhood of
¥ x {0} in ¥ x R. In this regard, keep in mind that the normalization used
here is such that the scalar curvature of the 3—dimensional hyperbolic metric

is —1; thus its sectional curvatures are —%.

Define an equivalence relation on the space of hyperbolic germs whereby any
given pair of such germs are identified when one is obtained from the other by
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72 Clifford Henry Taubes

a diffeomorphism of ¥ that lies in the component of the identity in Diff(¥). In

this regard, the infinitesimal form of the diffeomorphism group’s action on the

space of hyperbolic germs has a vector field, v494, sending gap and map to

dg9aB = davp +dpva (13)

and odmap = Ucd(ijB + mpedave + macdpuc. .

Note that this equivalence relation preserves the subset of minimal hyperbolic
germs.

Let H denote the quotient. Thus, H = {minimal hyperbolic germs}/ Diffy(2),
where Diff((3) is the component of the identity in the diffeomorphism group of
Y. The set H inherits the quotient topology with the understanding that the
hyperbolic germs have the induced topology as a subset of the space of smooth,
symmetric, 2 X 2 tensor fields on . Please tolerate the notation used below
whereby a pair of metric and traceless, symmetric tensor is said to “be in” H.
Of course, this means that the Diffy(X) orbit of the given pair is in H.

By the way, H is assuredly non-empty; indeed, if ¢ is a hyperbolic metric on X
with scalar curvature —%, then the pair (g,0) defines a point in H. According
to the upcoming Theorem Bl this is but a small slice of H. In any event, the
space ‘H is the subject of this article. What follows is a brief summary of the
story.

The space H is a smooth, orientable manifold whose dimension is 6y where
x denotes the absolute value of the Euler characteristic of . Moreover, H
admits smooth maps to the cotangent bundle of ¥’s Teichmiiller space and to
the moduli space of flat, SO3(C) connections on ¥, both spaces with dimension
6x. Neither map is proper and both admit critical points. This said, here is
a surprise: The critical loci of these maps are identical, this being the loci of
pairs in H where ¥ x {0} has isotopies in ¥ x R that preserve its minimality
to first order. However, even as the critical loci agree, the kernels of the re-
spective differentials are linearly independent. The reasons for this coincidence
are mysterious, though almost surely related to the following added surprise:
The canonical symplectic forms on the cotangent bundle to Teichmiiller space
and on the space of flat SO3(C) connections agree upon pull-back to H. In
particular, with the signs of these symplectic forms suitably chosen, these maps
immerse H as a Lagrangian subvariety in the product of the cotangent bundle
to Teichmiiller space and the smooth portion of Hom(7;;SO3(C))/SO3(C).

By the way, an analysis of the critical loci of these maps from H leads to the
following observation: The nullity of a compact, oriented and immersed minimal
surface in a hyperbolic 3—manifold is no larger than 3 times the absolute value
of its Euler class.
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Minimal surfaces in germs of hyperbolic 3—manifolds 73

1.2 'H and Teichmiiller space

The additive group of smooth functions acts on the space of metrics to change
the conformal factor. This is to say that a function u sends a metric g to e “g.
This action extends to one on the space of pairs (g, m) with m left unchanged.
Defined in this way, the first equation in (CIal) is preserved by this action,
as is the equation in ([LID)). The second equation is not invariant under such
a change. As demonstrated in the appendix, the second equation changes as
follows:

1 1
Te—ug + |m|§,ug + 3= e'(rg + Agu+ e“|m|§ + ge_“). (1.4)

In any event, the quotient of the space of smooth metrics on 3 by the action of
the semi-direct product of Diffy and C*°(X) is called Teichmiiller space. Here
it is denoted by 7; it is a smooth manifold of dimension 3x. The projection
from the space of metrics to 7 induces a smooth map from H to T7. For
certain purposes, it is often convenient to view this projection as a map to
T*T ; this is done by using the second component of any pair (g, m) to define a
measure on Y with values in Sym?(7TY), this denoted by 7n. In particular 1
has components

MAB — det(g)%gACgBDmCD (1.5)

in a local coordinate frame. The tensor-valued measure m then defines a linear
functional on the tangent space to the space of metrics, this the functional
whose value on a symmetric tensor h is given by

/mABhAB:/gACgBDmCDhAdeolg. (1.6)
% %

Because m is traceless and obeys the top equation in ([LIal), the linear function
defined by (CH) annihilates tangent vectors at g to the orbit of Diffs(X) x
C*°(X). Thus, it descends with ¢ to define an element in 77 .

Granted the preceding, any pair (g,m) € H gives a point in T*7, and these
assignments thus define a canonical map from H to T*7 .

1.3 M and SOs(C)

Change gears now to consider the assertion that any given pair (g,m) € H can
also be used to define a flat SO3(C) connection over ¥. To elaborate, these
will be connections on the complexification, E, of T*¥ @& R. For the purpose
of defining such a connection, use the metric g with the Euclidean metric to
define an inner product, (,)y, on T*3 @ R. The latter induces a C-bilinear,
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quadratic form on E which will be denoted in the same way. Since F is the
complexification of a real 3—plane bundle, it inherits a tautological complex
conjugation involution; this denoted by an overbar. Of course, this complex
conjugation and the bilinear form define a hermitian inner product on E in the
usual way; this the polarization of the norm whose square sends n to (7, 7) .

An SO3(C) connection on E is defined by its covariant derivative, V. In this
regard, the latter must have the property that

d{n.n'), = (Vo.1'), +n, V'), (1.7)
whenever 1 and 71’ are sections of E.

The flat SO3(C) connection defined by (g, m) is best expressed using a local,
oriented orthonormal frame {eA} A=1,2 for T*X and the unit vector, e3,on R
that points in the positive direction. With respect to such a frame, any given
section n of E that is defined where the local frame is defined can be written

as a column vector,
B
= 1.8
0= (") (18)

The covariant derivative defined by the pair (g,m) sends such a section to
Vn = Vaned with

_ (danp + 9ABU3>
Van = 1.9
Al <dA773 — Oacne (1.9)

and .
)
0AB = MAB + —=€AB. (1.10)

V6

Here, d4 now denotes the metric’s covariant derivative when acting on a section
of T*Y ¢, and it denotes the exterior derivative when acting on a complex-valued
function.

For use below, note parenthetically that three related, flat connections can also
be defined on E. To define the first, introduce the isometry T: E — E that acts
trivially on the R factor and as multiplication by —1 on the T3 factor. This
done, the new covariant derivative, V', is given by the formula V' = TVT. In
particular, V' is given with respect to the orthonormal frame {eA} by replacing
every 45 by —04p in (CY). Note that T defines an automorphism of E with
values in SO(3), so V and V' are gauge equivalent.

The remaining two flat connections are also defined by their covariant deriva-
tives, these denoted by V and V'. In this regard, V' =TVT while V is defined
by the formula

Vn = V1. (1.11)
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In particular, the formula for V with respect to a local frame is obtained
from (ICY) by replacing every 645 by its complex conjugate. Note that the for-
mal L? adjoint of V as defined using the Hermitian inner product on C*(E)
is VI = —V. Likewise, V/I = -V'.

With an inner product fixed on T %« X @& R, let M denote the moduli space of
flat SO3(C) connections on the complexification, F. This is the quotient of the
space of flat SO3(C) connections by the action of the group of automorphisms
of E. In this regard, note that parallel transport around a fixed basis for m(X)
identifies M with the quotient in (SO3(C))X*2 of a codimension 6 subvariety
by the adjoint action of SO3(C). Here, the subvariety in question is the inverse
image of the identity in SO3(C) under the map that sends a (x + 2)-tuple of
matrices (Ui, ...,Uy42) to

(WUUT U - (Uyer Uy2U UL, (1.12)

It is useful at times to fix a base point, zy € X, and take the quotient by the
group of automorphisms that act as the identity on the fiber of E over z.
The choice of a generating basis for the fundamental group m(X;29) identifies
the latter space, M, with the aforementioned codimension 6 subvariety in
(SO3(C))X*2. With regards to the structure of M, note that the differential
of the map f has a cokernel only at those (x+2)—tuples that consist of matrices
that all fix a non-zero element in the lie algebra under the adjoint representation.
A connection that corresponds to the latter sort of (x + 2)—tuple is said to be
“reducible”. In particular, note that a connection is reducible if and only if
there exists a non-zero section of E that is annihilated by the corresponding
covariant derivative. The complement in M of the set reducible connections is
a smooth manifold of dimension 6y.

The association of the covariant derivative V to a pair (g,m) € H defines a
continuous map from H to M. As argued below, the image of H avoids the
reducible connections.

2 The structure of H

The following theorem is the principle result of this subsection:

Theorem 2.1 The space ‘H has the structure of a smooth, orientable manifold
of dimension 6y. Moreover, H comes equipped with a smooth action of S,
this provided by the map that sends 7 € S' = R/(27Z) and (g,m) € H to
(g,cosTm + sinTe - m) where € - m is the symmetric, traceless tensor with
components € gqcmcp in a local, g—orthonormal frame.

Geometry & Topology Monographs, Volume 7 (2004)



76 Clifford Henry Taubes

Note that this circle action is free away from the locus in H whose elements are

pairs of the form (g,0) where g is a metric on ¥ with constant scalar curvature
1

3
The remainder of this subsection is occupied with the proof of this proposition.

To start the proof, remark first that the linearization of the equations in ([CTal)
and (LIH)) about any given pair (g, m) defines a differential operator; the latter
denoted by L(g,,) in what follows. In local coordinates, this operator sends
a pair consisting of a symmetric tensor and a symmetric, traceless tensor to a
pair consisting of a 1-form and a functions. In particular, the map sends a pair
(hap,nap) to the vector/function pair

1
vB = ecadenap + —eac(dchpp)map

2
1 1
+ §(€EFdEhFc)ch + §€CBdc(hEFmEF), (2.1)
11
V3 = 5(5 — |m|*)haa + dadphap — dgdphaa + 2napmap.

In this regard, the first order variation of map is not nap, but rather nap +
%gAB(hEFmEF); this an imposition from (CIH).

This Ly, extends as a bounded, linear map from various Sobolev space
completions of its domain to corresponding completions of the range space
as a semi-Fredholm map, a map with infinite dimensional kernel, closed range
and finite dimensional cokernel. For example, it has such an extension from
Li(Sym?T*Y) @ L2(Sym? T*Y) to L3(T*Y) @ LA(%).

By the way, the kernel is infinite dimensional due to the fact that all pairs (h, n)
that induce (L3) are in its kernel. This said, introduce the operator [y ,,) that
maps 1-forms to the domain of L, ,,) by the rule

vp — (davp + dpva,v“demap + mpedave + macdpve — gap(mprdgvr)).

(2.2)
The restriction of L, ,,) to the L?-orthogonal complement of the image of
l(g;m) 1s then Fredholm. Let L,(, ) denote this restricted operator. The im-
plicit function theorem in conjunction with “off the shelf” differential equation
technology can be employed to prove the following:

Lemma 2.2 Let (g,m) € H. There exists a ball B about the origin in the
kernel of Ly (g ), a smooth map,

f1 B — cokernel(Ly(g m)) (2.3)
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that maps 0 to 0, and a homeomorphism from f~'(0) to a neighborhood of
(9,m) in H that sends the origin to (g,m). Moreover, if L,y ) has trivial
cokernel at a given (g, m), then the corresponding cokernel is trivial at all points
in some neighborhood of (g, m) in H; and this neighborhood has the structure
of a smooth manifold of dimension 6.

Those points in H where the cokernel of the operator L. is trivial will be called
“regular points”. This understood, the fact that the space H is a manifold
follows from

Proposition 2.3 All points in ‘H are regular points.

Proof of Proposition A pair (0p,03) is in the cokernel of L, ) if and
only if it is L?-orthogonal to all pairs (yg,73) that can be written as in (ZTI). It
proves useful for this and other purposes to replace (op,03) with vy, = —epcoc
and vg = —203. As is explained in Appendix [, the fact that (op,03) is in the
cokernel of L, ,,) implies that

nB = v + i\/é(—ECBdcvg + UEEC'BmEC')a

13
N3 = v3 + Z\/;SEFdEUF,
(2.4)

up =0, and

. /3
us = —Z\/;dc’l)c

gives respective complex-valued sections 7 and u of T*Y @& R that obey the
equation

Van = eagVigu. (2.5)
Granted that such is the case, it then follows that both
ViVan=0 and VaVu=0. (2.6)
With (2.7) noted, the proof of Proposition 2.3 is obtained by invoking

Lemma 2.4 The operators V',V 4 and V V', are equal. Moreover, if n is
annihilated by either, then ng = 0 and n3 obeys the equation

1
dadans + (Im|* — 5)773 =0. (2.7)
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The proof of the Lemma 4] is given momentarily. To obtain Proposition B3],
note that in the case at hand, with 7 given by (Z4]), this lemma implies that
the cokernel element to L(g,m) defined by (vp,vs3) has vp = 0 since the latter
is the real part of np. This then implies via the third and fourth lines in (ZZI)
that v = 0 and then (Z3) requires that v3 =0 as well.

Proof of Lemma [Z4 Written in their components, the equation V/,Van =
0 and the equation V4V’ u = 0 read:
1 1 1
dadang + =(Im|* — 2)np + —=(mapeac + eapmac)ne =0
2 3 VG (2.8)

1
dadans + (Im|* — 5)773 =0.

To see that only ng = 0 solves the top equation, take its C—linear inner product
with 75 and then integrate over Y. After an integration by parts, one obtains
the equality

o 1 1. 1 __
/(dA??BdA??B) =5 / (Im|* = S )mBns + —= / (mapeac +eapmac)NBENC-
s 2 Js 3 V6 Jsx
(2.9)
Now, the second term on the right side in (9)) is purely imaginary by virtue
of the fact that the tensor mape ¢ is symmetric when ([LIH) holds. As the
other terms in ([Z9) are real, it follows that

1 1
[ (dammdsns) =5 [ (mf? =~ s, (210)
s 2 /s 3
To see that no such equality can hold if np is nonzero, note that
1
[ (damdane) = [ (eacdanc? + ldana) - 5 [ rmmns. (211)
by by by

In particular, with the value for r from ([CTal), these last two equations imply
that

1 9 1. 1 9 1.

= = <= - = 2.12

2/2(\7”’ +3)Bns < 2/2(\77%! 3 TB5 (2.12)
which requires that np = 0. O

As is explained next, the fact that H is orientable follows using the Atiyah—
Singer index theorem for families of operators. To elaborate, remark first
that the family in question is that defined by the pair of operators Dy ,,,) =
(L(g,m); lzﬁgvm))’ where lz*g’m) is the formal L?—-adjoint of the operator l(g,m) that
appears in (Z2). Thus, D(g,m) maps a pair consisting of a symmetric tensor
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and a symmetric, traceless tensor to a triple consisting of a 1—form, a func-
tion, and a vector field on . This operator is defined for any pair (g,m) of
metric on Y and traceless, symmetric tensor. It is equivariant with respect to
the action of Diffy(X2) on the space of such pairs, and it is Fredholm for any
given pair (g, m). This noted, the Atiyah—Singer index theorem for families of
operators [2] asserts that the kernels and cokernels of this operator as the pair
(g,m) vary defines a class in the real, Diffy(X)—invariant real K—theory of the
space of pairs of metric and symmetric, traceless tensor on X.

The relevance of this last point to the orientation question stems from the fact
that the kernel of D, ,,) along the inverse image of H projects to ‘H as its
tangent space. Thus, the first Stiefel-Whitney class of the corresponding K-
theory class along H is that of the tangent bundle to H. In particular, H is
orientable if the first Stiefel-Whitney class of this K —theory class is zero.

To prove that such is the case, note that the space of pairs (g, m) deformation
retracts in the obvious manner onto its m = 0 subspace. On the latter subspace,
a given version of this operator sends a pair (h,n) in its domain to

1
(eacdcnas, EhAA +dadphap — dpdphaa, —2dahap)
€ C%(T*S) @ O%(S) @ C=(TX). (2.13)

The kernel of such a (g,0) version of Dy, consists of the pairs (h,n) where
both are traceless and symmetric and both the w = h and w = n versions of
the equation e4cdcwep = 0 are satisfied. Meanwhile, the cokernel is trivial
in all cases because no metric on a surface with genus greater then 1 has a
non-trivial, conformal Killing vector field.

As just identified, the kernel space of Dy o) admits the evident almost complex
structure that sends a pair (h,n) to (e-h,e-n); thus it can be viewed as a vector
space over C. This complex structure is compatible with the Diff(X) action,
and so the Diffy(X)—equivariant K —theory class in question comes from a com-
plex K -theory class. As such, its first Stiefel-Whitney class is automatically
ZETO.

3 The maps from H to M and T"7

The purpose of this section is to describe certain aspects of the maps from H
to M and from H to T*7 . The map to M is considered first. In this regard,
note that Lemma B4 has the following immediate corollary:
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Proposition 3.1 The image of H in M has no reducible connections.

Proof of Proposition Bl Indeed, if A is reducible, then there is a non-
trivial section of F that is annihilated by V 4. Such a section is then annihilated
by V/;V4 and so it has only its third component non-trivial. However, since
0 ap is invertible, this is impossible if it is annihilated by V4. ]

To study the differentiable aspects of the map to M, a preliminary digression
is needed to introduce a “Zariski tangent space” to the SO3(C)—orbit of a flat
connection: If V is the corresponding covariant derivative on F, then this
Zariski tangent space is the vector space of E—valued 1-forms that obey

eapVawpg =0 and —Vwas =0. (3.1)

Use TM|y to denote the vector space of such forms. In the case that the
connection is irreducible, then T M|y has dimension 6. Note that when a is
any given F—valued 1-form, then Hodge theory provides its decomposition as

CLAZVAa-l-EABvBﬂ—i-wA (3.2)

where w € TM|y and both a and § are sections of E. Note that this de-
composition is orthogonal with respect to the L?~hermitian inner product on
T*¥ ® E. Furthermore, w is uniquely defined by v; and so are a and 8 when
the connection is irreducible.

Now, the tangent space to a pair (g,m) € H can be identified with the vector
space of pairs (h,n) that make (vg,73) from (ZII) vanish identically and are
such that

1 1
—dahac + gnapdemas — da(napmpe + §hEFmEFmAC) =0 (3.3)

In this regard, remember that both h and n are symmetric tensors with n
traceless, and that they define respective first order deformations of ¢ and
m that are given by dgap = hap and 0map = nap + hgrpmprgap. The
condition in ([3)) asserts only that this version of g and ém is L?—orthogonal
to all versions of dg and dm that are given by (3.

To proceed, define an E—valued 1-form v by writing its components (vap, v43)
as
1 1 1
VAB = —€AENEB + €aBhcpmep — secpmrahcr — —=hap
2 2 26 (3.4)

1 1
VA3 = 5AE(§dChCE — §dEhCC)'
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The vanishing of the right hand side of the equations in (ZJ]) is then the asser-
tion that
cacVave = 0. (3.5)

This section v of E®T*3. is introduced for the following reason: The “Zariski”
tangent space to M at the connection that defines V is the vector space of
sections of E®T*Y that obey the equations VQqA =0=¢e4Vaqp. Moreover,
the L?-orthogonal projection of v onto this space provides the image of the
tangent vector (h,n) to H in this Zariski tangent space. This understood, the
kernel of the differential at (g, m) of the map from H to M is isomorphic to the
subspace of pairs (h,n) for which the corresponding v in (B2l can be written
as v4 = Vu with v a smooth section of E.

Proposition 3.2 The kernel of the differential at (g,m) of the map from
H to M is canonically isomorphic to the kernel of the operator A .,y =
—dede — |m|? + % Moreover, the isomorphism in question sends a function
o € kernel(Ay ) to the pair (h,n) € TH g that are given in a local frame
by

hap = — (dAO'B + dBO'A) — 2maBo

nep = — (opdpmpe +mepdpop +mppdcor — gopmardaor) (3.
1
+(dpdco — 59pcdadao);

here {04} are determined by requiring (h,n) to be orthogonal to the tangent
space to the orbit of Diffy(X) through (g, m).

Proof of Proposition There are two parts to the proof. The first argues
that any pair (h,n) as given by the proposition defines a non-trivial tangent
vector to H at (g, m). The second part proves that the kernel of the differential
at (g,m) of the map to M has the asserted form.

Part 1: Suppose that dcdco + (jm> — )0 = 0 and o is not identically

zero. To prove that the pair (h,n) in (B8 defines a non-zero tangent vector
to H it is necessary to explain why there is no choice for {04} that makes
(h,n) identically zero, and why the pair (h,n) makes (yg,73) in ZII) equal
to zero. For the first task, note that if hqp = 0, then dgcoc = 0 and also
—|m|?u = mapdaop. Thus, the vanishing of (B8 is equivalent to the equations

dooc =0,

daop +dpoa — gapdcoc — 2mapo =0, (37

+ |m|*)gap — dadpo + opdrpmap + mordpor + mprdcor = 0.

Wl

(

N =
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With the substitute notation 04 — v4 and o — vs, this is a version of ([D.2)
in Appendix[Dl As established in Appendix[D] the latter equation is equivalent
to the assertion that complex-valued section, 7, of T*¥ @& R that is given by
the top line of (Z4]) obeys the u = 0 version of (ZI). However, according to
Proposition B, this means that n = 0, and such can not be the case unless
o =0 as well.

The proof that (h,n) makes (y4,73) vanish is left as a chore for the reader.

Part 2: If (h,n) is mapped to zero by the differential of the map to M, then
v given by B4 as the form v = Vu. This assumed, write v = a4 i where «
and § have purely real components. The equation v = Vu implies that

hap = —V6(daBs +dpfa + eapleprdpfr + \/ga?)) +2mapf3).  (3.8)

Note that this last equation implies straight off that

2
egrdefr + £043 =0 (3.9)

V3
because hgp is symmetric. Thus, the first line in (BH) is seen to hold using

op =—V60p and 0 = —V605.

To obtain the required equation of ¢ = —v/603, note first that as vas is purely
real, the equation v = Vu also implies that

1
dafs —mapBp — JooABaB = 0. (3.10)

To continue, act by d4 on both sides of this last equation, sum over the index
A, and invoke the requirement from [EX) that maghap = —2v6mapdafBs —
21/6|m|?33. The resulting equation reads

1 1
dadafBs + |m|*Bs + ngABhAB - %EABdAOéB = 0. (3.11)
Meanwhile, a return to ([B4) for v4p finds that
4
mAaBhAB = 26ABVAB = 2e4pdaap — — 3.12
ahap ABVAB Apdaap \/653 (3.12)
and so (BITI) asserts that

dadafs + (Im|? — %)53 0. (3.13)

To obtain the second line of (B8), note that under the given assumptions, (B.4)
implies that

1 1
nep — gmrpher = ecadaap +ecamapas + %90353- (3.14)
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Using (10) to write ap = V6(eppdpBs — eppmpcfc) then finds

1
ncp = §mFBhCF +V6ecada(eppdpBs — eppmprBr)

3 1
—1/= d — . (315
\/;50AmAB€EF BBF + \/690363 (3.15)
This then rearranges as

1

1
+ %90353 —V6dp(merBr) + V6gepmardaBr
3 3
- \/;mABdcﬁA + \/;mABdAﬁc. (3.16)
Meanwhile, (BX) also has
1

1 1
_§mFBhCF = 5\/5(mABdAﬁc +mapdcBa) + 5\/69031”1\253- (3.17)

Inserting this into (BI2) finds the second assertion in (B4). D

The next proposition provides a characterization of the critical set for the map
from H to T*7T.

Proposition 3.3 The kernel of the differential at (g,m) of the map from
H to T*T is canonically isomorphic to the kernel of the operator A, ) =
—dode — |m|* + % Moreover, the isomorphism in question sends a function
o € kernel(Ay ) to the pair (h,n) € THy ) that are given in a local frame
by

hap = —(daop + dpoa) + gapo

(3.18)
ncp = —(ordrmpe + merdpor + mprdcop — geBMAFAACF)

where {04} are determined by requiring (h,n ) to be orthogonal to the tangent
space to the orbit of Diffy(X) through (g, m).

Proof of Proposition Any element in the kernel of the differential of
the map to T*7 must have the form given above for some function o, so
the proposition follows by verifying two assertions: First, if o is a non-trivial
element of the kernel of A, ), then no choice for {c4} makes (B6) vanish.
Second, if (h,n) € TH|(ym) and in the kernel of the differential of the map to
T % T, then o € kernel(Ay .,,)).

Geometry & Topology Monographs, Volume 7 (2004)



84 Clifford Henry Taubes

To verify the first assertion, suppose that the right hand side of (B4 is zero.
Now define a real-valued section (v4,v3) of T*X @ R by setting vq = o4 and
v3 = 0. This section then satisfies ([O.6) with x = 0 and 0 = dcve. Now, as a
consequence of Lemma[D] the section 1 as defined in (1) obeys V/,V.an =0
and then Lemma 4l asserts that ng = 0. Thus, vg = op =0 and so ¢ = 0.

To verify the second assertion, it is sufficient to verify that the pair (h,n)
in ([(ET4) make ([ZT)’s pair (yp,73) vanish if and only if o € kernel(A(, ,,,y). In
this regard, it is sufficient to consider the case where {34 = 0}. In this case,
ncp = 0 and yp vanishes identically and the second line of (Z1I) asserts that
o € kernel(A (g ). O

It is almost surely the case that neither the map from H to T%7 nor that from H
to M is proper. In this regard, known results about the behavior of sequences
of immersed surfaces in a fixed 3—manifold (see, e.g. [Il [M6, [T3]) are surely
relevant. In any event, non-convergent sequences in H can be characterized to
some extent.

4 'H and symplectic forms on 7*7 and M

Propositions and nix certain obvious candidate for a symplectic form on
H. To elaborate, let Met(X) denote the space of smooth Riemannian metrics
on ¥ and let T* Met(X) denote the bundle over Met(X) whose fiber is the
space of symmetric, measured valued sections of A2T'Y. Note that this space
is a linear subspace of the honest cotangent bundle of X, the latter being a
space of distribution valued sections of A2T*Y. In any event, T* Met(X) has a
canonical, Diffy—invariant symplectic form; it is defined as follows: If (dg, dmn)
and (dg’,dm') are tangent vectors to T* Met, then their symplectic pairing is
by definition

/E (Sgandin 4B — s, somAB). (4.1)

Meanwhile, the set of pairs (g,m) that obey the conditions in (1.1) embeds in
T*% by the map that sends any given (g,m) to the pair (g,7) where m is
given in local coordinates by the tensor m4? = det(g)% d2¢¢BPmep. Thus,
H embeds in the quotient of 7™ Met(X) by the action of Diffg(X). In this
regard, the symplectic form in (]) does not descend to the whole of the latter.
However, it does formally descend to the Diffy(X) quotient of the zero set in
T*Met(X) of a certain “moment map”. This map, denoted by g, is the map

from 7™ Met(X) to the dual of the space of smooth 1-forms on ¥ that sends a
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pair (g,m) to the linear functional on C*°(T'Y) that assigns to any given vector
field (v4) the value

p(g,m)-v= / mABd vp. (4.2)
%

As the zero set of o consists of those pairs (g,70) such that damA® = 0, it
follows from the first line in (CTal) and (CIH) that H lies in p~1(0)/ Diffo(%).
As a consequence, the pairing in ([BJ]) defines a closed 2—form on H. This form
is denoted here by wy.

To be explicit, the form wy is defined on any two pair of tangent vectors at
the same given point in H as follows: Take any pair (g,m) that projects to the
given point in H and choose respective pairs (h,n) and (h',n') that project
to the given tangent vectors. Then, the pairing of the two vectors down on H
with the closed form is

As [TI) defines a closed form on T* Met (X)), so (3] defines a closed 2—form on
‘H. Thus, the latter is symplectic on H if it is non-degenerate. However, as will
now be explained, it is degenerate precisely on the critical locus for the map to
T*T. To see why, note first that the additive group of smooth functions acts
on T* Met(X) where by a function o sends a given pair (g,m) to (e~ %g,e%m).
This action is compatible with that of Diffy if the joint action is viewed as
one of a semi-direct product group. In any event, the action of C*°(X) also
preserves the symplectic form, it preserves p~!(0), and it has a moment map,
p, whose zero set is Diffg(X) invariant. In particular, the latter consists of
the pairs (g,7) for which gapmA4® = 0. In this regard, note that any pair
(g9,m) that solves (1.1) maps to the subset ~(0) N p~1(0) of T* Met(X). In
particular, this means that H C (p~1(0) N p~1(0))/ Diffo().

Granted these last points, note next that the quotient of ©~1(0) N p~1(0) by
the semi-direct product of Diff((X) and C*°(X) is T*7 . In addition, the pull-
back of the form in () to ~'(0) N p~1(0) is the pull-back from T*7 of the
canonical cotangent bundle symplectic form.

Coupled with the remarks of the previous paragraph, this then has the following
consequence: The form in [Z) is non-degenerate on H at non-critical points
of the projection to T*7 . Even so, it must annihilate the tangent vectors to H
that are mapped to 0 by the differential of the projection to T*7 .

Meanwhile, the smooth locus in M also has a canonical symplectic form; this
induced from the complex, symplectic pairing on C®°(T*X ® E) that assigns to
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an ordered pair (v,v’) of sections the number

/ Tr(v Av'). (4.4)
b

Here, Tr denotes the contraction of indices using the C—bilinear inner product
on F that is induced by the product metric on 7% @ R.

To elaborate, note that when V is the covariant derivative of a flat, irreducible
SO3(C) connection on E, then the tangent space at the image of V in M
can be identified with the quotient of the kernel of the corresponding covariant
exterior derivative,

dV: C¥(T*S ® E) — C¥(A*T*S ® E) (4.5)

by the image of V from C*°(E). This granted, an appeal to Stokes’ theorem
explains why the symplectic pairing in () sends a pair (v,v") to zero whenever
v € kernel(dV) and v’ € image(V). Thus, (@) descends as a closed form to
M. The desired symplectic form is obtained by first taking the imaginary part
of the resulting complex-valued form and then multiplying the result by the
seemingly perverse factor of —2v/6. Denote this form by wxs. To see that
wpq is non-degenerate, recall first that the quotient of the kernel of dV by the
image of V is isomorphic to the vector space of sections v of T*Y ® E that
obey both e4pVvp = 0 and also Vvya = 0. This vector space admits the
anti-holomorphic involution that sends v to ¢(v) where t(v)4 = icapTg. Then

wm(t(v),v) = [y [v[*dvol.

Now, the map from H to M pulls back the form wpq to a closed form on H
and one has:

Lemma 4.1 The pull-backs to ‘H of the symplectic forms on T*7T and M
agree.

Proof of Lemma H.Tl Let (¢g,m) € H and let V denote the resulting flat
SO3(C) connection from ([CY) and (CI0). When (h,n) is a tangent vector to
H at (g,m), then the differential of the map from (g, m) to M assigns the d¥ —
closed vector v in B4) to (h,n). If (h,n) and (K',n’) are two such vectors,
then the imaginary part of the pairing in (4] on the corresponding ordered
pair (v,v’) is exactly (—2v/6)~! times the pairing in @3 between (h,n) and
(h',n'). O

This last result has the following amusing corollary:
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Lemma 4.2 Let (g,m) € H and let K7 and Kaq denote the respective
kernels in T'H|(y ) of the differentials of the maps to T*7T and to M. Then
the following are true:

o K7 N Kuy = {0} and so the differential of the map to T*T is injective
on K while that of the map to M is injective on K.

e The cokernel at the image of (g,m) in T*T of the differential of the map
from H is the symplectic dual to the image of K, while the cokernel
at the image of (g,m) in M of the map from H is the symplectic dual
of the image of K.

e With suitable signs chosen for the symplectic forms on T*7 and M, the
maps to these spaces immerse ‘H in T*7T x M as a immersed, Lagrangian
subvariety.

With regards to this lemma, keep in mind that Propositions and respec-
tively identify K s and K7 with the kernel of the operator A = —dgodo + (% —
m|?).

Proof of Lemma To prove that K7 N K = {0}, appeal to Lemma [D.T]
in the Appendix to justify the remark that any element in this intersection
provides a non-zero pair of sections (n,u) of E that obey Van =ecapVizu As
argued in Section [ there are no such pairs.

Granted the first point of LemmaT] here is why the second point holds: Since
Ky is annihilated by the differential of the map to M, it must have zero
pairing with the whole of TH|,,,y using the pull-back of the symplectic from
from M. Thus, it has zero pairing with respect to the pull-back of the form
from T*7 . However, as it is mapped injectively to T'(T*7) by the differential
of the map from H, this can happen only if the symplectic dual of its image in
T(T*T) has trivial intersection with the image of T"H|(y ). A comparison of
dimensions then establishes the assertion that the symplectic dual to the image
of Ky in T(T*T) is isomorphic to the cokernel of the differential at (g, m) of
the map to T*7 . The analogous argument where the roles of M and T*7 are
switched proves the assertion in the second point of the lemma about K7 and
the cokernel of the differential of the map to M.

The third point of the lemma follows as an immediate consequence of Lemma Tl
and the second point. In this regard, note that this consequence was pointed
out to the author by Curt McMullen. O
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The nullity of an immersed, minimal surface in a three manifold is defined to be
the dimension of the null space of the Hessian at zero of a certain function on
the space of sections of the normal bundle. To be precise, the function assigns
to any given section the area of a corresponding surface in the 3—manifold; and
the corresponding surface is obtained by moving the original surface distance
1 along the geodesics that are tangent to the given section. When the ambient
3—manifold is hyperbolic, the null space of this Hessian is precisely the kernel
of —dcdc + (3 —|m|?). This understood, then Lemma B2 leads to

Lemma 4.3 Let M be any hyperbolic 3—manifold and let ¥ C M be a
compact, oriented, immersed minimal surface with Euler characteristic —Yx.
Then the nullity of ¥ is no greater than 3y.

5 Extending the germ as an honest hyperbolic met-
ric

The purpose of this section is to construct from any given (g,m) € H a hyper-
bolic metric (with scalar curvature —1) on a neighborhood of ¥ x {0} in ¥ xR
whose respective first and second fundamental forms on ¥ x {0} are g and m.
In this regard, the model for such an extension is that of the pair (g,0) where
g is a metric on % with constant scalar curvature equal to —%. In particular,
the latter pair comes from a complete hyperbolic metric on ¥ x R, this the
metric given on the product of R with a local coordinate chart on 3 by the
line element with square

1
ds® = cosh?(—=t) - gap(z dzAdzP + dt?. 5.1
(F5t)-045(2) (5.1
Now, suppose that (g,m) is some given pair from H. The plan is to seek a
hyperbolic metric near ¥ x {0} whose line element has square

ds? = yp(t, 2)dzdzP + dt?. (5.2)

As it turns out, such a metric can be obtained by solving at each point in 3
the ordinary differential equation

Oy = 2yp
(5.3)

1
E?tu = —,U2 + EH

where v and p are 2 x 2 matrix functions of ¢ with ¢ = 0 values v = g and
i = g 'm. In this regard, standard techniques from the theory of ordinary
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differential equations can be used to prove that (&3] with the attending ¢ = 0
conditions has a unique solution on some interval about ¢ = 0. Moreover, the
size of this interval can be bounded from below in terms of g and m. This last
point implies that there is a fixed interval about 0 in R on which (&3] and its
attending ¢ = 0 conditions has a unique solution for each point in X.

The equations of Gauss—Codazzi can be used to verify that the resulting (¢, z)
defines a metric via (BZ) on a neighborhood of ¥ x {0} in ¥ x R that is
hyperbolic with scalar curvature —1.

6 A neighborhood of the Fuchsian locus

The purpose of this section is to describe the structure of H near the locus of
pairs of the form (gg,0) where gy is a metric on ¥ with constant curvature equal
to —%. This is called the “Fuchsian locus” because the image such a point in M
is a Fuchsian group. In any event, this locus is observedly a smooth submanifold
of H. Moreover, the latter has a tubular neighborhood that consists of the pairs
(g,m) that obey (1.1) with the auxiliary bound

1

2

< = 6.1

mf? < 5 (61)
In fact, the bound in (1)) insures that the operator A, ) = —dode —|m|? +1
is strictly positive, and so the map from H to T*7 identifies the open subset
of H where (1)) holds with an open neighborhood of the zero section in T%7 .
Let U denote the subset in H where (61I) holds.

The set U has the following property:

Proposition 6.1 Each (g,m) € U consists of the respective first and sec-
ond fundamental form of a surface in R x ¥ that is minimal with respect to
some complete hyperbolic metric. Meanwhile, the corresponding flat SO3(C)
connection defines a homomorphism from 71(X) to PSLy(C) whose image is a
quasi-Fuchsian group.

Proof of Proposition As explained in the previous section, the equa-
tions in (B3]) have a unique solution on an open neighborhood in ¥ x R of
3 x {0} if v|t=0 = g and pli—o = g~'m. This noted, suppose that this solu-
tion to (B3)) extends to the whole of ¥ x R. Granted that such is the case, it
then follows from the algebraic structure of (B3) that + is a positive definite,
symmetric section over ¥ x R of T*¥ ® T*% and thus (B2)) defines a complete,
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hyperbolic metric on the whole of 3 x R. Of course, by virtue of the ¢t = 0
conditions, the surface ¥ x {0} is minimal with respect to this metric with
(g,m) being its respective first and second fundamental forms.

To prove that the solution does indeed extend to ¥ x R, let & denote the trace
of ;1 and let y denote the trace of p?. Since

() = (Btr(u) tr(u?) — (1)), (6.2)

the second equation implies that

Oyr = —y+ 1, and
3 . (6.3)
Oy = —x(3y — 2% — 5)

Of interest are the solutions to these equations that start at t =0 with z =0
and y < % Take note that the given initial conditions also imply that %x2 <y
at t =0.

The analysis that follows considers the ¢ > 0 evolution. The identical analysis
holds for ¢ < 0 after reversing the sign of p. In any event, to study the ¢ > 0
case, note first that the compact subset where

0<zx and
1, 1 (6.4)
_ < < —
9t =Y=3

is a trapping region for the trajectories that obey (E3]). This is to say that no
trajectory can exit this region. To verify this claim, simply check the direction
of motion implied by (E3]) on the boundary. In this regard, note that
L 9 L 9
O (y — 2@ ) = —2z(y — 2% ). (6.5)
The fact that the no trajectory can leave the region where (4] holds implies
that all trajectories that start in this region are defined for all ¢ > 0.

The next point to make is that the flow in ([E3) has two fixed points, both at
corners of the region that is delineated by (6); one fixed point is (z = 0,y = 1)
and the other is the point (x = %,y = %) Since dix > 0 where y < % , the

first point is repelling where y < % . On the other hand, the second point is an
attracting fixed point. Moreover, as d;x > 0 where y < % , all trajectories that

start where (64]) holds and with y < % limit as t — oo to the (z = %, Y= %)
fixed point.
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To see what this all implies for solutions to (E3), introduce v = p — %:17]1. Thus,
v is the traceless part of p. Then (B3)) asserts that

O = —av. (6.6)

Since z € (0, \/g ) for all ¢ > 0, this last equation implies that the solution v(t)
to (G.0) exists for all ¢ > 0. Moreover,

2
|v(t)| < constant e_\/;t. (6.7)
Thus, the solution p to the second line in (3]) exists for all ¢ > 0.

Granted (B), it then follows from the first line in (B3) that v exists for all
t > 0 as well. Moreover,

2
v~ 7+e\/;t (6.8)
as t — 0o, where vy is a smooth metric on X.

With the preceding understood, it remains only to establish that the image
of the pair (g,m) in M defines a quasi-Fuchsian representation of 71(3) into
PSLy(C). To this end, note that ¥ x R with the (g,m) version of the metric
in (22) is uniformized by the hyperbolic ball, B, with its metric of constant
sectional curvature —%. This is to say that the space ¥ x R with its hyperbolic
metric is the quotient of B by the image, I', of 71(X) in PSL2(C). The inverse
image of ¥ x {0} via this map is a properly embedded disk in B with principle

curvatures having absolute value less than %. This understood, theorems of
Epstein in [6] and [7] imply that I" is quasi-Fuchsian. O
Appendices

A The curvature for the metric in (L2

The computation begins with the definition of the orthonormal frame

1
A A B 25 A
e’ =dz" +tmapdz” + —t“dz”, and
AB 12 (A.1)
e3 = dt,
where (z4) are Gaussian normal coordinates on ¥ for the metric g. A computation
then finds

1
de? = tdemapdz® A dz® + magdt A dzP + gtdt A dz?
— _DAB.B _ A3 3 (A.2)

de® = 0= —T43 n e,
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Thus,
48 = t(dpmac — dAch)dzC, and

1 A3
43 = mapdz? + gtdzA. (A-3)

To continue, the computation of the curvature 2—form R¥ = %Rgnek Ae™ finds it at
t =0 equal to

1
RAB = ZT‘EABECDdZCdZD + (dpmac — dampe)dt A dzC
— macmppdz® Ad2P, (A4)

1
RA3 = demapdzC A d2B + gdt Adz?.

Thus, the curvature form at t =0 is

1
RED = §T5ABECD — (macmpp —Mmapmpe),
RégB = —(dBmAc - dAch), (A5)
1
Rgg = _EQAB-

This gives the t = 0 Ricci tensor with components

1 1 1
Rac = =(r — 2)gac + micmye — —k*gas,

2 3 4
1
Rasz =dgmYp — 5dAk, (A.6)
1
R33 = -3

where m? is the traceless part of m. Thus, the ¢ = 0 Ricci tensor obeys the hyperbol-
icity condition if and only if

1 1
r=—(3+m’?)+ 3k and domap —dgmac =0. (A7)

Note that the second fundamental form for the ¢ = 0 slice can be computed as follows:

KAB = <VA63,dzB>
=138 (A.8)

= maB,

by virtue of (A3). Thus, the ¢ = 0 slice has zero mean curvature when k = g*%mp =
0.
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B The variation of (1.1) with a conformal change of

the metric

The differential of the equation of (1.1) at a pair (g,m) can be computed in the

following manner: First of all, consider the change where (g,m) — (e “g,m).

The

change in the covariant derivative is computed as follows: Observe first that the new

orthonormal frame is {¢4 = e~ %e4} and
A 1 —% ¢, A _AB , sB
de :—gdcue ze” Ne” — TP NeET.
Thus,

1
4AB — AAB _ §(eAdBu —eBdau).

This then finds the new curvature 2—form
1
FAB = pAB _ §(dcd3uec Aet —dodaue® AeP).

Hence,

~AB A

Taking the necessary traces finds
7 = e*(r + Au).
In terms of the coordinate frame {dz}, the new Christoffel symbols are
Ve =68 — 6B
= %(dBUQDC +dcugpp — dpugcs)-

This then implies that cicmAB — JAmCB is equal to

= — 6vEpmap + 6vipmes

= %(dBumAC + dcumap — dpumapgcs)

1
- §(dBumCA + daumep — dpumepgas)

= §ECA(dD'UJ5DFmFB —dpumprepr)

=0

1
FoB = e (rép — §(dcd3ugAD —dpdpugac — dcdaugpp + dpdaugpc)).

(B.6)

(B.7)

by virtue of the fact that the tensor eppmpp is symmetric when m is symmetric
and tracefree. Thus, (e~ %g,m) obeys the first equation in ([CIal) when (g,m) does.

Needless to say, the equation in ([LID) is also obeyed by (e “g,m).
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As for the second equation in ([[CIal), introduce

1
flg:m) =rg+ (Imf* + 2). (B.8)
Then by virtue of (B,
1
Fle™gm) = €(r + At “lmf? 4+ 2o
1 (B.9)
=e"(Au+ (e* —1)|m|* + g(e_” —1)).
Note that if f(e "g,m) is to vanish for small u, then
1
Au+ (|m|* - g)u+0(u2) =0. (B.10)

C The connection defined by (24)

The curvature of the covariant derivative in (24 at a given point in ¥ is computed
most easily by choosing the frame {e“} for T*% to have zero metric covariant deriva-
tive at the point in question. This understood, then the curvature 2—form is the
SO3(C)—valued 2—form whose components are Rac = [Va,V¢]. Therefore, two ap-

peals to ([Z4) find

Racn = (~"PBACTD + (dablcp — dcOap)ns — (0apbfcp — Ocpbap)np (1)
—(dabcp — dcOap)np — (0apbcp — Ocpbap)nz ’ ’

where rppac = %5 DBEACT is the curvature tensor for the Riemannian metric g. Now,
the bottom term here is zero provided that

dabcp —dcbap = 0. (C.2)
This noted, the top term is zero provided that
—r —0ap0pa + 044055 = 0. (C.3)

These are the equations in (1.1).

The next task for this appendix is to verify that any two solutions to (1.1) from the
same Diff orbit define gauge equivalent flat SO3(C) connections. For this purpose, it
proves more convenient to work with the metric in (L) on ¥ x R. To start, let g now
denote a given metric on ¥ x R. Fix an oriented, orthonormal frame, {e‘};—1 23, for
the cotangent bundle of ¥ x R and this frame can then be used to define from g the
SO3(C) connection on the trivial C* whose covariant derivative, V, is

1

(Vn)i = dni — F?ﬁk + \/ggijknkej- (C4)
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Here, T'* denotes the Levi-Civita connection as defined by the given metric using the
given orthonormal frame. The covariant derivative defined by () in directions along
the ¢ = 0 slice is the restriction of the version of ([C4) that is defined by the metric
in [C2). If a first order change in the metric g is given by dg = h with h a symmetric,
3 x 3 tensor, then the associated orthonormal frame changes to first order so that

sk = %hkjej. (C.5)

Meanwhile, the metric’s Levi-Civita covariant derivative changes to first order as

1 .
5Ff = 5(8thj - 8khij)ej
(C.6)

= Eimk (ianmpanhpjej)

Here, 0 is used to denote the covariant derivative of the metric g. Thus, the covariant
derivative in () changes to first order as

1 7 .
5(V77)1 = Eimk(—ié‘nmpanhpj + %hmj)ejnk. (C?)

As a parenthetical remark, note that such a change preserves the flatness condition to
first order if and only if the C3-valued 1-form
1 i
V; = (—iémpanhpj + %

obeys DVv = 0 where DV denotes the exterior covariant derivative that is defined by
V.

By comparison, a change in the covariant derivative comes from a first order change in
the connection in a direction tangent to its gauge orbit if and only if the change in V
has the form

hij)ej (CS)

6(Vn)i = €imk (Vo) mmny (C.9)
where ¢ is some C3-valued function.

Granted the preceding, suppose now that the variation, h, in the metric g comes from
the action by Lie derivative of a vector field, v, on ¥ x R. This being the case, then
hij = 8ivj + 8j’Ui and so m) reads

1 . _
Ui = =5 EnipOn(0pv; + 0jvp)e’ + —=(03v; + Djvi)e!

)
1 ; Vo (C.10)
— V(—§£m-p8nvp + %vl)
As this has the form given in ([C3)), the infinitesimal action of Diff (¥ x R) on the
metric results in an infinitesimal action of the gauge group on the resulting connection.

To finish the story, note that this first order result can then by “integrated” to estab-
lish that any two solutions to (1.1) that lie on the same Diffy(X) orbit define gauge
equivalent, flat SO3(C)—connections along 3.
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D The cokernel of the operator L,

A pair (op,03) is in the cokernel of L, ., if and only if it is L?—orthogonal to all
pairs (yp,73) that can be written as in ([1I). This then implies that the pair satisfy
the following system of equations:

1
—§(€CAdcoB + ECBdco'A — gABEEFdEUF) +2maposg =0 (D.l)

1.1 1
(—(— — |m[*)os — dcd003) gaB +dadpos — ZEECdc(UBmEA +0oamER)

1
(aEAdE(ocmCB) =+ EEBdE(UCmCA)) — §€CDdCUDmAB = 0.

|

Now write op = egcve and o3 = —%v3. As is explained next, the equations just
written are equivalent to the following:

dAvB+dBvA—gABdcvc+2mA3v3 =0 (D.2)
1.1
5(5 + |m|*)vagap — dadpvs + vdemap + dpvemea + davemep = 0

To start the explanation, make the indicated substitution and then up to a constant
factor, the following is the result:

dAUB+dBUA—gABdCUC—FQmAB’Ug:O (D.3)
1.1
(dcdcvs - 5(5 - |m|2)U3> gaB — dadpvs

1
- 5(2dCUCmAB — dpvemea — davemeR)

- %(dCUAmCB + dcvpmea — 2dcvemap — 20°demag)
+dpvpmap = 0.
Note that the first equation in ([O2) is identical to its mate in ([.3)). To simplify the
second equation, begin by taking its trace to deduce that
dedcovs — (% — |m|?)vs = 0. (D.4)
The second equation in ([3]) can now be rewritten using (O] and the first equation

in (O.3) to read

1.1

1
5(5 — |m|*)vsgap — dadpvs — 5(2dCUCmAB — 2dgvecmeca — 2davemen)
1
-3 ((QCAdDUD —2meavs)mep + (9oBdpvp — 2meBvs)mea

—2dcvemaB — QUCdcmAB) +dpvpmap =0. (D.5)

Geometry & Topology Monographs, Volume 7 (2004)



Minimal surfaces in germs of hyperbolic 3—manifolds 97

The elimination of canceling terms and the use of the identity mapmpc = 3|m|*gac
makes (D3 into the second equation in (.2).

The next part of this appendix explains why ([O2)) is equivalent to X). As the next
lemma points out, a more general version of (D.2) and ) together imply (ZH).

Lemma D.1 Suppose that (va,vs3) define a real-valued section of T*Y. @ R, that k
is a real-valued constant, and that the following equations hold:

davp +dpva — gap(dcve + k) + 2mapvs = 0

1.1
5(5 + |m|*)vagap — dadpvs +vCdemap + dpvemeoa + davemen = 0.

(D.6)

Then the complex-valued sections n and u of (T*¥ @ R)¢ given by

nB = VB + i\/(_i(—echcvs +vEecBMEC);

/3
N3 =vs+1 §5EFdEUF7
(D.7)

ugp =0, and

3
V3 = —i\/;(dc’l)c + :“f/)

obey the equation V a1 =eapVigu

Proof of Lemma [D.J] Note first that the vanishing of the first term in (L)) implies
that

1 1
dA'UB—ifABEEFdEUF‘FmAB'UB: §gAB(dC'UC+H)- (D.8)
Then, since
1 )
§QAB(dCUC +kK)= EAC(—%ECB%), (D.9)

this last equation is the real part of the equation dang + 0apns = cac(—0cpus).

To continue, the vanishing of the second term in (O.6) can be rewritten using (O.§)) so
as to read

1.1
—dadpvs + =(5 — |m|*)gapvs + vedemap

23
+ mAchC(EEFdE'UF) = —mAB(dC'UC + H). (D.IO)
Moreover, this is equivalent to
1 1 1
—dadpvs + GIABU +da(vemes) + §mACEBC(5EFdE'UF) = _§mAB(dC’UC + k).
(D.11)
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Finally, the latter gives

1 3
daV6(—eppdpus +voeppmer) + —=capvs + mAD(\/;EEFdE'UF)

V6
3
= — QEBDmAB(dC'UC + H). (D.12)
The latter equation is the imaginary part of the equation

danp + 0apns = cac(—0cpus).

As will now be explained, it is also the case that dans — 0apnp = cacdcus. To this
end, consider that the real part of 8 4pnp can be written as follows:

re(0aBNB) = MABVUB + €ABECBACU3 — EABECBMECVE (D.13)
= dAUg
= re(dans).

Meanwhile, the imaginary part of #4pnp can be written to read

. 1
im(@apns) = %‘EAB'UB +V6(—mapecpdcovs + mapecpvEmec) (D.14)

1 \/§ )
=¢ —wvg + 1/ =|m|*vp — V6do(megv
AB (\/6 B 2| [“vB c(menp 3))

3
= —\/;EAB (rvg + dc(2mepvs)) .

On the other hand, commuting derivatives and invoking (D.8) allows the imaginary
part of dans to be written as

im(dA’I]g) = \/gEEF(dAdE'UF) (D15)

3 1
= §(€EA 3TVE +eprdpdavr)

3 1
= \/; (EBA 3TVB ~ eprdpdrva —eprdp(2marvs) + EEAdEdCUc)

3
= —\/;EAB (Tv + dc(2chv3)) + EAEdE(—(dCUC + H)) .

Together, (OLT)) and (OI3) imply the claim that dans — 0apns = cacdcus. D
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