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Abstract

Let us fix a conformal class [go] and a spin structure o on a compact manifold M.
For any g € [go], let A\{ (¢) be the smallest positive eigenvalue of the Dirac operator
D on (M, g,0). In a previous paper we have shown that

)\-i—

min

(M7 [90]70) = inf AT(g)VOl(M’g)l/n > 0.

9€lgol

In this habilitation, we enlarge the conformal class by certain singular metrics. We
will show that if A1, (M, [go],0) < AL, (S™), then the infimum is attained on the
enlarged conformal class. By proving this, we will obtain solutions to an elliptic
system of semi-linear partial differential equations involving a nonlinearity with
critical exponent:
Dy = Mlel” " Ve

The solution of this problem has many analogies to the solution of the Yamabe
problem. However, our reasoning is more involved than in the Yamabe problem as
the spectrum of the Dirac operator is unbounded from below and unbounded from
above. The solution may have a nonempty zero set because a maximum principle is

not available.

Using the spinorial Weierstrass representation, the solution of this equation in di-
mension 2 provides a tool for the construction of periodic constant mean curvature
surfaces in R? and S? with compact fundamental domain.

111
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Chapter 1

Introduction

1.1 Summary

Let (M",g,0), n > 2, be a Riemannian spin manifold with a fixed spin structure
0. Let D be the classical Dirac operator on (M, g,0). In this habilitation we will
study the functional

wy _ JADT )
i Y

. (1.1.1)
defined on the nonzero elements in the H?-closure of the image of D.

If ¢ > 2n/(n+ 1), then the functional is bounded from above. We will investigate
whether the supremum is attained. The case ¢ = 2 is very simple: sup Fi/ is the
inverse of the first positive eigenvalue of D, and the supremum is attained exactly
by the eigenspinors to this eigenvalue.

If ¢ >2n/(n+1), ¢ # 2, then we obtain a nonlinear eigenvalue problem instead
of a linear one. The supremum is still attained and the supremum satisfies the
Euler-Lagrange equation

v

DY =p o (1.1.2)

One sees that 1 is C%* and even > away from the zero set.

However, the case ¢ = 2n/(n+1) is much more involved. We have to solve a nonlinear
partial differential equation with a nonlinearity which is often called “critical”, as the
coefficients in the Sobolev embeddings involved are critical. One has to expect that
this problem is more involved. In order to get an idea why this is more complicated,
Let us have a look at the spheres S™ with constant sectional curvature. Let G be
the conformal group of S™. There is an action of G on the spinor bundle ¥5™,
such that g € G maps £,5" to X,,5" and such that F2/ J(n41) 18 Invariant under

1



2 CHAPTER 1. INTRODUCTION

this action. Hence, we have a non-compact symmetry group of the problem, and
the suplevel sets of Fj! J(n+1) @r€ non-compact. As a consequence, an arbitrary
maximizing sequence may not converge. In order to achieve convergence we choose
a sequence of maximizers ¢, for F)/, with ¢, — 2n/(n + 1), ¢ > 2n/(n + 1).
One shows that this is indeed a maximizing sequence for F3/ J(n+1)- If the following

spectral condition

n+1
sup -7:21‘7/{/(11+1) > sup Filn/(n+1) (1.1.3)

holds, then the sequence 1, converges to a spinor ¢, and Fa! / attains its

supremum in this spinor.

n+1)

The solution of our problem has many analogies to Trudinger’s and Aubin’s solution
of the Yamabe problem (see [LP87] for more details). Trudinger [Tru68] and Aubin
[Aub76] showed that the infimum of the Yamabe functional is attained if a spectral
condition comparable to (1.1.3) is satisfied. Later [Aub76, Sch84, SY79a, SY79b,
SY81, SY88, Wit81, PT82|, Aubin, Schoen, Yau and Witten proved that the spectral
condition is satisfied if M is not conformal to a sphere of constant sectional curvature.
It turns out that the difficult cases follow from the positive mass theorem of general
relativity. As a consequence any compact Riemannian manifold of dimension > 3 is
conformal to one of constant scalar curvature.

However, one should emphasize that several arguments in the Yamabe problem
cannot be taken over. One of the difficulties arises from the fact that the spectrum
of the Dirac operator accumulates both in 400 and —co. Furthermore, we cannot
apply the maximum principle as our equations do no longer have scalar values, but
values in the spinor bundle.

Sufficient criteria for the spectral condition (1.1.3) are subject of on-going research.
The spheres are the only known examples which do not satisfy the spectral condi-
tion, and in analogy to the Yamabe problem, one can conjecture, that the spectral
condition holds if M is not conformal to a sphere of constant sectional curvature.

The relations of our problem to the Yamabe problem are much closer than on the
level described until now. The Hijazi inequality implies that any manifold fulfill-
ing our spectral condition (1.1.3) also fulfills the spectral condition of the Yamabe
problem.

The Euler-Lagrange equation satisfied by the maximizers are conformally invari-
ant, nonlinear partial differential equations. We know of two applications for these
solutions.

The first application comes from spectral theory. Let us fix a conformal class [go]
and a spin structure o on a compact manifold M. For any g € [go], let AT (g) be the
smallest positive eigenvalue of the Dirac operator D on (M, g,o). In Chapter 2 we
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define

Mt (M, [go],0) :== inf )\f(g)vol(M,g)l/".

9€lgol

One sees that A1, (M, [go],0) > 0. We will enlarge the conformal class by certain
singular metrics. The spectral condition (1.1.3) translates into A, (M, [go],0) <
AL (S™). As a consequence the infimum is attained on the enlarged conformal class

if (1.1.3) holds.

Another application (for dim M = 2) lies in surface theory. Using the spinorial ver-
sion of the Weierstrafl representation, the solutions of the Euler-Lagrange equations
in dimension 2 provide periodic immersed surfaces of constant mean curvature in

R3 and S3.

The various dependencies of our statements and of related statements for the Yam-
abe problem are shown in Figure 1.1.

Let us sketch the structure of the habilitation.

In Chapter 2 (Classical results in conformal spin geometry) we summarize several
facts that have been known prior to the habilitation.

In Chapter 3 (Elliptic reqularity for Dirac operators) we develop Global and Interior
Schauder- and LP-regularity-theory for generalized Dirac operators. Most of the
results in Sections 3.1 and 3.2 are analogous to results in [GT77]. In order to
present a logically complete derivation of the regularity theory we had to reprove
many statements. This is partially due to the fact that we need uniform control
over our regularity statements. In order to keep the analogy to [GT77] transparent
we took over most of the notation in [GT77]. In order to keep our presentation as
short as possible, we cited statements of [GT77] and [Ada75] whenever possible. In
Section 3.3 we prove various embedding theorems. For proving the different version
that we will need, it is convenient to use different methods. E.g. for showing the
boundedness of L>V/"+1 — H?, /2 We study the asymptotics of a Green’s function
and use the Hardy-Littlewood-Sobolev inequality.

Chapter 4 (The first Dirac eigenvalue in a conformal class) is the central part
of the habilitation. It can be read independently from Chapter 3 if one believes
that the statements about elliptic regularity from Chapter 3 hold. We show that
the supremum of Fé‘” is attained as described above. The application to the first
positive eigenvalue of D is also contained in this chapter. Nearly all material in this
chapter is new. The content of this chapter will be published in [AmmO03a].

The principal goal of Chapter 5 (Spinorial Weierstrass representations of surfaces)
is to describe how to apply our results to surface theory. We start with a short
overview. Then, in Section 5.2, we turn to the study of manifolds with Killing
spinors as they play a central role in the spinorial Weierstrass representation. We
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Logical structure of the habilitation

Aubin type leulus of Variati
fest spinor Calculus of Variations |——
Ammann- ST and Y
Humbert- | Solutions of Dy = A|p[P~2p,
Morel v p<2n/(n-—1).
Nl M) < A (57) Y
spinorial positive mass >N< -
conjecture
Hijazi | n>3 Solutions of Dy = A|p|P~?p,
Y p=2n/(n—1).
Ay (M) < Ay (S") ] A~
| Al
n>6 and A A:: ‘l\\/D ( t\‘/V e
W0 g A (M) = iI[lf] A (g)vol(M, g)t/m Periodic  conformal
5 g€|g0 . . -
Aubin's H s attained immersions M — N
. = with constant mean
test function| |7 curvatire

Positive mass theorem
from General Relativity

Y

Solutions of Solution of the
Lyu =uP™! «>| Yamabe problem
u >0, (n>3)
p=2n/(n—2)

Figure 1.1: Logical dependencies. In this diagram, (M, go) is an n-dimensional
Riemannian manifold, and N an n + 1-dimensional Riemannian manifold which
carries a fized real Killing spinor.
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investigate Killing spinors on S® and R®. In particular, we give a list of all 3-
manifolds carrying a real Killing spinor. After this, in Subsection 5.3.1, we give
a short overview over literature related to the spinorial Weierstrass representation.
Then, we recall the restriction of Killing spinors to hypersurfaces. This knowledge
can then be used to describe how we obtain new cmec-surfaces. We list some open
problems that we consider as interesting for future research. The final section is
devoted to visualizations of some examples of our construction.
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Chapter 2

Classical results in conformal spin
geometry

The aim of this chapter is to summarize several classical facts about Dirac operators
in conformal geometry, which will play an important role in this paper. These
classical results will be enriched by new interpretations and some extra material.

2.1 Some basic definitions

In this section we will recall some important definitions from spin geometry in order
to fix notations. For more details we refer to the standard textbooks [LM89, BGV91,
Fri00, Roe88] and some lecture notes [Hijo1, Bar95, Amm].

Let (M, g) be an n-dimensional Riemannian manifold with a chosen orientation.
Let Pso(M, g) be the set of positively oriented orthonormal frames on (M, g). This
is a SO(n)-principal bundle over M. A spin structure on (M,g) is a pair ¢ =
(Pspin(M, g), V) where Pspin(M, g) is a Spin(n)-principal bundle over M and ¥ :
Pspin(M, g) — Pso(M, g) is a map such that

PSpin(Ma g) X Spin(”’) - Pspin<M7 g)
¢
19 %O 19 M

/!
Pso(M,g) X SO(H) — Pso(M,g)

commutes where © : Spin(n) — SO(n) is the nontrivial double covering of SO(n).

Definition. A Riemannian spin manifold is a Riemannian manifold together with
a spin structure.
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Note that many authors use the term “spin” in the sense that a spin structure merely
exist, whereas we will assume that it is chosen. A spin structure exists if and only
if the second Stiefel-Whitney class vanishes.

Now, let x : Spin(n) — End(%,) be the n-dimensional complex spinor representa-
tion. The space ¥, is a complex vector space of dimension 2/*/2/. This representation
extends to a representation of the n-dimensional Clifford algebra Cl(n).

The spinor bundle is defined as the associated vector bundle

XM =%(M,g,0) := Pspin(M, g) X, Xy.
Recall that the spinor bundle carries a natural Clifford multiplication, a natural
hermitian metric and a metric connection. This bundle equipped with the Clifford

multiplication, this metric and connection satisfies the axioms of a Dirac bundle.
For the convenience of the reader, let us recall these axioms.

Definition. A Dirac bundle S over a Riemannian manifold (M, g) is a complex
vector bundle S — M together with a hermitian metric (-,-), a connection V*° and
a Clifford multiplication TM ® S — S, X ® ¢ — X - ¢ such that
(i) Forany pe M, X,Y € T,M and ¢ € S,M
XY p4+Y X -04+29(X,Y)p=0

(i) (X - 1,92) = —(p1, X - @2) VX € T,M VYoi,p9 €5,

(iii) V¥ is metric, i.e. Ox (i1, o) = (VX 01, 0a2) + (@1, V3 pa).

(iv) Clifford multiplication is parallel, i.e. for any X € I'(T'M), any Y € I'(T'M)
and any ¢ € I'(9),

V(Y ) = (VxY) o+ X - V3.
On a Dirac bundle S we define the generalized Dirac-Operator D® as the composition

0(S) Y5 D(T*M ® S) — D(TM ® S) 4 1(3).

In the special case that S is the spinor bundle, the generalized Dirac operator is called
the Atiyah-Singer operator, the classical Dirac operator or if there is no danger of
confusion just the Dirac operator.

The main results of this habilitation in Chapters 4 and 5 are only valid for clas-
sical Dirac operators. The results on elliptic regularity in Chapter 3 also hold for
generalized Dirac operators. There, we will use them to obtain shorter proofs. We
use generalized Dirac operators to reduce the higher order statements to lower order
ones.
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2.2 The transformation formula

The classical Dirac operator behaves very nicely under conformal changes.

PROPOSITION 2.2.1 ([Hit74, Hij86b]). Let gy and g = €**gy be two conformal
metrics on a Riemannian spin manifold. Then, there is an isomorphism of vector
bundles A : (M, go,0) — (M, g, 0) which is a fiber-wise isometry such that

_ntl,, n=1,
Dy(A(e)) = A (73 Dye"7 )

To the knowledge of the author, the first mathematician who calculated this formula
was Hitchin [Hit74] when he was studying the dimension of the kernel of the Dirac
operator on compact spin manifolds. Hitchin’s transformation formula directly im-
plies the following corollary.

COROLLARY 2.2.2. Let M be a compact spin manifold. Then the dimension of
the kernel of the Dirac operator is invariant under conformal changes of the metric,
i.e. it only depends on the conformal class of the metric and of the spin structure.

However, he also could show that in general the dimension of the kernel of the Dirac
operator is not a topological invariant, it depends on the differentiable structure, on
the conformal class and on the spin structure [Hit74, Bar97].

2.3 Conformal spinor bundles with weights

In this section we will recall a definition of the spinor bundle in a way which is
conformally invariant. This construction depends on a real number @ € R which
is called the conformal weight of the spinors. The Dirac operator is then a well-
defined operator from spinors of weight —(n —1)/2 to spinors of weight —(n+ 1) /2.
This section is not needed for a logically complete proof of our main statements,
but the point of view presented here is very helpful to understand the idea behind
many constructions in this habilitation. We refer to [Feg76], [Hit80] and [Gau91] for
further details. We want to remark here that in the literature there is no consensus
about the sign of the conformal weights.

Let M be an n-dimensional oriented manifold with a fixed conformal class. The
conformal class will always be written as [go], where gq is a Riemannian metric in
this conformal class.

Let U be a subset of M. A conformal frame on U is an oriented frame (ey,...,e€,)
on U such that there is a smooth function f: U — R with

go(eu €j) = f5¢j-
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The conformal frame bundle Poso(M, [go]) is defined as the bundle over M whose
fiber over p consists of all frames on {p}. The conformal group CSO(n) is SO(n)xR*.
We define the right action of CSO(n) on Pogo(M, [go]) such that (a;;) € SO(n) maps
(€i)i to (D e;a;j); and A maps (e;); to (Ae;);. The double cover © : Spin(n) — SO(n)

extends to a double cover
O¢ : CSpin(n) := Spin(n) x RT At CSO(n).

A conformal spin structure is given by a CSpin(n)-principal bundle Pegpin(M, [g0])
together with a map ¥ : Pospin(M, [90]) = Poso(M, [go]) such that the diagram

Pospin(M, [g0]) x CSpin(n) — Pospin(M, [g0])

N\
19 %00 19 M

/!
Pcso<M, [go]) X CSO(n) — PCSO<M7 [go])

commutes.

Note that a conformal spin structure exists iff a spin structure in the sense of Rie-
mannian geometry exists, and choosing a conformal spin structure is equivalent to
choosing a spin structure in the sense of Riemannian geometry. We will identify
spin structures and conformal spin structures from now on.

Let G be Spin(n) or SO(n), and let p : G — GL(V') be a representation of G. Then
the associated representation p * o of conformal weight a,, o € R is given by

pra: GXRT — GL(V), (pxa)(A) = p(A) VA€ G, (pxa)(\) = \Idy VA € RT.

The associated vector bundle
Vp*a = PCSpin<M7 [90]) Xp*a V or Vp*a = PCSO<M7 [QO]) Xp*a V

is also said to be of conformal weight a.

Examples.

(1) Let p : SO(n) — GL(n,R) be the standard inclusion. The map Pego(M) X
R™ — TM, ((€)s, (a;);) = >, ea; is CSO(n)-equivariant and hence induces
an isomorphism from Pego(M) X, R™ to TM. As a consequence T'M has
conformal weight 1.

(2) Poso(M) X o R™ is a vector bundle which is isomorphic to the tangent bundle.
However, there is no “natural” isomorphism which is independent from the
choice of metric g € [go].

(3) APT*M has conformal weight —p.
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(4) APT'M has conformal weight p.

(5) A Riemannian metric is a symmetric element in T*M ® T*M. Hence, it has
conformal weight —2.

(6) We define the conformal spinor bundle of weight « as
YM = Pcspin(M, [go]) X kxa Zn

where k is the spinor representation. This bundle has conformal weight a. A
section of X*M is called a spinor of weight .

As M is oriented, A"T™* M is a topologically trivial bundle of weight —n. A trivializ-
ing section is given by the volume form dvol, where g € [go] is a Riemannian metric.
Then tensoring with (dvolg)(a*m/ " yields a vector bundle isomorphism V.o — V3.
A choice of metric also identifies conformal spinor bundles with the spinor bundle
that we defined in the previous section.

The following proposition shows that in conformal spin geometry the Dirac operator
is only well-defined from spinors of weight —(n—1)/2 to spinors of weight —(n+1)/2.

PROPOSITION 2.3.1. Assume that (M,[g]) is an oriented conformal manifold

which carries a fixed spin structure.

(a) Ifa=—(n—1)/2 and 8 = —(n+ 1)/2, then there is a differential operator
D:X°M — M

with the following property: If we choose any metric g € [go] and identify as above

then D coincides with the classical Dirac operator on (M, g) with respect to the fized
spin structure.

(b) If a # —(n—1)/2 orif B # —(n+1)/2, then there is no such D.

The proof is an immediate consequence of the transformation formula in Proposi-
tion 2.2.1.

Similarly as in Riemannian geometry, there is also a scalar product on spinors in
conformal geometry. If ¢ is a spinor of weight a and v is a spinor of weight 3, then
(p,1) is a complex-valued function of weight o + .

In conformal geometry one can integrate a function if and only it has weight —n.
We conclude this section with some examples:

Examples.
(1) If v is a compactly supported smooth spinor of weight —(n — 1)/2, then

| ee)

is well-defined in conformal geometry.



12 CHAPTER 2. CLASSICAL RESULTS

(2) If p is a compactly supported continuous spinor of weight o € (—n, 0), then

[1er

is well-defined if and only if pae = —n. Obviously, the same holds for the LP-
norm.

These examples will be very important for us. The fact that these integrals are
well-defined in the conformal setting means in Riemannian geometry, that if one
uses the “good” conformal identification for spinors, these integrals are invariant
under conformal changes.

2.4 A spin-conformal lower bound in a conformal
class

Let M be a compact manifold, on which we fix a conformal class [go] and a spin
structure o. For each metric g € [go] let A{ (g) be the smallest positive eigenvalue of
the (classical) Dirac operator D on (M, g, o). Note that the dimension of the kernel
of the Dirac operator is a conformal invariant.

We define
)\-i-

min

(M, [go],0) == inf A (g)vol(M, g)'/". (2.4.1)

9€lgol

In the following, we call At. (M, [go], o) the Bér-Hijazi-Lott invariant.

THEOREM 2.4.2 (J. Lott, [Lot86]). If D is invertible, then

>\+

min(M7 [90]7 U) > 0.

Several experts in Dirac operators assumed, that a similar result cannot hold if D
is no longer invertible. Amagzingly, the author realized that the methods used in
[Lot86] could be extended to a more general situation. We obtained

THEOREM 2.4.3 (B. Ammann, [AmmO03b]). For any compact Riemannian spin
manifold (M, g, o) we have
>\+

min

(M, [go], 0) > 0.

Proofs of these statements are implicitly contained in Chapter 4.
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2.5 The inequalities by Hijazi and Bar

THEOREM 2.5.1 (Hijazi-inequality [Hij86b]). Let (M, g) be a compact Riemannian
spin manifold of dimension n > 3. Let A\i(L,) denote the first eigenvalue of the
conformal Laplacian !

n —

1
=4 —2Ag + scal,,.

L

g

Then any eigenvalue A of the Dirac operator satisfies

n
A2 >

Z 1 =1) A (Ly).

Clearly, this theorem is non-trivial iff \;(L,) > 0. In particular, it is non-trivial if
the Yamabe invariant

Ay (M, [g]) := inf A\i(Lz)vol(M, g)*/™ (2.5.2)

g€lgl
is positive.

For a proof of the Hijazi inequality see [Hij91]. Following an idea of Bér, Herzlich
and A. Moroianu, it was shown in [CGHO00, Sec. 6.2] that the Hijazi inequality can
also be deduced from the refined Kato inequality.

In dimension 2 there is an analogue of the Hijazi-inequality due to Bar. It is only
non-trivial if x(M) > 0, i.e. if M is diffeomorphic to S?.

THEOREM 2.5.3 ([Bar92]). Let g be any metric on the two-dimensional sphere S.
Then any eigenvalue A of the Dirac operator satisfies

9 4m
— area(S?,g)

FEquality is attained if and only if g is a metric of constant sectional curvature.

In the terminology of the previous section this means that S? with its unique con-
formal spin structure satisfies

A (S?) = 24/7.

2.6 Blow up of spheres

It is also very interesting to obtain upper bounds for A\*. (M, g, o). We proved

min

IThe conformal Laplacian is also called the Yamabe operator
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THEOREM 2.6.1 ([AmmO3b]). If dim M > 3 or if D is invertible, then

>\+

min

(M, [g].0) < A (S™),

min

where S™ carries the standard metric and the unique spin structure.

In order to prove this, one conformally blows up an almost-sphere in a small neigh-
borhood of a given point. On this almost-sphere we take a suitable linear combina-
tion of Killing spinors and obtain a test spinor which yields a value arbitrarily close
to AF. (S™). If dim M > 3 one can show that this test spinor is almost orthogonal

to the kernel of D.

For details we refer to [AmmO3b)].

Whether this statement also holds on compact spin surfaces with ker D # {0} is
still open.

Much stronger upper estimates on the Bar-Hijazi-Lott-invariant will be derived in
[AHMO3]. In particular, we will see that if (M, g,0) a Riemannian spin manifolds
of dimension > 7 which is not locally conformally flat, then

Min(M, [g],0) < XS

min

(5™).

Together with the results of the Chapter 4 this implies that solutions of (4.2.4) exist.



Chapter 3

Elliptic regularity for Dirac
operators

3.1 Schauder estimates for Dirac operators

The aim of this section is to adapt the Schauder estimates in [GT77] to Dirac oper-
ators. Statements that are identical will be cited. However, many statements have
to be modified in order to fit for Dirac operators. Several proofs in elliptic theory
are slightly easier for Dirac operator than for the Laplacian. In some estimates we
only have to control a function up to the first derivatives instead of up to the second
derivatives.

Let us give an overview over how to obtain Schauder estimates: In subsection 3.1.1
we define various norms. Then we begin to study the case of flat manifolds in
subsection 3.1.2. In order to apply these results to (non-flat) vector bundles over
(non-flat) manifolds, we have to derive some preliminaries on trivializations of vector
bundles in subsection 3.1.3. Some needed interpolation inequalities are provided in
subsection 3.1.4. Taking all this together, we are ready to prove Interior and Global
Schauder estimates in subsection 3.1.5 and 3.1.6.

In all estimates we are not only interested in the embeddings themselves. We will
also need certain uniformity statements for the constants.

3.1.1 Definition of Holder norms

In this subsection we want to define norms that we will need for developing our
theory. We have to work with several norms as in the following statements some
of these norms are better adapted than others. The definition of these norms is

15
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analogous to [GT77, page 53 and 61]. By a domain we will always understand an
open connected subset of R™.

Let Q be domain in R" and K C Q compact, 0 < a < 1. Let d, := dist(x, ),
dyy = min{d,,d,}. If Q # R" (what we will assume for simplicity), then d, < oo.

We define

[Plroe = [@lo:= sup [[Vip(z)|
zeQ,|B|=k
k
lellkon = l¢llka = Z[@]m;
j=0
Vip(x) — VP
[Plhan =  sup o(r) as@(y) ;
2,y€Q,|Bl=k |z —y
lellka = llellkoe + [©lkaos

k
lellkon = el :Izdiam(ﬁ)] [pl5.0
j=0
lellhan = lllkoq + diam(Q)* (o] an;
[Plhoa = [Plha:= sup di|Vip(z)|
z€Q,|Bl=k
k
lelron = lelha = Z[@]}ig;
j=0
vﬁ _vﬁ
[(p];;,a;ﬂ — sup dl;?;a SO('I) Oé()O(y)'7
z,ye,|Bl=k |9U - ?/|
lelkan = lelkoa+ [©haas
k o |0(@) —o(y)
lell§2g = supdtjp(z)|+ sup dite | =22
e z,y€ |x—y\

Obviously, we have

k . «
Il o < max(1, diam(2)*+) || ¢]lo,a0
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If one replaces 2 by K, one obtains completely analogous definitions.
Note that H(pH(()O()lQ = [|oll5.a0- If diam(2) < oo, then

;0 < max(1, diam(2)*) [[ollk.a0.

and if d = (<, 09)
min(1, d) lo]lkax < ¢k a0

In order to define similar norms for functions on Riemannian manifolds M and for
sections of vector bundles over Riemannian manifolds, some modifications have to be
done. We replace differences of vectors by differences of parallel transports of vectors
along shortest geodesics, and — if the shortest geodesic is not unique — take the
supremum over all shortest geodesics. Furthermore, in order to define the ||.||-norms
we assume that the manifold is connected and bounded, which implies the finiteness
of diam. Similarly, to define the ||.|[*-norms and ||.||*)-norms, we assume that each
connected component is non-complete. Under this condition d, is defined as the
infimum over all lengths of geodesic rays 7, such that v, : [0,d) — M is globally
distance minimizing and lim;_,;7,(f) does not exist in M. The non-completeness
implies that d, is finite.

The most important norms, the norms ||.||xa0 and ||.||ro will be also denoted
by || [[cka) and |- |lcr). When we want to emphasize the bundle V' — Q the
sections live in, we write || . [|cra(uy and || [|cr@ouv)-

3.1.2 The Dirac-Poisson equation — the flat case

In this subsection we will deal with the case that €2 is a subset of R", carrying
the euclidean metric, and that the Dirac bundle S over € is trivialized by parallel
sections. We write S = C™. This is an important preliminary for the general case.
We want to study solutions to the Dirac-Poisson equation

Do =1

on Q where ¢ € C1(Q2,C™), v € C°(,C™). In local coordinates we write D =
> 0k where oy, are endomorphisms satisfying

022 =—id 0i0; = —0;0;.
Clifford multiplication is then the map v : R" — End(C™), v(>_ z'e;) = 5. z'o;.
LEMMA 3.1.1. The End(S)-valued distribution on R™

f($)::—vousm—5—1.q/< z )

ER

satisfies DI' = ¢ Idg,, where § denotes the d-distribution of R™.



18 CHAPTER 3. ELLIPTIC REGULARITY FOR DIRAC OPERATORS

The function I' will be called the Green’s function for the Dirac operator.

We will give two proofs.

Proof # 1. Recall that the Green’s function for the Laplacian is
Ca(x) = (n —2)" tvol(S™ 1) >

for n > 3 and
Pa(@) = (27) " log Jo]

for n = 2.

Using standard estimates(e.g. [GT77, Lemma 4.1]), one sees that

) / Pa(e — y)ily) dy = / (0T a)(x — y)b(y) dy.

~
ect

Multiplying o; from the left and summing over ¢ yields

D / Pz — y)b(y) dy = / (DTa)(x — 9)(y) dy.

Q

Using D? = A and using [GT77, Lemma 4.2] and its corollaries, we obtain that the
Green’s function for D is

['(z) = DUA(x).

Proof # 2. We fix a v in C™. At first, note that outside 0, we have D(I'v) = 0.
Let ® be a compactly supported test spinor. We have to show that

(Tv, D®) = (v, ®(0)).

For this, we integrate by parts and obtain

0:/ (DFv,(I)):/ (Fv,D®)+/ <(—i) T, ®),
R™\B. (0) R™\B. (0) s.0 \ 7]

where S;(0) denotes the boundary of B.(0). For ¢ — 0, the first summand converges
to (I'v, D®). The boundary term yields

[ (i) remr = [ s tervam - oo,

and hence the statement follows. O
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In analogy to the Newtonian potential for the Laplacian we define the following.

Definition. Let ¢ be a continuous spinor on R". Let €2 be a domain in R™. Then
the Dirac-Newton potential w of v with respect to () is defined as

w@wzér@—ywwww

LEMMA 3.1.2 (anal. to [GT77, Lemma 4.4]). Let By = Bg(ro), By = Bagr(zo)
be concentric balls in R™. Suppose 1) € CO’O‘(Bg),_O < a < 1, and let w be the
Dirac-Newton potential of 1 in By. Then w € CY*(B;) and

IVUlloas < ClYloas,:
1.e.
||Vw||0;B1 + Ra[vw]a;Bl < C (HwHO;B2 + Ra[@b]a;&)
where C' = C(n,a).

Proof. This statement follows directly from [GT77, Lemma 4.4] by performing
one Clifford contraction. O

LEMMA 3.1.3 (anal. to [GT77, Theorem 4.6]). Let p in C*(Q2) and ¢ € C%%(Q)
and
Dp =1 on Q.

Then ¢ € CY*(Q) and for concentric balls
Bl C BQ C E C Q with Bk = BkR<x0)

we have
lellcras,) < C - (Iellcows + Rllvlcoas,)
where C' = C(n,a).

Proof. Let
w@) = [ Tl -yl dy
B>
be the Dirac-Newton potential of 1) on By. Then Dw = 1. Hence,
M) = o) — w(a)

is D-harmonic, i.e. Dh = 0. Because of A = D?  we see that h is A-harmonic as
well. Thus, [GT77, Theorem 2.10] tells us that

on\ 2
sup |Oxh| < n sup | A sup |0,0;h| < (_n) sup | h|.
B R B, B R/ B
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Hence,
RIVAl s < c<n>sup|h|sc<n>(sup|¢|+ [ @ sup|w|)
Bs Bs By Bs
——
<C(n)-R

< C) - (Iello:s, + Rl llo:s,)-

Lemma 3.1.2 now tells us that
R[[Vwl[g o5, < C(n) RI[¢[[o,0;5,-
Adding up the last two inequalities and using
121108, < (Illoise + RIVAIG ai5, + RIVWI[G 0:5,)

we obtain the statement. O

THEOREM 3.1.4. We assume as before that Q) is a subset of R™, and that the
Dirac bundle S is trivialized by parallel sections. Let ¢ € C1(Q2), ¥ € C*(Q) satisfy
Dy =1). Then

191 00 < € (Il + 191800 (3.1.5)
where C' = C(n,a).

Proof. Forz € Q, let R = (1/3)d,, By = Bgr(x), Bo = Bag(z). We have for the
first derivative Vg

LIVe(@) < BR)IVelos < C- (Iellcosy + RIE]000s,)
< O (lellova + 191 y)

This yields
* 1
lellia < € (lelloo + 181150 )-

In order to estimate [p]] ,.q we let 2,y € Q with d, < d,. We define as above R, B,
and Bs.

If y € By = Bgr(z), then

Jite [Vi(r) — V(y)|

ST

(3R)1+a[v¢]a;31

C (I llowps + Blllh ocm)
C- (I¢llon + 1415na)

ININA

IA
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Otherwise, i.e. if y ¢ By = Bg(z), then 3|z —y| > d, = d,, and this implies

e =20 < s )9t + 19000
< G[SO]T;Q-

Hence,

* 1
Wiwe < C (Iellon+ 19150

3.1.3 Trivializations of vector bundles

In order to adapt the theory of flat domains to curved domains and manifolds with
curved vector bundles we have to use some results on trivializations.

LEMMA 3.1.6 (Trivialization for vector bundles). Let (M",g) be a Riemannian

manifold with a (complex) vector bundle S. We assume that the curvature of M is
bounded |R| < K and the curvature of S is bounded |R°| < K. We choose p € M.
On a ball of radius € > 0 around p we choose normal coordinates (z',...,z"). Let
Ffj be the associated Christoffel symbols. We trivialize the bundle S wvia parallel
transport along radial geodesics. We identify S with C™, m = rank S. Let injrad,
be the injectivity radius in p. If ¢ > 0 is smaller than €y = €o(K, n,injrad,) > 0,
then one has for any q € B:(p)

Itk < C(n) Kd(q,p), (3.1.7)

(Vip) (@) = (Orp) (@)] < C(n,m) Kd(q,p)|p(q)l, (3.1.8)

where O, = a%k and Vi = Vy,.
The above trivialization of S is called the synchronous trivialization.

Proof. The proof of (3.1.7) is very similar to the proof of (3.1.8). Hence, we
only prove the second inequality (3.1.8). In order to prove it, we can assume that
e < injrad,, and that ¢ is parallel along radial geodesics, i.e. (a%kgo) (q) = 0. Let
P, : S, — S, be the parallel transport along the triangle A; spanned by z, = + te
and 0, where e; is the k-th canonical vector, ¢ = exp,z € B.(p), t > 0. Then

d
(Vi) (@) = — o Frp.
One easily sees that we can choose ¢ such that
[(P = Id)e|| < area(A) K |p| < C't || K [yl

From this the second inequality is evident. O
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In the following subsections, (M™,g) will be a Riemannian manifold with a Dirac
bundle S. This means, that in addition to above we have a compatible Clifford
multiplication. We define the sections of o} € End(S) = End(C™) as Clifford
multiplication with gradz®. As a consequence they satisfy

cr}cr,i + a,iajl» +2¢7% -id = 0,

where ¢7* is the inverse matrix of gjz. Then the Dirac operator in this localization
is

Dy = Z 01Okp + 0V
k
for a section o° of End(S).

LEMMA 3.1.9 (Trivialization for Dirac bundles). If ¢ > 0 is smaller than ¢y =
go(K, n,injrad,) > 0, then one has for any q € B.(p)

10°(q) — o°(p)| < C(n) K d(q,p).
lo1(q) — o} (p)| < C(n) K d(q,p)*.

Proof. The first inequality follows from (3.1.7). In order to show the second
inequality, we deduce from the parallelism of Clifford multiplication and (3.1.7) that

(Vosoro}) (@) < C(n) K d(p, q)
and integrate radially. a

Remark. Similarly derivatives of ¢° and 0]1» can be controlled if one has control
over sufficiently many derivatives of the curvature tensor R.

3.1.4 Interpolation inequalities

We will need an interpolation inequality. It is an extension of [GT77, Lemma 6.32]
from scalar valued functions to sections in a vector bundle over a manifold.

LEMMA 3.1.10. Let 2 be a non-complete connected open Riemannian manifold
(For example a domain in R™, Q # R™.) Furthermore, let V' be a vector bundle

over Q). We assume that the curvature RV of V satisfies ||RV||(()222 < K. Suppose
that j+83 < k+a, where j, k € {0,1} and 0 < o, B < 1. Assume that p € C**(Q, V).
Then for any € > 0 and some constant C' = C(e, k, j, o, 5, K) we have
[Sp];ﬁ;Q;V S CH@HO%Q?V + 5[@]2@;9;%
el v < Cllelloay + ellelkaov-

Similar estimates also hold for larger values of 7 and k. We will restrict to these
cases, as only these cases are needed, and the proof is case by case.
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Proof. Obviously the second estimate follows from the first one. We will prove
the first ones. In each of the cases under consideration one can adapt the proofs in
[GT77, Lemma 6.32] to our setting. We distinguish different cases.

(i) The case j =0, =0 is trivial.

(ii)) We will now study the case j = k =1, 8 =0, @« > 0. We choose any p € .
Let p be a real number 0 < p < 1/2, that we will fix later on. As before
we note d, = d(p,0N?), d,, = min{d,,d,}, B = By(p). Let d(p,q) be the
distance between the points p and q. We take normal coordinates (z!, ..., z")
in a neighborhood of p, choose a basis of V,,, and we trivialize V' via parallel
transport along radial geodesics. The components of ¢ o exp, will be denoted
as ¢©1,...,pr, r =rank V. Let (e1,...,e,) denote the standard orthonormal
basis of R™ = T,,M. There is a constant jo(/) > 0, such that if g < po(K)
then for |z| < d = pd,

[0:0(2)] < [Vig(@)| + cal RY [ 2] lips()].

For any (fixed) 7 = 1,...,r and [ = 1,...,n, there is & on the line between
—de; and de; such that

w;j(—de;) — p;(de;)
2d

_ 1
|0isp; (7)| < < 5 l@illos.

We set ¢ = exp, z. By using |Z| < d, we obtain

0:0;(0)] < |9:0;(2)| + |Vip(p) — Vip(q)| + ol RY | |Z] |05(q)]
1 L Vio(p) — Vip(q)|
< Z|loillo.g + d® sup d- 1= sup d*+*
> dHQOJHQB qeg P,q qeg P,q d(p, q)a
+c,sup |RY| supd(p, q) |¢(q)|
qeEB qeEB

Using d, > d,/2, d,,, > d,,/2 and d(p,q) < d < d,/2 we obtain
1
0 (O] < = |1+ dewsup (dg [RY|(0) | lillon
d qeB

1 d "
+— sup 1 [90]1,(1;9;\/
P,q

d qeB

1 C(n)K 1,
< — . — oM ol o
S H@Hon,wdp [T (%] D

As a consequence, we can choose p sufficiently small such that

| Vep)| < Cle,a.n, K) |¢lloay + eleliany
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and hence
[0y < Cle,a,n, K) [[¢llo.av + @]l aav

The case j =0, k=1, 8 > 0, a = 0. To obtain a proof in this case one can
adapt [GT77, Lemma 6.32 (iii)] to the manifold and vector bundle setting in
the same way as we just did in (ii).

The case j =0, k=0, a > > 0: With the same notation as in (ii), we have
forqe B

5 10(p) = Pt op 10 [0(P) = Ppgp(q)]
I d(p, q)? s utdy d(p,q)>

where P, is the parallel transport from ¢ to p along the shortest geodesic. On
the other hand if ¢ € B, then

g8 12(0) = Pryp(d)]
P dp,g)P

Choosing v sufficiently small the claimed inequality follows in this case.

< 207" ollososv-

The remaining case j = k = 1 and a > 3 is obtained similarly as in (iv), using
results in (ii).

3.1.5 Interior Schauder estimates

In the rest of this section, we study Dirac operators over arbitrary manifolds M with
arbitrary Dirac bundles. At first, we derive Interior Schauder estimates. The interior
estimates will only be needed locally, i.e. for small balls. Hence, for simplicity we
want to assume that 2 = M is a simply connected Riemannian manifold, on which
one has sufficient control over the curvature of M and on the curvature of the Dirac
bundle.

From now on, we work in this trivialization provided in Subsection 3.1.3. We will
adapt the Interior Schauder estimates from [GT77, Theorem 6.2] to what we need.

THEOREM 3.1.11. Let S = C™ be a trivial bundle over Q2 C R™ which is an open
subset of R" and equipped with a Riemannian metric (g;;). Let

Do =Yooy + 0%
k
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where o}, € T(End(S)), ,v € T'(S) with
ajl»a,i + cr/,icr]1 +2¢°% -id = 0,

(1)

gvviv; = (o, and 3o logllcoa@) < Z, 0%

curvature R® of S satisfy

) < Z. Furthermore, let the

2
IR < Z.

Then there is a constant C = C(n,(, Z,«) such that any pair of spinors 1 €
CY*(Q,C™), p € CH*(Q,C™) with Dy = 1) satisfies

* 1
[lea@) < € (Iellcom + Y1) - (3.1.12)

Note that all distances used in this theorem are not with respect to the euclidean
metric on R™ but with respect to the distance on (€2, g) in the sense of Riemannian
geometry.

Proof of the theorem. At first, we show that we can assume that €2 is relatively
compact in R”. In order to show that this is sufficient, let €2 be an arbitrary domain
in R™, which is compactly exhausted by a sequence of compact subsets ;. If we
know that inequality (3.1.12) holds on every compact set €2;, then the uniform upper
bound on C implies that (3.1.12) also holds on €. Hence, it is sufficient to prove
the statement for relatively compact 2.

Let o and yo be distinct points in Q and suppose dy, = dy, 4, = min(d,,, d,,). Let
i < 1/2 be a positive constant to be specified later, and set d = ud,,, B = Ba(x).
In the following C' is a constant depending on n, m, a, ¢ and Z, and C(u) is a
constant depending on n, m, «, ¢, Z and u, whereas C,, only depends on n. We set

F(a) = (ok(x0) = oh(2)) Oho — "0 +v = Y o (o) g
k k

After changing to Riemann normal coordinates based in zy, we can assume that

9ij(0) = 0y

Now, we can apply Theorem 3.1.4 to the flat approximation Dt := > oh(@0) 0y of

the Dirac operator. The theorem implies for yo € By/a(w0), that any first derivative
satisfies for any k

<C_i) T |Okp (o) — A (yo)|
2 d@oa ?/O)a

In zg we have Vi (z) = >, da* ® Opp(z0). Via the trivialization results of Subsec-
tion 3.1.3 one obtains

(‘_l) Ve (yo) — dat @ drp(yo)|
2 d(l‘Oa yO)a

1
< Cllellos + IFIS.5)-

< Gy (dsup |RS W) ) [ (o)

yeB

<z
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and thus
Ji+a V(o) — V(yo)| C

< F
d(zo, yo)* - ,u1+0<<HSOHOB +| HOaB)
On the other hand for |zq — yo| > d/2,

oI Veo(xe) = Vo(y 2\“ 4 .
e =T < (2) o, [9p(ao)] + i [90000)] | < ~clelin

so that, combining these two inequalities, we obtain

Ji+a IVo(zo) — V(o)
d@oa ?/O)a

4
SMM(H@HO +HFHOQB)+M—[¢]1Q (3.1.13)

Now, HFHOaB will be estimated in terms of ||¢[lo,0 and [p]] ,.q- Note that any
C%_function h on M satisfies

||h||0aB < d||h]lo;s + d"F*||Aloasn

1+«
H (1) K (1)
S 1 — L [ ]O;Q + (1 _ /~L)1+a [h]o,a;Q
1 a 1
< 2 [h)5g + 4 (Al

For the principal term we obtain

S| (@ho) = ob(@) due|S < (Zum 1) — op(x Hm) (VS

k

The first factor is estimated as

(Z\\o—é@o)—ak HM> < Z{supm 7o) ;<x>|+da[a,ﬂo,a;3}
. & reB
< 2d° (Z[Ué]o,a;3> < 21+aﬂa[0k]0aﬂ
k
< 4Zp°,

whereas the second one is bounded from above

(VIS s < Cullellia + 4l ag) -

Hence,

Sl (ko) — ob (@) drellos ;. < 1620 ([l + 1105 w)
k

< 16Zp' (Clu)llellon + 26 e aa) -
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where we have used interpolation inequalities (Lemma 3.1.10 in the last inequality
with given € = u®).

Furthermore, we get

1% ll6asz < 4ullo® 5o sllellins < 421 (Cw) lellogn + 1l a:p)
where we have used interpolation inequalities (Lemma 3.1.10) in the last inequality

with given e = p2“.

The last term of F' is
M)HoaB > 4N||¢||oaﬂ

By adding up, we obtain

IF Uz < Cr 6l aa+ C) (Illon + 16]5ha)
2c

Together with (3.1.13) and using once again interpolation inequalities with € = p*®,
we obtain

Wlian < Chelian +C() (Ielun + 10 15ha) -
Finally, by choosing p with Cu® < 1/2, we obtain

[Pl < Cllellon + [l600)-
O

COROLLARY 3.1.14 (Interior Schauder estimates). Let € be a bounded open subset
of R", equipped with a Riemannian metric. Let K C ) be compact. Let S be a
Dirac bundle over Q. We assume that the components of the inverse metric g%
satisfy g"vw; > Clol? for all v € TQ and ||g7||cra) < Z. We further assume
that S is trivialized by orthonormal sections B, ..., B, such that ||B;|cre@) < Z.
Let A € End(S), ||Allcoa@y < Z. Let ¥ be a C**-spinor on Q. Then for any
C'-solution ¢ of
(D+A)p =1

we have p € CY*(K) and
lellcrairsy < C - ([Pllcoa@s) + lellcows))
where C' only depends on n, a, diam(Q2), dist(K,09), ¢ and Z.

Remark. Locally the condition ||g"||c1.e(0) < Z(K, ¢) follows in normal coordinates
from ||Ry|lco) < K. Similarly, if € is simply connected, then the condition on the
B; follows from a bound on ||R®||coq)

Proof. The corollary follows directly from the previous theorem and the previous
lemma. O
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In order to control higher derivatives, we recall the following identity

LEMMA 3.1.15 (Twist with the tangential bundle). Let S — M be a Dirac bundle
and D® the associated Dirac operator. Then the twisted bundle T*M ® S is again a
Dirac bundle, with associated Dirac operator DT "M®S  Then, one has

n
DT M o7 — Vo DYy = Z e;’» ® e - R (e, e5)p
ij=1
for a local orthonormal frame ey, ..., e,. In particular, this expression is a differen-
tial operator of order 0.

The proof is a straightforward calculation and can be found e.g. in [B&r95] or [Amm].

THEOREM 3.1.16 (Interior Schauder estimates of higher order). Let €2 be a bounded
open subset of R™, equipped with a Riemannian metric g. Let K C ) be compact. Let
S be a Dirac bundle over Q. We assume that the components of the inverse metric
g7 satisfy gviv; > C|)? for allv € TQ and ||g”||orira) < Z. We further assume
that S is trivialized by orthonormal sections By, ..., B, such that ||B;l|cr+1a) < Z.
Let A € End(5), ||Allcra@ < Z. Let ¢ be a C**-spinor on Q. Then if ¢ is a
C'-solution of

(D + A)p =1,
then ¢ is a C**4 spinor on K and
[ellortrairs) < C - ([[¢llena@s) + l[@llco@s))
where C' only depends on n, «, diam(Q2), k, dist(K,09), ¢ and Z.

Remark. For k > 1, locally the condition ||g" || cr+1.0) < Z(K, ¢) follows in normal
coordinates from || Ryl/ck-1.0(q) < K. Similarly, if 2 is simply connected, then the
condition on the ; follows from a bound on || R®[|cr-1.a(q)-

Proof. The theorem is proven over induction in k. We will show how to derive
k =1 from k = 0. The general induction step from k to k£ + 1 runs similarly. We
define Ryp = 37 e? - R%(e;,€5)¢ ® €. Then

1,7 %
(D+id®A)Ve =V +Rep — (VA) .
We chose a compact K’ contained in €2 and whose interior contains K. Then

C ([IVillo.asa + llellog + [[Re — (VA)@llo.ax)
C ([IVillo.asa + llellos + 2 Zl#llo.ax)
C (IVYlloan + llellon + C Z[[¢llo.an) -

IVepll1,a:r

INIACIA

Hence,
[ell2.ax < C (IVl1a0 + [[€lloa) - =
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3.1.6 Global Schauder estimates

THEOREM 3.1.17 (Global Schauder estimates). Let (M, g,0) be a compact Rie-
mannian spin manifold and 1 € C**(XM). Then any solution of

Dp=1vy
satisfies p € CKTL(X M), and there is a constant C = C(M, g,o) such that

lollcrsrapn < C (1Ullerann + lellcoan) -

Proof. For the proof of the Global Schauder estimates, we cover the manifold by
finitely many small balls €2;, we choose compact K; C ; such that |J, K; = M.
Then we apply the interior Schauder estimates to (€2;, K;) and sum it over i. This
yields the claimed inequality. O

3.2 LP-theory for Dirac operators

3.2.1 Sobolev norms of integer order

Let us introduce the function spaces we need. Let €2 be any Riemannian manifold.
We assume that a metric is chosen on 2. Let S be a vector bundle over (2. For any
smooth section ¢ on 2, and p € [1,00], k € N, we define the H}-norm of ¢ as

k
1l = 1Y V5.

=0 _times

Obviously, on compact manifolds, the Hg—norms for different connections are equiv-
alent.

3.2.2 Interior [P-estimates

In this subsection, let {2 be a simply connected open domain in R™ equipped with a
metric that extends smoothly to 2. We assume that S is a Dirac bundle over €.

THEOREM 3.2.1. Suppose (2 is a simply connected open set in R™ with an arbitrary
C* e metric (gi;). Suppose that S is a Dirac bundle over Q with ||R%||cr < Z. Let
D be the associated Dirac operator. We assume that the components of the inverse
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metric g satisfy g7vv; > C|v|* for allv € TQ and ||g” || crr1.0() < Z. Furthermore,
Ae HP, |Alux < Z. Let K be a compact subset of Q. Let ¢ € L}, (€% S) be a

loc

solution of (D + A)p = . If Y € H () S), then ¢ € Hy (€ 5) and

Il ) < C (19 mpais) + Il
where C' only depends on k, n, p, ¢, Z, diam(£2), d = dist(K, 012).

Remark. A similar inequality still holds if g is only a C**'-metric, and ||g"||cx1 <
Z. The constant then also depends on the modulus of continuity of 9**1g¥. As
before, we could replace the condition on the g% by a condition on the g,;.

In the proof we will need the following Calderon-Zygmund inequality for the Dirac
operator.

LEMMA 3.2.2. Let S be a Dirac bundle over a bounded open subset §2 of R",
equipped with the euclidean metric. Let ¢ € LP(€;5), 1 < p < oo, and let w be the
Dirac-Newton potential of . Then w € H{(S2), Dw = ¢ almost everywhere and

IVwl| o) < Cllellzr@

where C' depends only on n and p.

This lemma directly follows from the Calderon-Zygmund inequality [GT77, Theo-
rem 9.9]. O

Proof of Theorem 3.2.1. We write

D= ZO‘j(ZL‘)Vj.

We fix z9 € K. Let D% be the linear differential operator obtained by freezing the
coefficients in xg, i.e.

Dﬂat = Z 0j (.To)v]'.
J

It follows from the previous lemma that any spinor ¢ € Hy ., (€2) satisfies

. C at ~
||v90||p;ﬂ < Z ||Dﬂ t90||p;ﬂ>

with C'= C(n,p).
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There is a § = 0(k, v, Z, {) such that

Z loj(x) = a;(xo) | < ¢/ (2C)

if d(z,z9) < 0. In particular, 6 can be chosen independent from x.

Let R = 4 min{4,dist(K,0Q)}. Hence, if ¢ has support in the open ball Bg(z),
then

. C .
IV LriBr(ze) < 5||D90||LP;BR(mo>> C =C(n,p)

We apply this for ¢ := xp, where ¢ is the given spinor and where y is a cut-off
function such that

(1) x =1 on Bg/a(o),
(2) supp x C Bg(wg), and
(3) lgradx| < 3/R.

Then
IVOllzrBrn@) < IIVXP) | Lr:Bg
2C
< _” D(XQO) ”L”;BR(GUO)
C S——
=xDep+gradx-¢
< Ly 230
= ¢ L?r;Bg(xo) (R P LP;Br(z0)

Now, we cover K by finitely many balls of radius R/2. By summing up the last
inequality, we obtain the desired result. O

3.2.3 Global L”-estimates on compact manifolds

Now let {2 = M be a compact manifold. We cover M by finitely many small open
balls €;, and compact K; C €);. One applies the interior estimates to each (€;, K;)
and by summing over ¢ and an induction over k, one obtains the global estimate
that we will only need with the trivial potential A = 0.

THEOREM 3.2.3 (Global L? estimates). Let k € N. Let (M,g) be a compact
Riemannian manifold with a Dirac bundle S, and ¢ € H;(S). Then any solution of

Dy =1
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satisfies p € H} (S), and there is a constant C' = C(M, g, S) such that

Illaz,, <€ (10l + Il

k+1 —

From this we deduce:

COROLLARY 3.2.4. Let M be compact. For any k € N the norm

k
o Y 1Dl
=0
and the H}-norm are equivalent norms on I'(M;S).

We define the Sobolev space Hy (M;S) = Hj as the completion of the smooth spinors
with respect to this norm.

3.2.4 Hzl/Q—spinors

In this section let M be a compact manifold with a Dirac bundle S. The H?, Jp-horm
on spinors is defined as

_ —1/2
Wl , = [ 10172+ Imels,

where 7 is the L2-orthogonal projection to the kernel of D and where || - ||; is an
arbitrary norm on the kernel. The fractional power |D|~!/2 here is defined in the
spectral sense. We will give more details in the next section.

Again, we define the Sobolev space Hzl/z(ZM) = HEl/z as the completion of the
smooth spinors with respect to this norm.

LEMMA 3.2.5. Let M be a compact manifold with Dirac bundle S. If ¢ € HZ, then
1Dellaz, , < Clielee el

where C only depends on (M, g) and S.

Here, by saying that C' only depends on S we mean that C' depends on S and its
fixed connection and Clifford multiplication.

The proof follows immediately if one writes ¢ as a sum of eigenspinors, and if one
uses the Cauchy-Schwarz inequality.
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3.2.5 Sobolev norms of fractional order on compact M.

In the preceding subsection we gave two different definitions of Sobolev norms. The
first one only applies for integer derivation order. The second applies for k = —1/2,
but only on compact manifolds and for p = 2. It is a priori unclear how these two
norms fit into a common framework, the so-called fractional Sobolev spaces. What
we would need to unify these two definitions into a unified approach is a theory of
H}-spaces with arbitrary p € (1,00), k € R on arbitrary manifolds (complete or
not-complete). This is a very complicated subject, which has many partial results,
but also many open problems.

The aim of the present subsection is to describe how these different norms fit into a
common theory if the underlying manifold is compact.

However, we want to emphasize, that this section will not be needed in order to
derive a logically complete proof of the results in Chapter 4.

We restrict to the case that M is a compact Riemannian manifold with a Dirac
bundle S. Our aim in this section is to extend the definition of Sobolev norms to
orders k € R\ N on M. Such orders k are called negative orders if k < 0 and
fractional order if k € R\ Z. To define them, we use fractional powers for D2
These powers have been studied in [See67] and many other papers. These operators
are pseudo-differential operators, and many regularity results still hold if we replace
differential operators by pseudo-differential operators of positive order. However,
many proofs in LP-theory are much more involved.

The spectrum of the Dirac operator D is discrete, and there are L?-orthonormal
smooth spinors (f;|j € Z) and real numbers ()\;|j € Z) such that the span of
(B; |j € Z) is L*dense in the smooth sections I'(M; S) and such that Dg; = \;3;.

For finite sums Y a;3; € I'(M;S) and m € R we define

D™D aiB) =Y ai|\|™B; (3.2.6)
where the sum on the right hand side runs over all j with A; # 0.
THEOREM 3.2.7. The operator |D|™ extends to a continuous operator

|D|™ : C(M;S) — C*(M;S).

Furthermore form € Z, k € N, k > m, 1 < p < oo the operator |D|™ extends to a
continuous operator

|DI™ - Hy(M; S) = H_,,(M;5).

Obviously, these statement hold if m € 2N, as then |D|™ = (D2)m/ ?. The global
Schauder theory and the Global LP-estimates also show that they hold if m € —2N.
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However, the other cases of this theorem are quite involved. We omit the proofs and
refer to Chapter XI of [Tay81], in particular Theorem 2.5. An alternative reference
is §6 of [NS79].

Definition. We define for any k € R, 1 < p < ©

1l = [ 1D+ Il (3.2.8)

where 7 is the L2-orthogonal projection to the kernel of D and where || - [|; is
an arbitrary norm on the kernel. The space that is obtained as the closure of the
smooth functions with respect to this norm is denoted by HI’f(M ;.S).

We obtain from the previous Theorem:

COROLLARY 3.2.9. Let M be compact with a Dirac bundle S. For any k € N the
Hg—norms and Hg—norms are equivalent norms on I'(M; S).

As we are only interested in norms up to equivalence we will write H{f for both
norms from now on.

Again, we define the Sobolev space Hi (M;S) = H} as the completion of the smooth
spinors with respect to this norm.

3.3 Sobolev embeddings

In Chapter 4 we will need several Sobolev embeddings. We begin with some prelim-
inaries on the Green’s function for |D| which will be helpful to prove the Sobolev
embeddings.

3.3.1 The Green’s function of |D|

THEOREM 3.3.1. Let (M, g) be a compact Riemannian manifold with a Dirac
bundle S. Then there is a unique function G, the Green’s function for the absolute
value of the Dirac operator, with the following properties.

(1) G+ (M x M)\ dén — U,, End(S:,Sy) is a smooth function and G(z,y) €
End(S,,Sy). Here 0y denotes the diagonal §(M) = {(m,m)|m € M} in
M x M.
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(2) For any smooth spinor ¢ the integral

exists, A(p) is smooth.
(3) |D| A(p) = ¢ if ¢ is L? orthogonal to the kernel of D.
(4) A(e) =0 if @ is in the kernel of D.

Moreover G satisfies the asymptotic bound

|G, y)| < C(M, g,0)d(z,y)' ™"

An elegant way to prove this theorem is with heat kernel methods and the Mellin
transform. We will sketch the ideas here. For more details in [AF].

Sketch of Proof.

Let (¢;)ics be an L2-basis of L?(M;S), where ; is an eigenvalue of D to the
eigenvalue \;. Let J; be the index set of all ¢ with \; # 0.

For x,y € M, x # y one defines the series
G(x,y) == Z Xl () © @ily)

and shows that it converges locally in the C'°°-topology. One then uses the relation

(for A > 0)
1 o 2
VT Jo

1 o0
Glay) = —= / R, )t d,

and one obtains

where k;(z,y) is the integral kernel to the heat operator e 'P*. The kernel k; is
well-studied in the literature. In particular, (see e.g. [Dav87, DP89]) one knows the
asymptotic estimate

k(z, )| < C(M, g, W)t 2e=F@v)/5 for ¢ < diam(M)2.

This gives an estimate

diam(M,g)?
/ k(z,y)t 2 dt] < C(M, g, W) d(z,y)' ™"
0
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On the other hand one can use Weyl’s asymptotic formula and the Sobolev embed-
ding theorem in order to obtain an upper bound for

/ ky(z, y)t Y2 dt
d

iam(M,g)?

and |G (z,y)| < C(M,g,0)d(z,y)™ follows. O

3.3.2 Sobolev embedding theorems

Let S be a Dirac bundle over a Riemannian manifold M.

THEOREM 3.3.2 (Sobolev embedding theorem I). Let k,s € R, k > s and q,r €
(1,00) with

1k
7w (3.3.3)
then H(M; S) is continuously embedded into H!(M;S).

e

>

Slw

THEOREM 3.3.4 (Rellich-Kondrakov theorem). Under the same conditions as in
Theorem 3.5.2, but with strict inequality (3.3.3) and k > s the inclusion H}(M; S) —
HI(M;S) is a compact operator.

THEOREM 3.3.5 (Sobolev embedding theorem IT). Suppose 0 < a < 1, m € {0,1}
and
1 k—m—-«a
i (3.3.6)
q n
Then H!(M;S) is continuously embedded into C"™*(M;S).

The proofs of Theorems 3.3.2, 3.3.4 and 3.3.5 in the general case are not easy to
prove. As we will only need some special cases, which will be easier to prove, we will
only give a sketch of the proof here. In order to get the results in full generality, one
covers the manifolds by finitely many normal coordinate neighborhoods B.(p;) =
B.(0) C R™ and trivializes the bundle with parallel transport along radial geodesics.

One chooses a suitable partition of unity y;. One then has to show that:
¢ € HY(M;S) in the sense of (3.2.8)

—

B.(p) € LM(R™; S)

Vi:o xip
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where L*(R"; S) are fractional Sobolev spaces as defined in Chapter VII of [Ada75].
Then [Ada75, Theorem 7.63 (d) and (e)] proves the local Sobolev inequalities

Ixs@llzsr < C - [Ixipl Lroa,

Ixipllome < C-lixipllLea-
The global embedding theorems then follows by summing over i, and taking care
of the extra terms caused by the derivatives of the cutoff functions. One obtains
Theorems 3.3.2 and 3.3.5. With similar arguments one obtains the compactness
statement in Theorem 3.3.4.

Now, we will present detailed proofs for the cases that we actually need. In the
proofs we will apply the following inequality. See [LL96, Theorem 4.3] or [Lie83] for
a proof.

THEOREM 3.3.7 (Hardy-Littlewood-Sobolev inequality). Let p,r > 1 and 0 < a <
n with 1/p+a/n+1/r =2. Let f € L*(R™) and h € L"(R™). Then there ezists a
constant C(n, a, p) such that

[ [ #@le =yl hty) dady| < Ol sl

This theorem can be applied to compact manifolds.

COROLLARY 3.3.8. Let p,r > 1 and 0 < a < n with 1/p+ a/n+ 1/r = 2,
Let W be a vector bundle over the compact manifold (M,g). Let f € I'po(M; W),
h €T (M;W). Let G be a continuous End(W)-valued function on (M x M)\ dp
such that |G(x,y)| < d(x,y)~*. Then there exists a constant C' = C(a,p, M, g, W)
such that

] [ [ 106ty dsdy| < bl

Proof of Theorem 3.3.2 for k=0, ¢ > 2n/(n+1), s=—1/2, r =2. We use
the Sobolev norm as defined in subsection 3.2.4. Let ¢ be an L?-spinor. We write
@ = o+ @1, where g € ker D and ¢ L ker D. As ker D is finite-dimensional

Ieollr2, , < Cllellza.

On the other, the orthogonal complement satisfies

_ 2
loclze = 1D |
1/2
(D) — \ [ [ 6P oot i dy

c / / d(z, )" |ol()] |o(y) | da dy

< Cllellz
with ¢ =2n/(n+1). O

IN

A\
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Proof of Theorem 3.3.2 for k=1, ¢ > 2n/(n+1), s =0. We use the Sobolev
norm as defined in subsection 3.2.3. At first, we cover M by finitely many open
balls Bs(p;) of radius § = injrad(M)/2. We choose compact K; C Bs(p;) such
that | J K; = M and a smooth partition of unity 7; such that suppn; C Bs(p;) and
nilx, = 1. Let ¢ be an H{-spinor. Now, [GT77, Theorem 7.1] yields that any
H{-function supported in K; satisfies

[ull - < Clidul|». (3.3.9)

On each Bs(p;) we trivialize the spinor bundle via parallel transport along radial
geodesics. It is then an easy calculation to prove that the above inequality on
functions implies

[miellr < CINV (o)l o
Using sup; sup,¢,(gradn;)(z) < oo this implies the desired inequality

lollzr < Nl ps-

O

The compactness statements in Theorem 3.3.4 are then obtained with standard
methods.

Proof of Theorem 3.3.5 for £k =1, ¢ > n, m = 0. This proof runs in a manner
analogous to the previous proof, but one has to replace inequality (3.3.9) by the
embedding

q 0,«
HLcomp —C

proved in [GT77, Section 7.8]. Here H{ ,, denotes the compactly supported

H{(Bjs(p;))-functions. O



Chapter 4

The first Dirac eigenvalue in a
conformal class

4.1 Preliminaries

Let M be a compact manifold, on which we fix a conformal class [go] and a spin
structure o. For each metric g € [go] let AT (g) be the smallest positive eigenvalue
of the (classical) Dirac operator D on (M, g,0). As in Chapter 2 we set

)\—i—

min

(M, [go],0) := inf A (g)vol(M, g)¥/™. (4.1.1)

g€lgo]

If the dimension is > 3 or if D is invertible, then as explained in Theorem 2.6.1

)\+

min

<M7 [go]v U) < )‘rJrrlin(Sn>7 (4'1'2)
where S™ carries the standard metric. The main result (Theorem 4.2.2) of this
habilitation states that if strict inequality holds in (4.1.2), then the nonlinear partial
differential equation

Dy = Molel " Ve (4.1.3)

has a solution. The nonlinearity is critical in the sense that the exponents of the
Sobolev embeddings involved are critical. The solution of this equation has two
major applications. The first application tells us that the infimum in (2.4.1) is
actually attained if we slightly enlarge the conformal class. In the following chapter
we present a second application. If dim M = 2, then we obtain an existence result
for surfaces with constant mean curvature.

Remark. Similar critical nonlinearities have been the subject of intensive research.
We will give two examples:

39
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The first one is the Yamabe problem [LP87]. Yamabe, Trudinger and Aubin have
shown that if the Yamabe invariant A\y = Ay (M, [g]) is smaller than the Yamabe
invariant of a sphere with constant sectional curvature, then the Yamabe equation

—1
<4 n A+ scal) u=A\yuP!

n—2

admits a positive smooth solution u. By deep results, explained e.g. in [LP87], it
has been shown that any manifold M which is not conformal to the standard sphere
actually satisfies

Ay (M, [g]) < Ay (S™). (4.1.4)

As a consequence, there is a metric with constant scalar curvature on M, conformal
to g. If M is a spin manifold, Witten [Wit81, PT82] realized that one could simplify
the arguments by using spinors, in particular the Schrédinger-Lichnerowicz formula
and a Bochner-type argument. Witten’s proof used analysis on asymptotically flat
manifolds. In [AH05] we found a modification of Witten’s arguments which yields a
very short proof for inequality 4.1.4 which only needs analysis on compact manifolds.

The other problem that we want to mention is the Yamabe problem on CR-manifolds,
studied by Jerison and Lee [JL.89]. For any compact, orientable, strictly pseudo-
convex (2n + 1)-dimensional CR-manifold M, they construct an invariant A“%(M)
satisfying

NOE(M) < ACF(52m 1), (4.1.5)

Jerison and Lee prove that if strict inequality holds in (4.1.5), then M admits a
pseudo-hermitian structure with constant (Webster or Fefferman) scalar curvature.

4.2 Singular metrics and main results

Let D~1(3)) denote the preimage of v under D which is orthogonal to the kernel of
D.

In order to formulate our main result, we have to introduce certain types of singu-
larities.

Definition. Let M(gy) be the set of metrics in [go] with unit volume. We define
the set of generalized conformal metrics M(go) by

M(go) = {g =" V-go| f=0, feC(M)NC®(M ~ f~({0})) Va € (0,1),
supp f = M, vol(M, g) := [ fo/(n=1) =1}

We say that g is regular, if f~1({0}) = 0. Otherwise g is singular and S, := f~1({0})
is called the singular set.
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Note that singular metrics are not complete.

For example, let M — S? be a branched conformal covering of a Riemann surface
M to S%. Then the pullback of the standard metric on S? is a generalized conformal
metric in the above sense.

For any generalized conformal metric g, we define the smallest positive Dirac eigen-
value on (M, g,0) as

[,
M (9= f{w, D),

¥ €ime=Dy,  [[llim < o0, <w,D;1w>g>0}-

(4.2.1)

Here imee D, is the image of the Dirac operator on (M \ S, ¢g) acting on smooth

spinors. The scalar product (.,.), is the L*-scalar product on spinors on M \ S,.

Obviously, this definition coincides with the smallest positive Dirac eigenvalue in
the ordinary sense if g is regular. In Lemma 4.6.1 we show that

inf A& = inf A\ (9).
M) 1 (9) oM (g0) 1 (9)

THEOREM 4.2.2. Let M be a compact manifold of dimension > 2 with a fized

conformal class [go] and a spin structure o. Assume that X}, = At (M, [go],0) =
inf{\f (g)vol(M, )™ | g € M(go)} satisfies
AE (M, [go], 0) < A, (S™) = Lol (4.2.3)

min 9 n
Then

(A) there is a spinor field p € CY*(XM) N C>®(Z(M ~ ¢~ 1(0))) on (M, go) such
that
Dyyp = Aiin ‘90‘2/(”71)907 [éll2n/(n-1) = 1, (4.2.4)

(B) there is a generalized conformal metric g € M(go) such that
A (9) = A,

min*

It is not difficult to see that statement (B) follows directly from statement (A). If
we have a solution as in (A), then we set g, := 2" Vg, with f = (p, ). Note
that vol(M, g;) = [ |p|*/=Y) =1, hence g, € M(go).

The transformation formula for the Dirac operator under conformal changes (Propo-
sition 2.2.1) implies that there is a spinor ¢; on (M, g1, 0) such that

Dglcpl = )‘:1111()017 ‘()01|91 =1
on M\ S,,. Then obviously, A{ (¢g1) = A\,

min*
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Proof of (A). For any ¢ > qp :=2n/(n+ 1) we define

e i sup DY)
: Tl

where the supremum ranges over all smooth non-zero spinors on (M, go, o) in the
image of D. For ¢ > qp, the problem is “sub-critical” and we will see in Proposi-
tion 4.4.4 that there is a weak solution v, of

D™y — gt " g € ker D, @y € LYD),  |¢hllre = 1. (4.2.5)

Our Regularity Theorem (Theorem 4.4.3) will imply that the solution is C%.
By a straightforward calculation we see that the following duality principle holds.

LEMMA 4.2.6 (Duality principle).
Letp,g>1, \,u € RY withp ' +q¢ ' =1 and \u = 1.

(i) If ¢ satisfies (4.2.5), then o = ||7%¢) satisfies

Do =MplPp,  oeL’(D), ||, =1 (4.2.7)
(i) If ¢ satisfies (4.2.7), then ¢ = p Dy satisfies (4.2.5).

We will study the behavior of the solutions ¢, := D™, for ¢ = qp. Theorem 4.4.5
shows that the solutions ¢, are uniformly bounded in L>. Applying the Regularity
Theorem (Theorem 4.4.3) once again, we see that 1, is even uniformly bounded in
C%, hence ¢, is uniformly bounded in C®. After taking a subsequence ¢; — ¢p,
the spinor fields ¢,, converge to a C''*-solution of (4.2.4). O

The structure of the chapter is as follows. In Section 4.3 we introduce a functional
]:é\/[ whose critical points are solutions to (4.2.5). It remains to find conditions under
which the supremum ]-"Cf” is attained. Section 4.4 proves the regularity theorem. We
obtain C'*-solutions to the sub-critical problem and we see that (4.2.3) implies the
existence of a solution to the critical problem. Section 4.5 deals with the singularities
that may appear.

Remark. The largest negative Dirac eigenvalue. Denote the largest negative eigen-
value of the Dirac operator by —A7 (¢g), i.e. —A7 (g) is the negative eigenvalue closest
to 0. All statements of the present article hold analogously if we replace the smallest
positive eigenvalue A (¢g) by A\; (g). We omit the proofs as they are the same up to
some sign changes.
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4.3 The functional

In the present section we will work with a conformally invariant functional. We
will not explicitly use results of section 2.3, but it useful to think about spinors in
this conformally invariant way. We will keep to the convention that any spinor of
conformal weight —(n + 1)/2 is denoted by . All other spinors will be denoted by

©.
For any ¢ € [¢p, 00) we define the functional

@, D~')
llZa

Here we choose the preimage D' of ) orthogonal to the kernel of ker D.
Then

FM

q

D (imeee Dyy) N {0} = R, ¢+ ———085——

fg = pig(M, go,0) = sup F@)
wE(imcoo DQO )\{0}

Because Dy, has positive eigenvalues, we see that p, € (0, 00].

LEMMA 4.3.1. Let q € [qp,00). Then

(1) pg < 00,

(2) F) extends to a differentiable functional on L?(imge Dy,) ~ {0} and the deriva-

tion s given by

IFM () (0) = —

111 Za

/ (DY — py gl T2, ), (43.2)

where pyy = F ()10 70

Proof. The Embedding Theorem 3.3.2 implies that for any ¢ there is a constant
C, such that

Hw”HEl/Q < Coll ¥l Vih € imeee Dy, .
Hence .
(D) _ o
lolz.  —
and hence (1). Similarly one proves that F,” extends to LI(imgee Dg,) ~ {0}.
Now take p with p~™' +¢~' = 1. If ¢ is in L9, ¢ > 2% then D' is in H{ and hence

in LP. Also |1|7%¢) € LP. Hence the right hand 51de of (4.3.2) defines a continuous
functional on L? which we denote by ¢ — RHS;(¢). Similarly one sees that

F (W + ) = F)'(¥) — RHSy(9) < o([|¢llze),
hence .7:(5” is Fréchet differentiable with derivative RHS,. O
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PROPOSITION 4.3.3 (Properties of p1,). The function [qp,00) — (0,00), q > fig
18

1) non-increasing in q,

3

(1)
(2) is continuous from the right,
(3)
(4)

p2 = (A1 (90)) ™"
Hq

L, s conformally invariant, i. e. for g1 € [go]

:qu<M7 Yo, O') = :qu<M7 g1, J)-
(5) pgp(M,g,0) > g, (S™, gean) if D is invertible or if n > 3.

Here gca, is the metric on S™ of constant sectional curvature and volume 1.

Proof.

(1) This is evident as q — ||¢)|| e is nondecreasing,

(2) For a given ¢ > qp, we take a smooth spinor field t such that F," (1)) > pg — e.

Observe that for ¢ > ¢

¥l
[l

The function ¢’ — [[1||;+ is continuous, hence if ¢’ is sufficiently close to ¢, then

Fo' () ().

py = FY W) = F W) e > py - 2.

Because g — fi4 is non-increasing, the statement follows.

(3) follows directly, by decomposing L?(imeeD,,) into eigenspaces for D.

(4) This follows from Proposition 2.2.1.

(5) This has been already explained in Section 2.6. O

In Proposition 4.4.4 we will see that the supremum defining 4, is attained for ¢ > ¢p
by a C%*-function which in turn implies that the function

[qD,OO)—><O,OO], q»—>uq
is also continuous from the left.

COROLLARY 4.3.4. The smallest positive eigenvalue of the Dirac operator is bounded
from below by ! :

+ -1
A > Foap -
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Hq

Hqp

CoR

Figure 4.1: p4 as a function of q

4.4 Solution of the equation

If the supremum of ]-"éw is actually attained by a function ¢, with ||1);|/z« = 1, then
because of (4.3.2) 1, is a solution of

D™ — ¢l [0 € ker D. (4.4.1)

Obviously, F}M(ry) = FM(¢) for all r € RT. As a consequence, any solution can
be rescaled to one with |9/« = 1. Hence, we study

D' — i, |¥|97 %) € ker D, |¥lle =1, ¢ € LYD). (4.4.2)

THEOREM 4.4.3 (Regularity theorem). Suppose that ¢ € L%, ¢ > qp is a solution
of equations (4.2.5). Suppose that there is an r > qp such that ||[¢]|r < co0. We
choose k, K > 0 such that |||/ < k and p, > K. Then for any o € (0,1) there is
a constant C' depending only on (M, g,0), q, v, K, k and « with

Y| coe < C and D~ )| cre < C
Proof. Without loss of generality we can assume r < n. We apply the Global
LP-estimates 3.2.3 to ¢ € L", and then the Sobolev embedding 3.3.2 and obtain
D7'(¢) € Hf < L?
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with 1 — (n/r) = —n/s, or equivalently s = rn/(n — r). Hence, by equation 4.2.5,
we know 1 € L3~ — [sap=1) e set

e s )_n—l ™
= S\ T n+l(n—r)

The inequality r > ¢p implies ' > r. By iterating this bootstrap argument we
obtain higher and higher regularity for ). The function

)_)n—l rn
n+1(n—r)

tends to oo if r converges to n from below. This shows that ¢» € L” for all € (0, 00).
Thus ¢ € H for all r € (0,00) and by the Sobolev embedding theorem 3.3.5 one
obtains 1 € C%“ for any o > 0. And finally by the Schauder estimates 3.1.17
D% € C%*. The uniform upper bound C' of the norms is now clear from the
construction. O

Remark. Outside the zero locus )~1(0) we can continue the bootstrap argument
and apply inductively the interior Schauder estimates Theorem 3.1.16. We conclude
that ¢ is smooth on M ~ ¢~1(0). Similarly, if p := (¢ —1)"! + 1 is an even integer,
then ¢ — |p[P~2p is also smooth in 0, and hence 1 is smooth on M.

PROPOSITION 4.4.4. For any q > qp the supremum p, is attained by a spinor
field 1, € C% which is a solution of (4.2.5).

Proof. Let ¢; be a maximizing sequence for ]:(5”, i.e. fé‘”(wi) — pg. We may
assume |[[1;||« = 1. After taking a subsequence there is a 1, € L? such that v
converges weakly to 1o, in L9. Because the embedding LY — H?, /9 is compact
(Rellich-Kondrakov Theorem 3.3.4), we can again choose a subsequence, and we
obtain, in addition to the weak convergence in L7, strong convergence to 1, in
Hzl/? Hence,

il
ngq (¢w)§MQ'

As a consequence, we have equality in all inequalities, in particular |||/« = 1. By
the variational formula 1., is a solution of

g < limsup ./—"qM(’(/)Z') < lim sup

D' — ptgtee|? 2 € ker D.

Now the regularity theorem tells us that 1) is actually C%«. O
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THEOREM 4.4.5. Let ) be a solution of (4.2.5) with q € (qp,2] and pg > i +¢,
e > 0. Then there is a constant C = C(M, g,0,¢) such that

[¥]lco < C.

Proof. Assume that such a constant does not exist. Then we find a sequence of
solutions 1y, to (4.2.5) with q = qy, g = pu, > p> + ¢ and

|kl co — 0. (4.4.6)

Let us assume for a moment that g, := limsup g, > ¢p. In this case, we can choose
a subsequence with ¢ — ¢. Then the regularity theorem (Theorem 4.4.3) applied
to a real number r € (gp, ¢oo), says that |[¢g]|co is bounded, in contradiction to
(4.4.6). Hence, lim ¢; = ¢qp.

We now study
1
or = — D71y,
Hoke

which are solutions of the dual equation (4.2.7).

There is a sequence of points s, € M with
my = |or(sk)| = max{p(z) |z € M} — oc.

Since M is compact, we can assume, after passing to a further subsequence, that s
converges to p € M.

Now, we define rescaled geodesic normal coordinates (o})~! via the formula
o(2) = exp, (uz + exp; (1) ).

where 6, = m. ¥ — 0.
Then a straightforward calculation shows that
Br(r) = my " px 0 oy(x)
is a solution of ]
Dip@r = — |k &,
Hoke

where Dy is the Dirac operator associated to the metric gy = 51;20,’;(9). Writing
the metric ¢ on M in geodesic normal coordinates centered in p one immediately
sees that on any closed ball the sequence g; converges to the FEuclidean metric in
the C'*°-topology.
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Note that with respect to g

[@rllco < [0k(0)] = 1.

Hence, we may apply the interior LP- and Schauder-estimates 3.2.1 and 3.1.16 to
conclude that
|Bkllcre < C(R),  Vk > k(R),

with constants C(R) and k(R).

Compare D with the Dirac operator D% on Euclidean R" (see e.g. [Pfi02] or
[AHMO3] for explicit computations). We have

(D™ — D)@kl cow B0y < TrllPrlloreBa0),

with 7, — 0.

We choose a sequence of radii R,, — oco. After passing to a diagonal sequence, we
see that there is a spinor @o on R", such that @i|p, ) converges t0 Yoolp, o) €
Che(Br(0)).

For any £ > 0 and R > 0 there is a ko(R, &) such that
1@k llon(Bro) <1 +e
for all k > ko. Because of the C'-convergence @ — (¢, Fatou’s lemma yields
[@collzap (Bro)) <1
for any R, and finally for R = co. Then ¢, is a solution of
D™ @os = tgp |Pocl™ > Poc,
and then ’(ZOO = 1, D™ @, is a solution of
(D) g = pgp |00 € keer D.

We identify {/;OO via stereographic projection with an L%’-spinor @oo on S™ with the
identification as a spinor of weight —(n + 1)/2. See section 2.3. Note that

|Ysc|lLan sy = ||[Yso||Lap@ny <1
(Dili/fooawoo)sn = ( 71’1/10071/100)]&” :u(ID”wOO| L4D (R™))
n n , 2
M?D Z thD (1/}00> = MQD”wOOH%EI)D R7) > Hqp

which is obviously a contradiction to our assumption p,, > u;f; +e. a
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PROPOSITION 4.4.7. If there is a qo > qp and an r > qp such that for all
t € (gp, qo) there is a solution vy of equation (4.2.5) with ¢ =t such that ||1,]|Lr is
bounded by a constant C' independent from t, then there is a sequence t; — qp such
that vy, converges in the C-topology to a solution of equation (4.2.5) with ¢ = qp.

Proof. For g sufficiently close to qp, we know because of Proposition 4.3.3 that
{tq is bounded from below by a positive constant. Thus, we can apply the regularity
theorem (Theorem 4.4.3) which tells us that (¢;) is uniformly bounded in C%“. By
elliptic regularity, D~*(¢;) is uniformly bounded in C'®. Hence, for a sequence
(t;) with ¢; > ¢p, converging to ¢p, the spinor fields D~1(¢y,) converge in the C'-
topology to a Cl-spinor field ¢,,. Then Dy, is a solution of equation (4.2.5) with
q9=4dp. O

4.5 The size of the singular set

In this section we recall the weak Unique Continuation Property. We obtain directly
that the set on which a solution of (4.4.1) vanishes does not contain any non-empty
open set.

THEOREM 4.5.1 (Weak Unique Continuation Property [BBMW, Theorem 2.1]).
Let P be a locally bounded function on a connected Riemannian manifold M and let

@ be a solution of
Dp=P-¢

that vanishes on a nonempty open set. Then ¢ s identically 0.

COROLLARY 4.5.2. The singular set of C'-solutions to equation (4.2.7) does not
contain any nonempty open set.

In case that the function P is smooth, there is a stronger result by Christian Bar.

THEOREM 4.5.3 (Nodal sets of Dirac Operators [Bar97]). Let M™ be compact and
connected and let ¢ be a solution of

Dy = Py

where P is a smooth endomorphism. Then the zero set of p has at most Hausdorff
dimension n — 2. If n = 2, then the zero set is discrete.

In the case n = 2 this theorem implies that the zero set of a solution to (4.2.4) is
discrete.
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4.6 The smallest positive Dirac eigenvalue on sin-
gular spaces

As before we fix a spin structure o and a conformal structure [go] on a compact
manifold M. Let g = f¥® Y. gy be a generalized conformal metric. We define
the smallest positive Dirac eigenvalue on (M, g,0) by (4.2.1). It is evident, that if
g is regular (i.e. f > 0), then A\ (g) is the smallest positive eigenvalue of the Dirac
operator.

LEMMA 4.6.1. The following identities hold

inf \F = inf M\ =L
ot 1 (9) o 1 (9) = g,

Proof. Obviously,

inf Af(g) > inf Af(g).
gE€EM(go) gEM(go)

From the previous section we already know that \[(g) > u;Dl for all M(go). Let

us show that the argument even holds on M(gy). For this we write ¢ = h?gy on
M\ S, ue C®(M\S,). Using the conformal change formula we see that

(h_lwv w)go
<w7 D%lw)go

In particular all test spinors have finite ||¢||p~. Applying Holder’s inequality and
using [ h" =1, we see that (b1, 1)y > ||¢]|74p. Hence,

M (g) = inf{ ¢ € imew Dy, [|h" " 24| o < 00, (v, Dt) g > 0}.

M (9) > pgr Vg e M(go)

On the other hand, let 1) be a spinor field such that F. (¢) > jq, —e with arbitrary
small € > 0. We can assume that ¢ is a smooth spinor field without zeros. Then
for g := [¢|¥™ gy we obtain Af (g) < F)2 (1)~ Hence

inf M\ (q) < u 't
ot 1 (9) < pg,,

O

Remark. Much recent research deals with Laplacians acting on functions on sin-
gular spaces. The function Laplacian can be defined on a much larger category of
spaces, i.e. on metric spaces carrying a measure with certain compatibility condi-
tions. (See e.g. [Gro99],[KMSO01], [KS01] and the references therein.)



Chapter 5

Spinorial Weierstrass
representations of surfaces

5.1 Overview

The solution of equation (4.2.7) provides a strong tool for showing the existence of a
new class of periodic constant mean curvature (=cmc) surfaces. Special cases of such
surfaces have been studied before with the help of completely different techniques,
e.g. [GB98]. The class of surfaces we obtain is much larger than those particular
cases.

A complete description of all periodic cmc surfaces is also important for solving
the periodic isoperimetric problem, a problem which is still unsolved until today
[Ros01, Ros].

We will explain in this chapter that there is a natural one-to-one relationship between
periodic cme-surfaces into R* and S? and critical points of F,, ¢ = 4/3, dim M = 2.
Thus, we are interested in studying the critical points of F,. This is a quite involved
problem. In this habilitation, we will only do the first step and study the suprema
of F,. Applying the results of the previous chapter, we will see that any surface on
which the spinorial positive mass conjecture holds, i.e. (A, ) = (sup F,) ™' < 2/7
admits a conformal periodic branched immersion of constant mean curvature of its
universal covering into R and S3.

We will prove:

THEOREM 5.4.1. If M is a compact spin manifold such that \t. (M, |[go],0) <
2/m, then there exists a branched conformal immersion F : M — R3 and a group
homomorphism h : T — R? such that

51
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(1) F(y-p) = F(p) +h(7)
(2) If My is a fundamental domain of M — M, then area(F'(My)) = 1, or more
exactly area(My, F*goyer) = 1.

(3) The mean curvature of F(M) is constant and equals to |-, (M, [go], o).

Similarly, we obtain immersions into 5. We will identify S* with SU(2).
THEOREM 5.4.2. If Xb. (M, [go],0) < 2\/7, then there exists a conformal branched

min

immersion F': M — SU(2) and a group homomorphism h : T' — SU(2) such that

(1) F(y-p)=nh(y)- F(p)

(2) If My is a fundamental domain of M — M, then area(F'(My)) = 1, or more
exactly area( My, F*(k™1gean)) = 1.

(3) The mean curvature of F (M) is constant and equals to H with
H* + 1=\ (M, ]g],0)%

min

Definition. Branched conformal immersions F : M — R? or $° satisfying (1) will
be called periodic conformal branched immersions.

5.2 Killing spinors

C. Bér proved in [Bar98] that if NV is a Riemannian manifold carrying a Killing
spinor @k, and if NV is an oriented hypersurface in M, then the restriction of ¢ to
N satisfies an equation close to (4.2.7). This construction is central to the spinorial
Weierstrass representation. Hence, before we turn to this representation itself, we
want to study manifolds carrying Killing spinors.

5.2.1 Preliminaries on Killing spinors

Definition. A Killing spinor to the Killing constant « is a (classical) spinor ¢ such
that
Vxp=aX-oep.

PROPOSITION 5.2.1 ([CGLS86, Prop. 5]). If the n-dimensional manifold (N, g)
carries a non-trivial Killing spinor to the Killing constant o, then (N,g) is an
Einstein manifold with Ricci curvature

Ric = 4(n — 1)a?g.
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In particular, « is real or purely imaginary. We will restrict to the case that « is
real. Such Killing spinors are called real Killing spinors. As a consequence Ric > 0.
Then any real Killing spinor ¢ satisfies

Thus, its length is constant.

A description of complete manifolds of dimension n > 4 which carry a real Killing
spinor is given in [Bar93]. One of the amazing facts in there is that in even dimension
n, n # 6, only rescaled spheres carry Killing spinors with o € R\ {0}. For more
details on Killing spinors on quotients of spheres we refer to [Bar96]. However, note
that [Bar96, Theorem 4] needs the additional assumption n # 3.

5.2.2 Killing spinors on 3-manifolds

The most important case for our application, n = 3, is special. We will now com-
pletely describe all complete 3-manifolds carrying a real Killing spinor. To the
knowledge of the author, this habilitation gives the first complete classification in
dimension 3.

As the Weyl tensor of any 3-manifold vanishes, we know that any 3-manifold carrying
a Killing spinor ¢ to the Killing constant o has constant sectional curvature 4a?.
If a = 0, i.e. if o is parallel, then one directly sees that N = R3/T", where T is a
discrete subgroup of translations. If & € R\ {0}, then by rescaling we can achieve
that o = +1/2. Then, obviously, N is a quotient of S3.

We study the Lie group SU(2) which is diffeomorphic to S3.

LEMMA 5.2.2. Let G be a Lie group with a bi-invariant Riemannian metric. Then
the Levi-Civita-connection satisfies for any left invariant vector fields X and'Y

Vil = % X,Y]. (5.2.3)

Proof. There is a unique connection V such that equation 5.2.3 holds. One easily
shows that this connection is metric and torsion free. O

Now, let G = SU(2), equipped with the bi-invariant metric and orientation such

that
(i 0 (0 1 (0 i
A=\ =) 27\=21 0/) 37 \i o0

is a positively oriented, orthonormal basis of the Lie algebra. We have

[617 62] == 2637 [627 63] = 2617 [637 61] = 262-
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There is a unique spin structure. We choose the spinor representation such that
Clifford multiplication with e; - es - e3 is the identity on spinors. Let ¢ be a left
invariant spinor, and we extend e; to left invariant vector fields. Then, the local
formula for the connection on the spinor bundle implies

1
veiﬁpzz ;Ff]ejekgp
J

Because of the previous lemma

+1 if (ijk) is an even permutation
Ffj = (Veej,er) =i =4 —1 if (ijk) is an odd permutation
0 if 7, j and k are not pairwise different

Hence

1
Ve' = 536",

i.e. any left invariant spinor on SU(2) is a spinor to the Killing constant —1/2. In
particular, SU(2) with the above metric is isometric to S* with the standard metric.
On the other hand, a Killing spinor to the constant & = —1/2 on a connected
manifold is uniquely characterized by its values at one single point. Hence, the space
of Killing spinors to the constant & = —1/2 has complex dimension 2. Thus, the
Killing spinors on SU(2) to the Killing constant —1/2 are exactly the left invariant
spinors.

In a completely analogous way one proves that right invariant spinors coincide with
Killing spinors to the Killing constant 1/2. Hence, we have proven the following
theorem.

THEOREM 5.2.4. We identify S* = SU(2) as above. Then, left invariant spinors
are exactly the Killing spinors to the constant —1/2. Right invariant spinors are
exactly the Killing spinors to the constant +1/2.

We obtain the following classification of 3-manifolds carrying a Killing spinor to the
constant « € R\ {0}. As before, it suffices to deal with o = +1/2.

Recall that (A;, Ay) € SU(2) x SU(2) acts on SU(2) = S via B — A;BA;". Note
that if I is a freely and properly discontinuously acting subgroup of Isom™(S?3), then
spin structures on S®/T" correspond to homomorphisms I' — Spin(4) = Pspin(S?)
such that

Pspin(S?) = Spin(4) = SU(2) x SU(2)

A
I — Pso(S?) =SO(4)
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COROLLARY 5.2.5 (Classification of 3-mfds with Killings spinors, o € R\ {0}).
(la) If a complete Riemannian spin 3-manifold N carries a Killing spinor ¢ to
the constant o = —1/2, then there is a discrete subgroup T' such that there is an
orientation preserving isometry N — I'\SU(2). The spin structure is given by the
homomorphism I' — SU(2) x SU(2), v+ (v,1).

(Ib) Let T" be a discrete subgroup of SU(2). We equip N := I'\SU(2) with the spin
structure given by the homomorphism I' — SU(2) x SU(2), v — (v,1). Then on
N there is a complex 2-dimensional space of Killing spinors to the Killing constant

—1/2.
(2a) If a complete Riemannian spin 3-manifold N carries a Killing spinor ¢ to
the constant o« = 1/2, then there is a discrete subgroup I' such that there is an

orientation preserving isometry N — SU(2)/T'. The spin structure is given by the
homomorphism I' — SU(2) x SU(2), v+ (1,7).

(2b) Let T" be a discrete subgroup of SU(2). We equip N := SU(2)/T" with the spin
structure given by the homomorphism I' — SU(2) x SU(2), v +— (1,7). Then on

N there is a complex 2-dimensional space of Killing spinors to the Killing constant
1/2.

Note that this corollary only holds for the choice of orientation and spinor represen-
tation described above. For other choices, some signs have to be adjusted.

Remark. The discrete subgroups of SU(2) are classified in [Wol67, Page 87-88,
Theorem 2.6.7] 1. They are conjugated to one of the groups in the following list.

(1) The cyclic group Z,, of order m, i.e. the subgroup generated by

<exp(27ri/m) 0 ) .

0 exp(—2mi/m)

(2) The binary isometry group D}, of an m-gon: Let D, be the group of orientation
preserving isometries of a regular m-gon in R?, then one defines D}, as Df, :=
O~ (D), where © : SU(2) — SO(3) is the universal covering map.

(3) The binary tetrahedral group T* defined as T* := ©~1(T") where T is the
orientation preserving isometry group of a tetrahedron.

(4) The binary octahedral group O* defined as O* := ©71(O") where O is the
orientation preserving isometry group of an octahedron.

(5) The binary icosahedral group I* defined as I* := ©7!'(I") where I" is the
orientation preserving isometry group of an icosahedron.

!Thanks to T. Friedrich [Fri80]
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COROLLARY 5.2.6 ([Hij86a]). If a complete Riemannian spin 3-manifold N car-
ries both a Killing spinor to the Killing constant 1/2 and to the Killing constant
—1/2, then N is isometric to S>.

Note that according to Friedrich’s estimate, we know the following. Let N be a
compact Riemannian spin 3-manifold with scal > 6. Then, all eigenvalues of D? are
greater than or equal to 9/4.

COROLLARY 5.2.7 ([Hij86a]). Let N be a compact Riemannian spin 3-manifold
with scal > 6. If the smallest eigenvalue of D* is 9/4 and has multiplicity at least 3,
then N is isometric to S3. If the smallest eigenvalue is 9/4 with multiplicity at least

1, then N s necessarily of the form described in Theorem 5.2.4 (1a/b) or (2a/b).

5.3 The spinorial Weierstrass representation

5.3.1 Historical background

In this section we want to explain, how a branched conformal immersion M — N
induces a spinor on M. Most of the results in this section are well-known, however
it is unclear to the author, where those results appeared for the first time.

The fact that a cmc-surface in R? yields a spinor satisfying equation (4.2.7) is a
modification of results by Weierstrass and has already been known for a long time.
Some ideas seem to go back to the work of Eisenhart (1909). Abresch presented it
in a talk in Luminy, which was cited by many people, but — unfortunately — was
never published. Other references are [Tai97a, Tai97b, Ric97] and works by Pinkall,
Kamberov, Bobenko and their collaborators.

The possible target manifold N was extended to arbitrary manifolds carrying a
Killing spinor by Christian Béar in [Bar98]. In particular, this is very helpful for
studying cmc-immersions into S®. The main emphasis in Bér’s article was the
improvement of extrinsic eigenvalue estimates. We will recall this construction in a
slightly modified version in Subsection 5.3.2. If the hypersurface has constant mean
curvature, then one can transform the induced spinor into a spinor that satisfies
even the simpler equation (5.3.4) (see Theorem 5.3.3, Part (b) and Theorem 5.3.6,
Part (b).)

For our application, it is important that any solution of equation 4.2.7 is obtained
from a cmc-immersion of the universal covering into R?. For this result, we refer to
[Fri98], but a similar statement is contained in [KKS96]. Similarly, L. Voss [Vos99]
and independently B. Morel [Mor02] have worked out theorems that tell us that
analogous statement holds for immersions into S® and H?3.
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Our presentations follows closely to [Bar98] and [Fri98].

The spinorial Weierstrass representation also plays a central role in M.U. Schmitt’s
preprint [Sch02] where progress towards the Willmore conjecture was achieved. His
work is a very rich source of results on Dirac operators on compact surfaces, in
particular on 2-dimensional tori.

We also want to add that Hitchin [Hit90] has developped an SU(2)-gauge-theoretical
approach for harmonic maps from a compact Riemann surface M into S% = SU(2).
In particular, he proves the existence of new minimal surfaces 7% — S® with the
help of the technique of spectral curves which he develops in there. Another relation
of our result to Hitchin’s paper is that the Gauss map of any period cmc-immersion
M — R3 is a harmonic map into S?. An extension of Hitchin’s methods could be
used by E. Carberry for the construction of minimal immersions of 72 into S® of
arbitrary spectral genus [Car02]. Similar results for cmc-immersions into R?® were
obtained in [EKT].

5.3.2 Isometric immersions

And this and the following subsection we want to describe how any conformally
immersed hypersurface in a manifold carrying a non-trivial Killing spinor induces a
solution to the equation

Dy = Hlp|" ¢ pp =2m/(m—1).
The converse of this for m = 2 will then be the subject of Subsection 5.3.4.
Let N be an m + 1-dimensional spin manifold which carries a Killing spinor with

Killing constant @ € R. Let M be an oriented m-dimensional manifold, and let
F : M — N be an isometric immersion.

For simplicity we restrict to the case m even, but the statement is similar for m odd.

The normal vector of M as a submanifold of N will be denoted by n, and the second
fundamental form (with values in the normal bundle) by I. Then H -n:= L tr I is
the mean curvature vector field and H is the mean curvature function.

We will now explain, that the immersion F' induces a spin structure on M. The cho-
sen spin structure on N is given by a pair (Pspin N, ) where Pspin N is a Spin(m+1)-
principal bundle and ¢ : Pspin N — PsoN is a Spin(m+1) — SO(m+ 1) equivariant
map.

The map F' induces a mapping

F,: PsoM — PsoN
(e1,...,em) +— (n,Fieq,..., Fiep).
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We define a Spin(m + 1)-principal bundle over M by
PSpinM = {(q,A) - PSpinN X PS()M | (p(q) = F*(A)}

and with the natural maps the following diagram commutes

™
PSpinM PSpinN
o ¥
F.
PsoM Pso N

where 7; and my are the projections to the first and second component. Hence,
(PspinM, m2) defines a spin structure on M, the pulled-back spin structure on M.

Remark. Two immersions Fi, Fy : M — N are called regularly homotopic if there is
a homotopy H : M x[0,1] — N from F} = H(.,0) to F;, = H(.,1) such that H(.,t)
is an immersion or all t. If I} and F5, are regularly homotopic, then the pulled-back
spin structures coincide. Vice versa, in many cases, including the case m = 2,
N = R? and the case m = 2, N = S the induced spin structures are equivalent if
and only if F; and F; are regularly homotopic. (See [JT66]. Alternatively it can be
derived from Gromov’s h-principle, see e.g. [EM02].)

We will now describe how to pull-back spinors. Let 0,,,1 : Spin(m+1) — End(3,,41)
be the spinor representation. For simplicity, we will now restrict to the case that m
is even. Then 0,1 restrict to the spinor representation o, : Spin(m) — End(%,,),
Ym = Xma1. For odd m several small modifications have to be done.

As usual we have
XM = PopinM X4, Y, YN = PspinlN X0 D1
The map PspinM — Pspin/V induces an isomorphism
A: XM — XN|y.

We will usually identify via A.

Because of XN = PgpinlN Xgpin(m+1) 2m+1 We can write a spinor on N locally in
the form [gy, 0], where gy is a local section of Pgyi N and o is a local 3,4 1-valued

function. We can even choose gy and o such that gn|;,,..r lies in F.(PspinM) i.e.
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there is a local section gy of PspinM with Fy o ¢y = gy o F. We now define the
pullback of ¥ to be
F*VU :=[qp,0 0 F].

This definition is independent from the choice of the neighborhood and from the
choice of gn. Hence, it is globally well-defined.

PROPOSITION 5.3.1. For any+=1,...,m we have

1 m
Fr(VENe) = VEMF U+ 5 ) ey (Werey)) - FT0.

J=1

Proof. We choose a local section gy of Pspin/V, and a local section gj; with
F,oqy = qgvo F. Again, we write (eg,e1,...,6,) = @ oqy. Then, we obtain
Frooqy = (e1,...,en).

Let Ffj resp. f’fj be the Christoffel symbols of ¢ o qy resp. F*p o qp;. For any
i,5,k € {1,...,m} we have

Ff] = ff] F?_] €y = _F‘ZO €y — ]I(ei, 6]) FZOO = O

Writing the Dirac operator in local coordinates we obtain for ¢ = 1,2

1 m
F* (VElav,0]) = [aw,duo0 F o S TSE; - By-ooF

jk—O

= V.MF*[qn, 0] Ze] (€ise;)) - lan, ol
Here Ey, ..., E,, denotes the canonical basis of R™*!, O

PROPOSITION 5.3.2.
F* (DU —n - VEVNT) = DM F*y — % F*(Hn - )

Proof. This proposition follows from the previous one, by Clifford multiplication
with e; and summation over i =1,...,m. O

We obtain a theorem. Part (a) is a modification of a statement in [B&r98|. If o # 0
and if the mean curvature is constant we will use a rotation to obtain a nicer form

(Part (b)).
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THEOREM 5.3.3. We assume that the m + 1-dimensional spin manifold (N, g)
carries a non-triwvial Killing spinor W, || = 1 to the Killing constant o € R. Let
M — N be the immersion of an m-dimensional oriented manifold M into N and

let D be the Dirac operator on M with respect to the spin structure pulled-back via
F.

(a) If & =0 then the spinor

= (F*\If+n-F*\If>

Sl

s a solution of

D™My = ZHE =1,

(b) If « is any real number and if H is constant, then there is z = a + b € C,
|z| =1, such that
p=aF"V+bn- F*V

s a solution of
DMy = %\/H2 + 4a? o, lp] = 1. (5.3.4)
Proof of Theorem 5.3.3. As V¥ is a Killing spinor we have

ViU =aV - ¥ for all vector fields V.

AS a consequence
DN —n - VIV = —maV.

Applying the previous proposition we obtain
SM 1o « (M
DMy = F(EHn-\If—ma@

— D Hn. PV — maF*U

2
An easy calculation gives D*¥n. = —n - D™ and we obtain for
1
b= —2<F*\p +n- F\If)
the equation
DMy — %(H+2an : >¢, (5.3.5)

which provides (a), i.e. the claimed equation if oo = 0.
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If « € R is arbitrary and H is constant, then we set

p=aF"V+bn- - F*V
for a,b € R that will be chosen later

D*My = aD*4) 4 bD*M n -4
= %(—2% + bH)F* 0 + %(aH +2ab)n - F*U.

Our goal is to choose a and b such that D*M ¢ = \/H? + 402 . In order to achieve
this, we use that the subalgebra R @& Rn of the Clifford algebra is isomorphic to C.
We set z = a + bi € C. An easy calculation in C shows that D*M ¢ = /H? + 4a2¢p

iff
—2a+ Hi _

—7Z.
VH? + 402
This is satisfied if 2arg z = arg(—2a + Hi) and |z| = 1. We obtain (b). O

Definition. The spinor ¥ resp. ¢ provided by the above theorem will be called the
spinor induced by the immersion F.

5.3.3 Conformal immersions with possible branching points

As before, let N be an m+ 1-dimensional spin manifold which carries a Killing spinor
with Killing constant o« € R. However, we release the condition that F': (M, gy) —
(N, gn) is an isometric immersion. We only claim that it is conformal. If m = 2 we
also admit a set of branching points of odd order.

Outside S we write g = F*(gn) = f?g0, f> = |dF[}, € C®(M), f € C=(M\ 5).
Then we can apply Proposition 2.2.1 and transform the results of the previous
section. We set Ay := A; o A, where A denotes as before the isomorphism XN —
Y M|y. We directly obtain

THEOREM 5.3.6. We assume that the spin manifold (N™ g) carries a non-trivial
Killing spinor U, |¥| =1 to the Killing constant o € R. Let (M™, go) — (N, g) be
a conformal immersion into N and let D be the Dirac operator on M with respect
to go and the spin structure pulled-back via F'. Let m be even.

(a) If a =0 then the spinor
1
=4y (Fw+n- Fv)
V2o

s a solution of

Dy =Hfy|»1y |y =|dF|e .
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(b) If a is any real number and if H is constant, then there is z = a + b € C,
|z| =1, such that
o= A" (aF*U + bn - F*U)

18 a solution to

n—1
Do = VH> T4 |p|7 T, |p| = |dF|sd .

If m = 2, we also admitted branching points of odd order. A priori, ¢ and v are
only defined outside S. However, if the order of the branching points is odd, then
the induced spin structure (which a priori is only defined on M \ S) extends to M.
Furthermore, we can extend ¢ and ¢ by 0 in the branching points of F'. Hence, the
spinors ¢ and 1 vanish exactly in the branching points of F. As m = dim M = 2,
the regularity results in Section 4.4 imply that ¢ and v are smooth in the branching
points.

5.3.4 From a spinor to an immersion

It is a natural question to ask whether any solution of
Dy =Mg[""¢  pp=2m/(m—1) (5.3.7)

on M™ is induced from a conformal immersion into an m + 1-dimensional manifold
carrying a Killing spinor. We will show now that if m = 2 and if M™ is simply
connected, then any solution arises in this way. Thus, let M™, m = 2, be a simply
connected surface, and assume that the 3-manifold N carries a fixed Killing spinor
to the Killing constant a € R. Any immersion of M into N can be lifted to the
universal covering of N. Hence, without loss of generality, we can assume that N is
simply connected, i.e. it is the simply connected manifold M (k) of constant sectional
curvature 4a?.

PROPOSITION 5.3.8. Let (M, go) be a simply connected surface, and let ¢ be a
solution to the non-linear spinor equation

Dy = )\|g0|2g0 AER

Then if \* > k > 0, then there is a branched conformal immersion F : M — M(k)
with constant mean curvature £+/A\2 — k, such that |dF| = |p|* and ¢ is the spinor
induced by F'.

Proof. At first we assume that F is isometric and |p| = 1. In the case « = K =0
the statement of the proposition has been proven in [KS96] and [Fri98]. For positive
k one has to do some modifications. As a first step we set

U =ap+bvoly - p
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for a and b chosen similarly as in the proof of Theorem 5.3.3, Part (b). This spinor

satisfies
DY = +V )2 —4a2 9 — 2avol - 9.

It has been shown independently by Voss and Morel [Vos99, Satz 4.1] and [Mor02,
Theorem 4.1] that there is an immersion F' into M (k) such that ¢ = F*W for a
Killing spinor ¥ on M (k).

In order to derive the non-isometric case from this, one removes the set of branching
points S. After conformally rescaling by ¢; := || %go, the isometric case provides

an isometric immersion F of the universal covering F' : (M \ S, g;) into M () which
pushes down to a map F': M — M(k) such that

—_—

M\ S M(k)

=N\ L

1
M

commutes.

5.4 Cmc-immersions into space-forms

Taking together the results of Chapter 4 and the results of the preceding sections
we obtain immersions into M(x) for k > 0. After a possible change of orientation
or of the spinor representation, we can restrict to the case o < 0.

Let (M, [go]) be a compact Riemann surface, i.e. the orientation and the conformal
class is fixed. We further assume that M carries a spin structure o. (Choosing a

spin structure o on the surface M is in fact equivalent to choosing a square root of
the complex line bundle TM — M.)

Let A\ (M, g,0) be the first positive eigenvalue of the Dirac operator on (M, g, o).
REcall that we defined in (2.4.1)
2\

min

(Mv [90]70) = inf )‘T(Magvo-) VOI(Mag)l/n'

g€lgo]

Let M be the universal covering of M, and let I' = 71 (M) be the fundamental group,
acting as Deck transformations on M.

THEOREM 5.4.1. If\!. (M, [go],0) < 2/7, then there exists a conformal branched

min

immersion F : M — R? and a group homomorphism h : T — R3 such that

(1) F(v-p)=F(p)+h(v)
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(2) If My is a fundamental domain of M — M, then area(F(M;)) = 1, or more
exactly area( My, F* gouar) = 1.

(3) The mean curvature of F(M) is constant and equals to . (M, [go], o).

Remark. The Willmore integral of such an immersion F' is

/ H?> =)\t % <4r

On the other hand, it is easy to prove that if M is a compact surface, then any
immersion F : M — R? satisfies
/ H? > 4.
F(M)

As a consequence we see that h(I") contains nontrivial elements.

Analogously, we obtain immersions into M(x), & > 0. We view M(x) as SU(2) = S3
equipped with the metric £72gean.

THEOREM 5.4.2. If\T. (M, [go],0) < 2+/7, then there exists a conformal branched
immersion F : M — M(k) and a group homomorphism h : T — SU(2) such that

(2) If My is a fundamental domain of M — M, then area(F'(My)) = 1, or more
exactly area( My, F*(k™1gean)) = 1.

(3) The mean curvature of F (M) is constant and equals to H with

H2 +hK= )‘r—’r—un(Mv [90]7 0)2'

In the same manner as above, we conclude that h(I") contains non-trivial elements.

Remark. Using Lawson’s transform [Law70], we also obtain immersions into M(k),
k < 0, for a periodicity map h : T' — Isom(M(k)).
5.5 Open problems

In this section we want to formulate some open problems which are interesting for
further investigations.



5.6. EXAMPLES AND VISUALIZATIONS 65

Problem No. 1

CONJECTURE 5.5.1 (Spinorial positive mass conjecture for surfaces). Let (M, g)
be a compact Riemann surface of genus > 1 with spin structure o. Then

)‘r—;in(Ma [g]v g) < Zﬁ.

Problem No. 2

A theory for stationary points of F, which are not suprema is required. Examples
of such stationary points are obtained by closed cmc-immersions in R3, e.g. Wente
tori.

Problem No. 3

If K > 0, then we have seen that the period map h takes values in R® or SU(2),
which are both 3-dimensional subgroups of Isom(M(k)). For k < 0 we obtained
periodic immersions into M (k) via Lawson’s transform. It is unclear whether there
is a 3-dimensional subgroup of Isom(M(x)) such that h(I') is contained in this
subgroup.

5.6 Examples and Visualizations

In this section we want to present some examples of surfaces obtained by our con-
struction. The first two examples are already well studied and visualizations exist.
The third one yields new periodic conformal immersions, but no visualization exist
until now. As we consider it interesting to visualize them in the future, we added a
subsection on software that could be used to visualize them in future.

5.6.1 Unduloids

wisualized by N. Schmitt.

A (2-dimensional) torus with any Riemannian metric carries four different spin struc-
tures. For exactly one of them, the so-called trivial spin structure, the dimension
of the kernel of the Dirac operator is 2, for all other spin structures, the non-trivial
spin structures, the kernel is {0}. The terminology comes from the fact that if the
metric is flat, then the trivial spin structure is the only one which is trivialized by
parallel spinors.

Remark. We want to warn the reader that this terminology is a bit misleading
if one considers spin-cobordism. The 2-dimensional spin cobordism group is Zso,
and T2 equipped with the trivial spin structure represents the non-trivial element
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Figure 5.1: The curve generating F : R*/{e;) — R3

in Z,, whereas T2 with any non-trivial spin structure represents the trivial element
in ZQ.

Note that any torus is conformal to a flat one, and hence it can be written as R?/T,
where I is a lattice acting on R? via translations.

PROPOSITION 5.6.1. Let T? = R?/T be the torus with the canonical metric and
with a spin structure. Assume that T' is generated by two orthogonal vectors e; and
es, and that the spin structure is such that there exists a parallel section of the
spinor bundle along e1, but not along es. Then the spinorial positive mass theorem

(Congecture 5.5.1) holds for this surface, i.e. A1, < 2v/7.

Proof. Let F : R?/{e;) — R3 F € C' be the periodic conformal immersion
that parametrizes the surface of revolution obtained by rotating the curve drawn in
Figure 5.1.

The convex parts are isometric to spheres of radius 1 with two caps removed, say
{(z,y,2) |2 +y*+22=1,—cosp < x < cos p} for p € (0,7/2) On the other hand,
the concave part is a part of a catenoid, hence a minimal surface. One sees that
such a catenoid can be glued in a C'-manner for any p € (0,7/2). Furthermore it
is a periodic conformal immersion of a flat torus as described above, and |es|/|e1]
runs from 0 to oo when p runs from 0 to 7/2.

We calculate the Willmore integral

W(F) :/H2:47Tsinp<47r
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Figure 5.2: An unduloid in R®, visualized by Nick Schmitt.

where the integral is taken over a fundamental domain.

The standard Rayleigh quotient argument shows that for the metric induced from
R3 the Dirac operator has an eigenvalue A with A\2area < 4r. The Dirac spectrum
of surfaces is symmetric, hence A\, < 2,/7. O
As a consequence, we see that Fj/3 attains its supremum, say in ¢» = D¢. The
Euler-Lagrange equations are Dy = X |p|?p. If p is sufficiently close to 7/2, then
one easily sees that the inf A area(7?)'/? is not attained by a flat metric, and hence
the length of ¢ is not constant. Hence, the spinorial Weierstrass representation
induces a periodic conformal immersion into R? which is not isometric. It is not
known which cmc-immersion we obtain. However, we conjecture that one obtains
the unduloid, visualized in Figure 5.2.

Similarly, we conjecture that in S3 we obtain unduloids in S3. Some unduloids are
“closed”, i.e. the immersion R?/(rZ x {0}), r € RT factors to a finite covering of
the torus. Others are not closed, and the image is dense in a 3-dimensional set. An
example of a closed one is visualized in Figure 5.3.

5.6.2 Triply periodic examples

studied and visualized by K. Grosse-Brauckmann.
We want to present some triply periodic examples in this subsection.

We start with a periodic minimal surface in R?® displayed in Figure 5.4. We view

. .. . 3
this surface as a minimal surface M in the 3-torus 7% = %.

Let O be the octahedral group, i.e. the symmetry group of the regular cube or of
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Figure 5.4: A periodic minimal surface, visualized by K. Grosse-Brauckmann with
GRAPE
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the regular octahedron. The group O also acts as isometries on M. The orientation
preserving elements in O are denoted as O*. Let O* be the binary octahedral group,
i.e. the preimage of O under Spin(3) = SU(2) — SO(3). Let M carry the induced
spin structure. Then, O* acts on the spin structure, and hence the spinor bundle is
an O* — O™-equivariant bundle.

Figure 5.5: A periodic surface of constant mean curvature, visualized by K. Grosse-
Brauckmann with GRAPE

The parallel spinors on T induce a 2-dimensional O*-invariant space of harmonic
spinors on M. We now deform the conformal structure inside the class of O*-
equivariant conformal structures. Let us assume that we perturb the original metric
g on M to a metric ¢'. As M has genus > 3, one knows [Mai97] that there are
such deformations with dim ker Dy < dim ker D,. Because eigenvalues of the Dirac
operator are continuous in the C'-topology, we know that if we choose ¢’ sufficiently
C'-close to g, then we have

Auin(M, [g'], o) < 2v/.
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One can strengthen this result by looking only at the O*-invariant spinors and
the same arguments as above imply that the O*-invariant version of A}, (i.e. the
infimum of A\ area!/? running over the O*-invariant metrics) is smaller than 2y/7. All
constructions in Chapter 4 are I'* equivariant. Hence, one can adapt the methods
in Chapter 4 to the equivariant setting and we obtain a I'*-invariant solution to

equation (4.2.7).

Hence, the results of Chapter 4 imply that there is a solution to equation (4.2.7).
As all our constructions are I"*-equivariant, we can even assume that the obtained
solution is [™*-equivariant.

This solution yields a cme-surface, which is again I'-equivariant, see e.g. Figure 5.5.

Similarly, but with slightly more technical efforts, one deals with non-orientation
preserving symmetries.

5.6.3 New examples

Now, we will give some examples of new conformal cmc-surfaces.

We start with the periodic minimal surface from the last subsection, given as a
conformal embedding (M, [g]) — R3/Z3. As before let [¢'] be close to [g], but we
release the symmetry condition. Once again if [¢'] is sufficiently close to [g] and if
dimker D, < dimker D, then

Min(M, [¢'],0) < 2¢/T.

Chapter 4 implies that (4.2.7) has a solution, and we obtain a conformally immersed
surface of constant mean curvature. The rank of the period group of the immersed
surface might even be larger than 3, in which case the image would be everywhere
dense.

A completely other construction yields that any surface of arbitrary genus v carries
a spin-conformal class with

)‘errlin(Mv [9]7 J) < 2\/7_T- (562)

The construction generalizes the construction in Proposition 5.6.1. The idea behind
this construction is to take not only a line of unit spheres, but a periodic configu-
ration of unit spheres, where the period group is a group of rank -, say generated
by e1,...,e,. We choose the lengths of the generators e; appropriately (in particu-
lar, not too far away from 2), we cut off small neighborhoods of +e¢;/|e;| and their
translates via the period map, and glue in minimal surfaces joining each sphere Sj
to e; + Sg. The induced spinor ® is a spinor such that F,(®) > (2y/7)'. Hence,
we have a test spinor that shows (5.6.2)
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5.6.4 Software for visualizing cmc-surfaces

At end, we want to note that there is a growing number of interesting and free
software which is extremely helpful to visualize minimal and cmec-surfaces in the
space-forms H3, R3 and S3. See at

http://www.berndammann.de/softwarelinks

for links to these programs.

A classical program is Ken Brakke’s surface evolver. The program works with tri-
angulated surfaces, and numerical routines try to minimize the area of a surface
under various constraints. This admits drawing minimal and cmc-surfaces. These
programs can handle periodic surfaces very efficiently.

Much more adapted to the spinorial Weierstrass representation are various programs
of the software packages of GANG, the Center for Geometry, Analysis, Numerics
and Graphics (GANG) at the University of Massachusetts, Amherst, Massachusetts,
USA. Nick Schmitt and his collaborators have programmed many programs (minlab,
cmclab and others) for visualizing minimal and cmec-surfaces with the help of the
spinorial Weierstrass representation.

Two other important packages for visualizations are MESH and GRAPE.
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