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ABSTRACT
OF THE THESIS OF

Ahmad Hisham Hussein for Master of Science
Major: Mathematics

Title: Analytic Disks and Mapping Problems for Real Hypersurfaces
in Complex Spaces

The thesis will review the theory of certain invariant objects associated to CR
submanifolds of C”, especially families of attached analytic disks, and their
implications for the study of the properties of holomorphic maps. Particular
attention will be given to the dynamics of those invariants on the sphere in C2.
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CHAPTER 1

INTRODUCTION

The domain of Complex Analysis is a rich and an ongoing field of research, primarily
known and notable for its essentially different nature from Real Analysis. There is
a flavour of rigidity to the former that is not present in the latter. This flavour is
intriguingly present enough to force things like infinite differentiability (even being
analytic) to be equivalent to mere (one-time) differentiability, but also permissive
enough to allow for a variegated theory, especially when one considers more than
one variable.

The theory of Several Complex Variables (SCV) is yet on a different level. Many
results in one complex variable do not generalize to SCV in the manner one would
expect initially, and much of the motivation for SCV is this point.

One famous example of this is the Riemann mapping theorem, which we discuss in
Chapter 2. The inapplicability of this theorem in SCV opens questions as to what
sort of weaker yet worthwhile rigidity results one might have in SCV. This, together
with results such as Hartog’s theorem, motivates introduction of notions such as
domains of holomorphy and classifications such as pseudoconvexity.

CR Geometry, grounded in SCV, is most broadly the study of real hypersurfaces in
complex spaces. More particularly, it concerns the general question of what can be
said of functions defined on such hypersurfaces with the understanding that their
ambient space is C". Topics of CR Geometry are numerous, and our focus in this
thesis are the notions of stationary disks and automorphisms of real hypersurfaces
in the complex spaces C".

Stationary disks historically proved useful in various contexts. In this thesis, this
usefulness is reiterated in recovering particular CR automorphisms of hypersurfaces
that "locally look like a sphere". To do that, we primarily rely on the dynamics
between said automorphisms and the stationary disks which are attached to these
hypersurfaces.

We consider the paraboloid Rw = |z|* in C? as our model, representing otherwise
strongly pseudoconvex hypersurfaces. We consider the stationary disks attached
to this paraboloid and passing through the origin at ¢ = 1. Our starting point is
demonstrating the necessary and sufficient dependence of these disks on their second
jets at ¢ = 1. Our next point is considering a random automorphism and pushing
the disks forward by the 2-jets of this automorphism at the origin. By imposing



holomorphy, we then parameterize the automorphism by said 2-jets. As such, we
completely nail down the desired automorphisms and prove that they are equivalent
to the ones already present in the literature by other means.

The content of Chapter 2 is more or less routine preliminaries, motivations for SCV,
and familiarizing the reader with our notations. Chapter 3 is intended as a classical
summary of basic Differential Geometry and CR Geometry, as well as motivation
for our work and some background in similar problems.

Chapter 4 is mostly about studying the stationary disks attached to our model,
and the first section of Chapter 5 is where we parameterize our automorphisms and
conclude. In particular, Corollary 5.1.1 summarizes the results of the computations,
and the two corollaries 5.1.2 and 5.1.3 showcase the back and forth between the
obtained automorphisms and the ones already in the literature, specifically as listed
on page 19 of [9] (with slight modifications to accommodate our notation).

In the second section of Chapter 5, we very briefly describe some suggestions for
future work.



CHAPTER 2

PRELUDE

The aim of this chapter is to introduce the reader to the basics of Several Complex
Variables and recall various notions that will be needed throughout this thesis. We
will assume that the reader is fairly familiar with one-variable Complex Analysis,
as well as the basics of Real Analysis, Topology, and Linear Algebra. The reader
who is familiar with Several Complex Variables can just skim through
this chapter.

2.1 Analysis and Calculus Notes and Notations

In this section, we review some basics of Metric Topology and Calculus, particularly
on vector spaces. We lay out the definitions and notations as well as a few tools
that we need.

2.1.1 Metric, Normed, and Hermitian Spaces

This subsection is intended as a quick refresher and a chance to introduce some
notations.

Definition 2.1.1. Let (X, d) be a metric space, a € X and r > 0. The open ball in
X of center a and radius r is defined to be B(a,r) = {x € X,d(z,a) < r}, and a set
O C X is called open if for each a € O, there is some € > 0 such that B(a,€) C O.
A closed set is a set whose complement is open.

Definition 2.1.2. Let X be a metric space. A neighborhood of a point x € X is an
open set O C X such that x € O. The interior of a a subset A of X, denoted by
A°, is the set of all x € A such that x has a neighborhood O with O C A.

Remark 2.1.1. A set C' in a metric space (X, d) is closed if and only if for each
(xn) C C, if (z,) is convergent in X, then limx, € C.

Notation 2.1.1. Given a metric space X and a subset A of X, we denote by A’ the
set of all limit points of A. In other words,

A :={r € X,Ve > 0,B(z,e) N A\ {z} # &}

9



Recall that, with this notation, the topological closure of A is simply A=AUA,
and 0A = A\ A°.

Definition 2.1.3. Let (X, d) be a metric space. A subset A of X is called dense in
X if A = X. FEquivalently, A is dense in X if for each open set O C X, we have
ANO # @.

Definition 2.1.4. Let (X,d) be a metric space. A sequence (x,) C X is called a
Cauchy sequence if lim,, ,, d(xp, ) = 0. In other words, (x,) is Cauchy if it holds
that Ye > 0,AN € N,Vn,m > N,d(x,,x,) < €. A metric space (X,d) in which
every Cauchy sequence is convergent is called a complete metric space.

If (X, || ||) is a normed vector space (nvs), then ||-|| induces a metric on X given by
d(x,y) = ||x —yl||. This metric in turn induces a topology on X, the metric topology
associated to the norm || - ||. This structure induced by the norm allows for notions

of convergence, openness, continuity, etc. In particular, in this context, a subset U
of X is open if and only if:

VeeU,Je>0,B(r,e) ={ye X:|ly—z||<e} CU

Recall that two norms || - [|; and || - || on a vector space X are said to be equivalent
if there are a,b > 0 such that for all z € X:

allzlly < [lzflz < bl
Two equivalent norms generate the same topology on the given vector space.

Theorem 2.1.1. All norms on a finite dimensional vector space are equivalent, and
any two finite dimensional vector spaces of the same dimension are homeomorphic in
the topology induced by any choice of a norm. In particular, the Euclidean topological
spaces R?" and C" are homeomorphic.

Definition 2.1.5. Let (X, ||-]|) be a nvs. We call (X, ||-||) a Banach space if (X, d)
is a complete metric space, where d is the metric induced by || - ||.

Definition 2.1.6. A Hermitian form on a given wvector space V is a functional
h :V xV — C which is C-linear in the first component and satisfies conjugate
symmetry, i.e. satisfies h(z,y) = h(y,x) for all z,y € V. If V is a vector space and
h is a Hermitian form on V', then (V,h) is called a Hermitian space.

Definition 2.1.7. An inner product (-,-) on a vector space V is a positive definite
Hermaitian form. In other words, an inner product on V is a Hermitian form h on
V' which satisfies h(x,x) > 0 for all x € V' \ {0}. If (-,-) is an inner product on V,

then (V,(-,-)) is called an inner product space.

Remark 2.1.2. If (X, (-,-)) is an inner product space, then (-,-) induces a norm on
X given by ||z|| = /{(x, z).

Definition 2.1.8. Let (H,(-,-)) be an inner product space. We call (H,{(-,-)) a
Hilbert space if the nvs (H, || -||) is a Banach space, where || - || is the norm induced

by <7>

10



Definition 2.1.9. Given a metric space X, we say that X is disconnected if there
are two non-empty disjoint open sets A, B C X such that X = AU B, and we say
that X is connected if X 1s not disconnected.

Definition 2.1.10. Let X be a metric space. We say that X is compact if every open
cover of X admits a finite subcover. FEquivalently, X is compact if every sequence
in X has a convergent subsequence.

Theorem 2.1.2. (Heine-Borel theorem)
A subset of R™ is compact if and only if it is closed and bounded.

Theorem 2.1.3. (Extreme Value theorem)
Let X be a compact metric space, and let f : X — R be continuous. Then, f
admits both a maximum and a minimum on X, i.e. there are xg,x1 € X such that

f(zo) = infrex f(z) and f(z1) = sup,cy f(2).

Definition 2.1.11. Let X be any set and (Y,d) be a metric space. A sequence of
functions (f,) from X toY is said to converge pointwise to a function f: X — Y
if for each x € X, the sequence (f,(x)) converges to f(x). Also, (f,) is said to
converge uniformly to f if Ve > 0,3IN > 1,Yn > N Vo € X, d(f.(z), f(z)) < e. If
Y is a nvs, we may talk of a series of functions from X toY, Y o, fn, and such
a series is pointwise (resp. uniformly) convergent if its sequence of partial sums is
pointwise (resp. uniformly) convergent.

Definition 2.1.12. Let (X, |- ||x) and (Y, || - |ly) be nvs. A linear map L : X —Y
is said to be bounded if there exists some M > 0 such that for all x € X, we have
IL(2)ly < M|z x-

Proposition 2.1.1. Let X and Y be nvs and let L : X — 'Y be a linear map. Then,
L is continuous on X if and only if L is bounded (and this is also equivalent to L
being continuous at 0).

Remark 2.1.3. Given two vector spaces X and Y, the set of all linear functions
from X to Y is a vector space under the usual addition of functions and scalar
multiplication.

Notation 2.1.2. Given two nvs X and Y, we denote by L(X,Y) the set of all
bounded (i.e. continuous) linear operators from X toY .

Proposition 2.1.2. The set L(X,Y) with the usual addition of functions and scalar

multiplication is a vector space. Furthermore, we may define || - || on L(X,Y) by:
L(x Y
] o sup L]
rex]lx
This || - || is a norm, called the operator norm, and so (L(X,Y),| - ) is a nvs.

Definition 2.1.13. Let X;,..., X,, andY be vector spaces. Amap p : [[}_; X; =Y
1s called an n-linear map if ¢ is linear in each component.

11



Remark 2.1.4. Let X;,..., X, and Y be nvs. An n-linear map ¢ : [[}_, X;i = Y
is called bounded if there is M > 0 such for all x; € X;, we have:

X;

lo(er, .o za)ly < M il
i=1

Also, the set of all n-linear maps from [[\_, X; to Y is a vector space with

respect to the obuvious operations and actions, and one denotes this vector space by
L(X1,..., X Y).

Finally, if one puts, for p € L(Xy,...,X,;Y),

H(PH = sup ||90(x17 <. ,ZEn)HY
meX; |[21llx, o [lonllx,
then one gets a norm on L(X1,...,X,;Y) (the operator norm).

2.1.2 D:ifferentiability: Main Definitions and Tools

Derivatives as multilinear maps, relevant terminologies, Taylor expansion, and a few
classical theorems.

Definition 2.1.14. Let (X, ||||x) and (Y, |||ly) be nvs, let U C X andlet f : U =Y
be a map. We say that [ is (Fréchet) differentiable at a point xog € U if there exists
an L € L(X,Y) such that:

o (@) = F(z0) = 1w = 20)lly

=0
o |2 — zo||x
or, equivalently,
Mot )~ )~ KWy
h—0 1| x

Remark 2.1.5. This condition can also be reformulated using the e — & definition
as: Ye > 0,36 > 0,Vh € X, ||h||lx <0 = | f(xo+ h) — f(xo) — L(h)|ly < €||h]x-
We can also write it in Landau notation as: f(xo+ h) = f(x¢) + L(h) + o(h).

Remark 2.1.6. In the above definition, if such an L exists, then it is unique.

Definition 2.1.15. With the same notation as above, this unique L is called the
(Fréchet) derivative of f at xq, and it is denoted by D f(xo).

Definition 2.1.16. Let X and Y be nvs, let U C X be open, and let f : U — Y.
We say that f is differentiable on U if f is differentiable at each point in U. If this
is the case, we denote by Df the map U — L(X,Y) associating to each x € U the
map D f(x) defined above. This map Df is called the derivative map of f.

Remark 2.1.7. The map Df is defined on U and lands in L(X,Y") which is itself
a nvs, and we can talk of the continuity and differentiability of Df with respect to
these nvs.

12



Definition 2.1.17. With the same setting as above, and assuming that f is
differentiable on U, so that the deriative map Df : U — L(X,Y) is defined, we say
that f is twice differentiable at a point xg € U (resp. on U) if Df is differentiable
at xog (resp. on U). In this case, the second derivative of f at xq is then defined
to be D?f(xg) = D(Df)(xo). If the second derivative exists on all of U, we can
then define the second derivative map D*f : U — L(X,L(X,Y)). One can then
inductively define the notion of n-times differentiability and the n-th derivative of f
at xg.

Definition 2.1.18. With the same preceding notation, we say that f is of class C*
at a point xg € U (resp. on U ) if [ is k-times differentiable on a neighborhood of x
(resp. on U) and D¥f is continuous at zo (resp. on U). We say that f is of class
C* at xg (resp. on U) if for all n € N, the n-th derivative of f exists at xqo (resp.
on U).

Terminology 2.1.1. Let X and Y be nvs, and let f : X — Y be a map. We say
that f is smooth on X if f is of class C*™° on X.

Remark 2.1.8. Per our notations, L(X,Y; Z) denotes the vector space of all bounded
bilinear maps X x Y — Z. We note that L(X,L(Y,Z)) = L(X,Y;Z) (through an

isometric isomorphism), and so, one can look at the second derivative map as a map

which outputs bilinear maps X x X — Y. More generally, the n-th derivative is a

function that outputs multilinear maps X™ — Y.

Theorem 2.1.4. (Taylor’s theorem)

Let X and Y be nvs, U C X be open, g € U, and let f : U — Y be of class C"*!
on U. If the segment connecting xo to xo+ h, S(xg,zo+ h), lies in U, then there is
some & € S(xg, o + h) such that:

xO + h Z k'Dk SEO hk ( Dn+1f<€>hn+l

)

where D* f(z0)h* denotes D¥ f(xo)(h, h, ..., h) (with the multilinear notation,).

Remark 2.1.9. Another widely-recognized way to write Taylor’s formula is in the
integral form:

L—6)™ ., n
J(@o+h) = Zlek +/0 %D Hf (o + th)h"

Also, consequently, with the same assumptions, one may write:
n 1 .
flag+h) =) HD’“f(xo)hk + o(h™)
k=0
Note as well that if one puts x = xoy + h, then one may write:

= 3 D () — w0+ o — )")

k=0

13



Terminology 2.1.2. With the same assumptions as in Theorem 2.1.4 and the same
notation as in Remark 2.1.9, the sum:

> 2 D* o) — o)
k=0

15 called the n-th Taylor polynomaal of f. Moreover, if f is smooth at xy and
if the series of partial sums given by the Taylor polynomials of f at xg converges
pointwise to f in a neighborhood of xq, then one says that f is analytic at xq, and

the sum: .

> D" (o) = a0)”

is called the Taylor series (or expansion) of f at the point xy.

Theorem 2.1.5. (Chain Rule)

Let X,Y,Z be three nvs. Let U C X be open, V. C Y be open, f : U — Y and
g:V — Z, and suppose that f(U) C V. Let zog € U. If f is differentiable at xo and
g is differentiable at f(xo), then go f is differentiable at xo, and one has:

D(go f)(wo) = Dg(f(x0)) o D f(zo)

Consequently, as well, if f is invertible onto f(U) and differentiable at xo, and if
71 f(U) = U C X is differentiable at f(xg), then Df(xq) is invertible, and one
has:

Df(f(w0)) = [Df(x0)] "

Definition 2.1.19. Let X and Y be nvs and U C X be open. Let f : U = Y
be a map. We say that f is a diffeomorphism if f is differentiable, bijective, and
f1:Y = U C X is differentiable. Similarly, f is a C*-diffeomorphism, for
k € NU {oo}, if f is of class C*, bijective, and f=1 is of class C*.

Proposition 2.1.3. Let {(X;, || - |;)}7-, be a collection of nvs and let X =[]}, X;.
The functional || - ||oo defined on X by ||(z1, ..., Tn)|lc = MaxXi<i<y ||2:]|; is a norm
on X, called the maximum norm.

Proposition 2.1.4. With the same set-up as the preceding proposition, let (Y, | - ||)
be a nvs, U C X open, and f : U — Y be differentiable at a = (ay,...,a,) € U.
There’s a 6 > 0 such that By (a,0) C U. In particular, [}, Bi(a;,d) C U. Given
i, the map e; : £ € Bi(a;,0) — f(ar,...,a;i—1,&, a4, - .., a,) is differentiable at a;,
and we introduce the notation: ——(a) := De;(a;), which is what we call the "partial

8@-
derivative of f with respect to x;". We also write D; f(a) = De;(a;).

Proposition 2.1.5. With the same preceding set-up, we have that for every point
0

(h1,...,hn) € X, Df(a)(h,... hy) = >0, a—f(a)hi. Also, consequently, given i,
4

we have for all h € X;, g—f(a)h = Df(a)(0,...,0,h,0,...,0) (where h is at the ith
i

position).

14



Proposition 2.1.6. Let X,Y and U be as above and let a € U. Suppose that the
partial derivatives of f exist and are continuous on a neighborhood of a. Then, f is
differentiable at a.

Theorem 2.1.6. (Inverse Function theorem)

Let X andY be Banach spaces, and let U C X be open. Let f:U — 'Y be of class
Cl. Let xy € U and suppose that D f(xzo) is an isomorphism. Then, there exists an
open neighborhood V-C U of xo and an open neighborhood W of f(xy) such that f
is a C*-diffeomorphism from V onto W.

Theorem 2.1.7. (Implicit Function theorem)

Let XY, Z be three Banach spaces, let U C X XY be open, and let f : U — Z
be a map of class C. Let (a,b) € U with f(a,b) = 0. Then, there exists an open
neighborhood V- C U of (a,b), there exists an open neighborhood W of a in X, and
there exists a map g : W — 'Y of class C' such that:

{(z,y) e W xY,y=g(x)} = {(2,y) €V, f(z,y) = 0}

In other words, (xg,yo) € V is a solution of f(x,y) = 0 if and only if xo € W and
Yo = g(@o).

2.2 Notions of Several Complex Variables

Here, we delve directly into the theory of several complex variables. We mention
some of the major theorems, and we try to provide some motivation for this theory.

2.2.1 Basic Definitions and Notes

The complex space C is defined to be the R-algebra (R?, +,-), with the addition
operation given by (x1,11) + (22,%2) = (1 + x2,y1 + y2), and the multiplication
given by (x1,y1) - (22,y2) = (z122 — Y1y2, T1Y2 + 2y1). We define ¢ = (0,1) and
1 = 1¢c = (1,0). Then, {1,:} forms a basis for C as an algebra over R, and a
complex number z € C has then a unique expression z = x + 1y, =,y € R.

Notation 2.2.1. We denote by C[z| the ring of all polynomials in z with
complex number coefficients, and we denote by deg(P) the degree of a given non-zero
polynomial P.

Theorem 2.2.1. (Fundamental Theorem of Algebra)
Let P € Clz] be non-constant. Then, P has exactly deg(P) roots (including the
possibility of repeated roots) in C.

Notation 2.2.2. Given z = z+iy € C, x,y € R, we denote the "complex conjugate”
of z by Z = v — 1y. Also, throughout this section and elsewhere, whenever we write
zj = xj +iy; for a gien z € C" = CxCx---xC, it is to be understood that

n times

zj,y; € R, and for a given z = x + iy € C, we will write Xz for the "real part” x of
z, and Sz for the "imaginary part” y of z. Finally, the modulus of z =z + 1y € C

is given by |z| = \/x? + y2.
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Remark 2.2.1. The set C" is a Hilbert space under the inner product given by:
e = 305
j=1

We will drop this notation and simply write (z,2') for ijl 22}

This naturally gives C™ a metric topology induced by this inner product, its standard
(Euclidean) topology.

Remark 2.2.2. The R-vector spaces C* and R*" are isomorphic.

Definition 2.2.1. Let U C C" be open, and let f : U — C be a map. Let a € U.
We say that f is complex-differentiable at a if f, looked at as a map from an
open subset of the C-vector-space C" to C, is (Fréchet) differentiable at a. In other
words, if there are cq, ..., c, € C such that:

f(z) = fla) + ch(zj —a;) +o(z — a)
j=1
or, equivalently and adapting the previous notation,
fla+h) = fla)+ Y cihy +o(h)
j=1

If this is the case, the complex gradient of f at a is given by:

1
Ca

0f(a) =

Cn

We say that f is holomorphic on U if f is differentiable at each point in U, and
we may then define the complex gradient on U, from which we get ourselves a map
Of : U — C* = L(C™,C) given at each point as defined above at a.

We say that f is twice differentiable at a € U if f is holomorphic in a neighborhood
VCcUofaand 0f : V — C" is differentiable at a. The second derivative of f is
often identified with the complex Hessian of f, which, given a € U, is the matrix
representation of the bilinear map D?f(a).

We also call maps U C C" — C™ complex-differentiable at a given point (resp.
holomorphic) if each of their component functions is complez-differentiable at the
given point (resp. holomorphic) according to the above definitions.

Note that the complex gradient of a complex-differentiable function f : U C C* — C
at a point a is the vector of partial derivatives of f at a in the sense of the definition
in Proposition 2.1.4. In other words,
of
8_zl(a)
Of(a) = 8}. :
8—%((1)
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Remark 2.2.3. We also talk of complex gradients of maps which are not necessarily
holomorphic but for which the partial derivatives with respect to the z;’s make sense
(although might produce non-holomorphic expressions). Specifically, when we do this
for a function f(z1,...,2,), we are looking at f as a function of the z; and the Z,
with the z; and z; variables looked at as independent variables. This will be the
case with local defining functions for hypersurfaces, for instance. When we do this,
we are meaning the vector of partial derivatives with respect to the z;’s as indicated
above.

Example 2.2.1. Consider p : C3> — R, given by p(z) = |z120*+2R23. This p is not
holomorphic. Indeed, it cannot possibly be because the only holomorphic real-valued
maps are the constant maps. However, we can write down its complex gradient.
First, we re-write p as p(z) = z21Z120%3 + 23 + z3. Then, differentiate p with respect
to the z;:
212222
op= | x1zi22
1

Remark 2.2.4. This operation of taking the complex gradient of a map (which is not
necessarily holomorphic) can be looked at as a formal algebraic maneuver, and one
can verify that taking derivatives in this formal manner preserves the basic properties
we desire: sum/product rule, chain rule, etc. even when the other functions involved
are in fact holomorphic.

Notation 2.2.3. Let f : U C C* — C be holomorphic, and denote the coordinates
in C" by (21, ..., 2,), writing for each j, z; = x; +1y;, z;,y; € R. We may regard f

as a map U C R*™ — C, and by differentiability, we may talk of 88% and g—yf, and
j j

we will define the following notations as well:
of _ 3_f _ ;9
9z 2\ 0, Gy]

af . 1
azj ' &CJ 8yj

More generally, we talk of the Ww’tmger operators:

a Pyp— 1 [ — —_—
823 ' 8:6'] 83/]

KGR N
0z 2\0x; 0y

The first among the preceding notations actually coincides with the partial derivative
of f with respect to z;, and so no confusion arises from this usage. Also, note that
we used here the fact that holomorphy implies real-differentiability, which holds
because of Corollary 2.2.2, and we mention it as Corollary 2.2.3.

and

and
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Theorem 2.2.2. Let f: U C C" — C, where U C C" is a domain (meaning open
and connected). We may write f(z) = w(z1,y1, -, Tn,Yn) + 0(T1, Y15+ o Ty Yn)
where u,v : U' C R?*"™ — R are real-valued functions of real variables and U’ is U
sitting inside R*™. Then, f is holomorphic on U if and only if for every j, the maps:
Ju Ou Ov Ov
8xj’ (9yj’ afL’j7 8yj
: . . of
exist and are continuous, and for all 7, P 0.
“j

Remark 2.2.5. These conditions are also known as the "Cauchy-Riemann
equations”. The one-variable case is doable by direct verification, starting from the
definition of derivative, and one may prove the general case from the one-variable
case.

Definition 2.2.2. Let f : U C C" — C be continuous, and let 7y : [a,b] C R — C"
be of class C'. We define the integral of f over the curve y([a,b]) to be:

[ == | F0) A 1)

Remark 2.2.6. One can check that this is well-defined. In other words, regardless
of how the image of v is parameterized (by vy or any other C* map [a,b] — C"), the
integral is invariant.

Notation 2.2.4. Given an open set U C C", with abuse of notation as to ignoring
the dimension, we denote by O(U) the vector space of all holomorphic functions with
domain U.

Theorem 2.2.3. (Cauchy’s Integral theorem)
Let U C C™ be a domain, and let K = H?:l K; C U be a compact set. Let
f:U — C, and assume that f € O(U). Then, one has:

/ / f(z1, o zn)dzy - -dz; =0
0Ky JOK> OKnp

Definition 2.2.3. Let a € C" and r = (r1,...,7r,) € R™ with each r; > 0. The
open polydisk of center a and polyradius r is defined as:

P(a,r) ={z € C"Vj, |z — aj| < r;} = [[ Blaj,my) = || P

j=1 j=1

where B(x, p) is the open ball in C of center x and radius p. If for all j, r; =6, we
write P(a,d) for P(a,r). The open unit polydisk is simply P(0,1) = B(0,1)".

Notation 2.2.5. Given a metric space X and a nvs Y, we denote by C(X,Y) the
vector space of all continuous functions from X toY. When Y s clear from the
context, we simply write C(X) for C(X,Y). When X is a nvs, for an open set
U C X, we define C*(U,Y), where k € NU {oo}, to be the vector space of all maps
U —Y that are of class C*, and we also write C*(U) when Y is understood.
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Theorem 2.2.4. (Cauchy’s Integral Formula)
Let U C C™ be open. Let P = P(a,r) = H?Zl P; be an open polydisk centred at some

a € C" and of polyradius v. Let f : U — C and suppose that f € C(P) N O(P).
Write I' = H?Il OP;. Then, one has for all z € P:

N £(0)
F2) = Forn o) <mmn£<@—zn~«g—a»“

Corollary 2.2.1. Let U be a domain in C", and let f : U — C be a holomorphic
map. Then, f is (complex) smooth on U.

Corollary 2.2.2. Let U C C be open and f € O(U). Then, f is analytic in U,
meaning that for any a € U, there is a neighborhood V- C U of a such that f
can be written in a power series on 'V - i.e. for some (a,) C C, we can write
f(2) = X, span(z —a) for all z € V. But moreover, this series is uniformly
convergent to f on the compact subsets of U, and one has for all z € U:

2 4(n) (g
fo) =3 D gy

Note that the same also holds for maps defined on open subsets of C™.

Corollary 2.2.3. Let f : U C C* — C be holomorphic. Then, f is real-analytic,
meaning that if one views f as a map from the open subset U of the real vector space
C" to the real vector space C, then f is still an analytic map.

Corollary 2.2.4. With the same setting as that of Theorem 2.2.4, and considering
a multi-indexr o = (v, ..., o) € N, one has for all z € P:

f(a)(z) _ ! /F f(Q) d¢

(27’(’@)" (Cl — 21)0614‘1 . (Cn _ Zn>a"+1

where ol = [7_, a;! and:
f(a) _ ala\f
Oz{" -+ 0z8n
where o] =37, a; is the "norm” of the multi-index a.
Theorem 2.2.5. (Identity theorem)

Let U C C" be a domain, and let f : U — C be holomorphic. Let A C U with
ANU#Ao. If f=0o0n A, then f=0 on U.

Theorem 2.2.6. (Mazimum Modulus Principle)
Let U C C" be a domain, and let f : U — C be holomorphic. If |f| : U — R admits
a maximum on U, then f is constant.

Corollary 2.2.5. Let U C C" be a bounded domain. Let f : U — C and suppose
that f € O(U)NCU). Then, |f|: U — R attains its mazimum over the compact
set U on OU.

Corollary 2.2.6. Let U C C" be a bounded domain. If f € O(U) N C(U) vanishes
everywhere on OU, then f =0 on U.
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2.2.2 Complications of Several Variables: Theorems and Examples

Many of the problems of several complex variables concern appropriate
generalizations or analogues to things we have seen in C and inspection of
multivariate phenomena that drastically differ from the one-variable-case, such as
Hartog’s phenomenon or the failure of the Riemann Mapping theorem in the
multivariable situation. This subsection serves to highlight these points.

Definition 2.2.4. Let U C C™ and V C C" be open sets. Let f: U — V be a map.
We say that f is a biholomorphism if f is bijective and holomorphic, and f=! is
holomorphic. We say that U and V' are btholomorphic if there is a biholomorphism
between them.

Remark 2.2.7. The relation "biholomorphic to" is an equivalence relation on the
set of all subsets of U,,C™. Hence, the notion of "U and V' being biholomorphic” is
well-defined.

Definition 2.2.5. A property in the context of complex analysis is said to be an
wvariant if it s preserved under all bitholomorphic transformations.

Definition 2.2.6. Let X be a metric space. A path in X from a point x € X to a
point y € X is a continuous function f : [0,1] C R — X such that f(0) = = and

f(1) =y.

Remark 2.2.8. We can talk of paths (and the few upcoming notions) in general
topological spaces, and we don’t really need a metric or a metrizable topology.

Definition 2.2.7. A metric space X is said to be path-connected if for any two
points x,y € X, there exists a path in X from x to y.

Definition 2.2.8. Let X and Y be metric spaces, and let f,g : X — Y be continuous
maps. A homotopy between f and g is a continuous function H : X x [0,1] =Y
satisfying H(z,0) = f(x) and H(xz,1) = g(z) for all v € X. If there is such a
map between f and g, we say that f and g are homotopic. One should think of a
homotopy as a way to continuously transform one embedding of an object into the
embedding of another one. Note that "homotopic to" is an equivalence relation, and
thus this notion as formulated is well-defined.

Example 2.2.2. The closed unit disk B0, 1] in R? is homotopic to the origin. In
precise terms, let f : B[0,1] — B[0,1] be the identity map, and consider the map
0 : B[0,1] — B0, 1] given by 0(z,y) = (0,0). Then, H : B[0,1] x [0,1] — B[0,1]
given by H(z,t) = (1 — t)x is a homotopy between f and 0. Here, one should
think of how the disk can be "shrunk" to the origin by "deforming” all the segments
connecting the origin to a point on the boundary of the disk to the origin in a
continuous manner.

Definition 2.2.9. Let X be a metric space. We say that X is stmply connected
if X is path-connected and all the paths in X with the same starting point and the
same ending point are homotopic to each other.
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One should think of simple-connectedness as a way to formalize the notion of "having
no holes" in the set. The requirement that we can deform any two paths with the
same starting point and same ending point to each other functions to formalize
the notion of "scanning for holes and finding none". Each path in the set is to be
considered as a "first mark", and the homotopy sending it to another path (the
"second mark") in the set is to be thought of as the "scanning machine". The result
of the scanning is that there are no "missing points". See Figure 2.1 for an example
of a set with "holes" or "missing points". Note that holes might simply refer to
removed points and need not be about removed chunks. For instance, C\ {0} is not
simply connected. Most formally, one would say that a set is simply connected if
it’s path-connected and its fundamental group at each point (a group of equivalence
classes of loops based at the point, a way to formalize "the number of holes", where
a "hole" comes out as a generator of the group) is trivial, which means that it’s
isomorphic to the additive group ({0}, +).

Notation 2.2.6. Here and elsewhere, we denote by A the open unit disk in C,
i.e. A :={¢ € C,[C|] < 1}, we denote by H, the upper-half plane in C, i.e.
H, :={¢ € C,3¢ > 0}, and we denote by B,, the open unit ball (i.e. the open unit

1/2
disk) in C*, i.c. B, = {z eC,||z|| = (zj \zj|2) < 1}.

Theorem 2.2.7. (Riemann Mapping theorem)
FEvery non-empty, open and simply connected subset of C that is not all of C s
biholomorphic to the open unit disk in C.

Figure 2.1: This set (the shaded region) is not simply connected. It has three "holes"
(the white parts are not part of the set).

Example 2.2.3. The set Hy can be proven to be simply connected, and it’s surely
non-empty and # C. The Riemann Mapping theorem tells us that there exists a
biholomorphism from A to H, (or vice-versa). In fact, one can verify that the map
f:A—H, given by:

142

1—2

fz) =i
1s a btholomorphism.

Remark 2.2.9. There is no n > 2 for which the statement of the Riemann
Mapping theorem in C™ holds. We will show this after we prepare the necessary
ingredients in the next few lines.
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Definition 2.2.10. Let X andY be metric spaces, and let f : X — Y be continuous.
We say that f is a proper map if the inverse image under f of any compact subset of

Y is a compact subset of X. In other words, f is proper if for every compact subset
K of Y, we have that f~1(K) is compact.

Definition 2.2.11. Let (X, d) be a metric space and (x,) C X. We say that a point
x € X is an accumulation point of (x,) if it is true that: Ye > 0,Yn € N, 3k > n
such that d(zy,z) < €. Equivalently, x is an accumulation point of (x,) if x is the
limit of some subsequence of (xy,).

Lemma 2.2.1. Let X C R™ and Y C R? be bounded domains. Let f : X — Y be
continuous. Then, f is a proper map if and only if for every sequence (x,) C X
converging to some v € 0X, we have A C Y, where A s the set of accumulation

points of (f(z,)).

Proof. Suppose that f is proper, and let (x,) C X with z, — = € 0X. Let y € A.
Then, there is a subsequence (f(x,,)) of (f(z,)) that converges to y. We know that
y € Y. Suppose that y € Y°. Then, 36 > 0 such that B(y,d) C Y. As (f(zn,))
converges to y, we know that there is N > 1 such that f(z,,) € B := B(y,d/2)
for all K > N. In particular, f(z,,) € B for all kK > N. Then, z,, € f(B)
for all K > N. But B is compact, so since f is proper, f~!(B) is also compact.
Hence, f~'(B) is closed in R™. So, ¥ = limz,,, € f~!(B). As f is continuous and
B(y, d) is an open subset of Y, we know that f~!(B(y,d)) C X° = X. In particular,
f~Y(B) € X. Hence, fY(B)NdX = @. But v € f~(B)N0dX. A contradiction.
Therefore, y ¢ Y°, so y € 9Y.

Now let’s show the backward implication. Let K C Y be compact. Then, K is
closed in R?, and so f~(K) is closed in X. Since X is bounded, so is f~1(K). So,
it’s enough to show that f~1(K) is closed in R™. If it’s not, then there is a sequence
(z,) € f7Y(K) such that z, — x € 0X (since f~1(K) is closed in X). We know
that (f(z,)) C K which is compact, so it has a convergent subsequence converging
to some y € K. By our assumption, and since y is an accumulation point of (f(z,)),
we must have y € 9Y. Thus, y € K N9Y. But since Y is open, Y NJY = @, in
particular, K NdY = @. This is a contradiction. Therefore, f~!(K) is closed in R™
and is thus compact. Therefore, f is proper. O

Remark 2.2.10. It is not enough for f to be continuous for the previous lemma to
hold. Indeed, take X = (0,3), Y = (0,5), and consider the function f : X — Y
giwen by f(x) = 4x — 2%, Obviously, X and Y are bounded domains, and f is

continuous. However, take (x,) C X to be the sequence given by x, = 3 ——. Then,
n
2 1
T, —3€0X, but f(x,) =3+~ —— —3¢0Y.
n o n

Theorem 2.2.8. Let U C C be a domain, and let (f,) be a sequence of
holomorphic functions U — C. Suppose that f, — f uniformly on compact subsets
of U. Then, f is holomorphic, and f] — f" uniformly on compact subsets of U.

Theorem 2.2.9. (Montel’s theorem)
Let U C C be open and (f,) be a sequence of holomorphic functions U — C. If (f,)
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is uniformly bounded on compact subsets of U (meaning that for any given compact
K C U, Jeg > 0 such that |fi(2)| < ck for all z € K and all k > 1), then there
exists a subsequence (fp,) that converges uniformly on the compact subsets of U.

Theorem 2.2.10. (Open Mapping theorem)
Let U C C be a domain and f : U — C be a non-constant holomorphic function.
Then, f is an open map, meaning that for all open sets O C U, f(O) is open.

Theorem 2.2.11. (Rothstein)

For every n > 2, the open unit ball in C" and the open unit polydisk in C™ are not
biholomorphic. Hence, the statement of the Riemann Mapping theorem fails in C",
for alln > 2.

The following proof is inspired by the one presented in section 1.4 of [3].

Proof. Suppose that they are biholomorphic, and let f : P(0,1) = A™ — B, be a
biholomorphism. In particular, f is a holomorphic, proper map. Fix somen € QA" !
and let (n;) be a sequence in A" such that n, — 7. Consider the sequence of
functions (gx) defined by gr : A — B,, gx(() = f((,m). Clearly, every g is
holomorphic. Moreover, (gx) is uniformly bounded on compact subsets of A: in
fact, (gx) is uniformly bounded on A, as each g(() lives inside B,,. So, by Montel’s
theorem, there is a subsequence (g, ) of (gx) that converges uniformly on the compact
subsets of A to some holomorphic function g : A — B[0,1] = B,, (the closed unit
ball in C"). By the lemma, we know that g(A) C 0B, and by the Open Mapping

theorem, this implies that ¢ is constant. Now the sequence of derivatives (gfgj)

converges (uniformly) to ¢’ = 0 (on compact subsets of A). But, one has for each 7,
of
/ JR—
91, (C) = 5o (¢ ;)
so that:

_of B
h]m a—zl(C,ﬁkj) =0

0
and this is true for all (. Now fix a (. The map £ — %({,f) is defined and
1

holomorphic on A", and by the preceding reasoning, we may extend it continuously

to An~1. By the Maximum Modulus Principle, one sees that g—f(g ,+) =0, and this
Z1
holds for all (. We conclude that g—f = (0. We may repeat the same argument
21

for the other variables to conclude that in fact f = 0. Thus, f is constant (by
connectedness), and this contradicts the fact that f is proper. Indeed, if f = c is
constant, then the inverse image of any compact set containing ¢ is P(0, 1) itself,
which is not compact. Alternatively, we can also conclude by saying that f being
constant contradicts its bijectivity. O

Remark 2.2.11. It is a fact that if X and Y are nvs, U C X is open and connected,
and f : U — 'Y 1is differentiable on U with Df = 0, then f is constant, and this is
what we used at the end above.
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Definition 2.2.12. Let U C C" be a domain, and let V C U be a domain as well.
A domain V' is called an O(U)-analytic-completion (or just analytic completion)
of Vif V.V andVf € OU), [ |v extends holomorphically to V.

Definition 2.2.13. A domain U C C" is called a domain of holomorphy if for
allV-.C U, U contains all the analytic completions of V.

Remark 2.2.12. Any domain U C C is a domain of holomorphy. In fact, the only
analytic completions of a given subdomain V- C U are V itself and subsets of U that
contain V. Indeed, suppose that V' is an analytic completion of V', and suppose
that V! ¢ U. Let zg € V' \ U. Consider f : U — C gwen by f(z) = (z — )"
Then, [ extends holomorphically to V', given by some g. We know that g agrees
with z — (2 — 29) ™' on the domain V', so by the Identity theorem, g(z) = (z — z) ™"
for all z € V', and this is impossible because zy € V'. A contradiction. So, these
concepts are quite useless unless we are in C* for n > 2.

Theorem 2.2.12. (Hartog’s theorem)

Letn > 2 and U C C™ be a domain. Let K C U be compact, and suppose that U\ K
is connected (so that it is also a domain). Then, every map f € O(U \ K) extends
uniquely to a map f* € O(U).

One consequence of Hartog’s theorem is that C”, for n > 2, abundantly contains
domains which have non-trivial analytic completions. Give me a ball U = B(a,¢)
and denote by K its closure (so that K is compact). Let U’ = B(a,e + 1). Then,
U’ is a domain, K C U’ is compact and U’ \ K is the annulus of center a, smaller
radius € and larger radius € + 1, which is obviously connected. Let f: U'\ K — C
be any holomorphic map. Then, by Hartog’s theorem, f extends holomorphically to
U’. This shows that all annuli in C" are not domains of holomorphy. One can see
from this how the concept of a domain of holomorphy emerged: it is interesting to
know what it is that makes certain sets (if any) immune to holomorphic extensions.
The earliest form of the "Levi problem" concerned this question, and it now has a
definitive answer: in Chapter 3, we define the notion of a "pseudoconvex" domain,
and we note that being a domain of holomorphy is the same as being a pseudoconvex
domain (see Theorem 3.1.3).

2.3 Further Complex-Analytic Notes

Some basic and requisite definitions for one-variable complex analysis are laid out
in the first subsection. In the second subsection, we talk a bit about some known
automorphisms in the context of C and we mention Cartan’s uniqueness theorem.

2.3.1 Useful One-Variable Definitions and Remarks

Here, we talk about singularities, meromorphicity, Laurent series and a few other
basic concepts.
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Definition 2.3.1. Let U C C be open. A map f : V C C — C is said to be
meromorphic on U if for every zy € U, there is a neighborhood W of zy in U such
that on W, either f or 1/f is definable and holomorphic.

Notation 2.3.1. Given an open set U C C, we denote by M(U) the vector space
of all meromorphic functions on U.

Definition 2.3.2. Let U C C be open and let f € M(U). A point zo € U is called
a pole of f of order n > 1 if z — (2 — z9)"f(2) is definable as a holomorphic and
nowhere-zero map in a neiwghborhood of 2.

Remark 2.3.1. In the previous definition, it is clear that if such an n exists, then
it 1s unique, and we talk of the order of the pole zy of f.

Example 2.3.1. Let f : C\ {0} — C be the map f(z) = 1/z. Then, f € M(C)
and 0 is a pole of f of order 1. Similarly, given n > 2, we have that 0 is a pole of
2z 1/2" of order n.

Definition 2.3.3. A set X is called countable if there is an injective map from X
to N (so that our notion of "countable” includes all the finite sets as well).

Proposition 2.3.1. Let U C C be open. If f € M(U), then f is definable and
differentiable except at countably many points in U. The converse also holds, so
that meromorphic functions on an open set U C C are precisely those f for which

there’s a countable set A such that f € O(U \ A).

Definition 2.3.4. Let U C C be open, zo € U, and f € M(U) such that f is not
defined at zy. The point zy is called a removable singluarity of f if lim,_,,, f(2)
exists in C. On the other hand, zo is called an essential singularity of f if zo is
neither a removable singularity nor a pole of f.

Theorem 2.3.1. (Casorati- Weierstrass theorem)

Let U C C be open, zo € U, and f : U\ {20} — C be holomorphic. Suppose that z
1s an essential singularity of f. Then, for every neighborhood V- C U of zy, we have
that f(V \ {20}) is dense in C.

Proposition 2.3.2. Let f: A\ {0} — C be a holomorphic, injective map. Then, 0
is not an essential singularity of f.

Proof. Suppose that 0 is an essential singularity of f. Let V3 = B(0,1/2) and
Vo = B(3/4,1/4). Then, Vi and V, are open and disjoint. As 0 € V; C U = A, we
know by the Casorati-Weierstrass theorem that f(V; \ {0}) is dense. By the Open
Mapping theorem, f(V3) is open. Hence, by density, f(V2) N f(V1 \ {0}) # @. In
particular, by injectivity, f((V41 \ {0}) NV2) = f(Vo) N f(Vi \ {0}) # @&. However,
VinVa=2,s0 f(ViNV,) =@. A contradiction. O

Proposition 2.3.3. The properties of being a zero, a pole of a specific order, a
removable singularity and of being an essential singularity of a given map are all
invariants. In fact, let U,V C C be biholomorphic open sets by some biholomorphism
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o: U — V. Let f € M(U) and let zy € U be a zero (or a pole of order n > 1,
or removable singularity, or essential singularity) of f. Then, fop ' € M(V),
and p(2o) is a zero (resp. a pole of order m, a removable singularity, an essential

singularity) of f o™t

Proof. That f o o=t € M(V) is obvious, and if z, is a zero of f, i.e. f(z) = 0,
then surely (f o ™) (p(20)) = f(20) = 0. Let’s show that poles are preserved (we
leave the rest to the reader). Suppose that zy is a pole of f of order n > 1. Then,
g: 2z (2 —29)"f(2) is definable on a neighborhood W C U of 2y, g € O(W) and
g(z) #0forall ze€ W. Let W = p(W). Then, W' C V is a neighborhood of ¢(2).
Consider the map h: z — (2 — ¢(20))"(f o ¢ ')(2). We have:

M=) = (o(=) — p(z0))" 1 (2) = (M)nmz) — n(2)g(2)

Z — 20
The map 7 is defined on W \ {z}, and by holomorphy of ¢, we know that as
z — zp, we have n(z) — (¢'(29))" € C. Hence, z, is a removable singularity of 7,
and n € O(W). Hence, hop € O(W). As the composition of holomorphic maps is
holomorphic, we have h = (ho ) o ™! € O(W’). Moreover, for any £ € W', there
is z € W such that £ = ¢(z), and then we may write h(§) = h(p(2)) = n(2)g(2).
We know that g(z) # 0, so if h(§) = 0, then n(z) = 0, so that p(z) = ¢(2). By
injectivity, z = zg, so 0 = n(z) = n(20) = (¢'(20))", hence ¢'(zy) = 0, contradicting
the injectivity of . This shows that h(&) # 0 for all £ € W’. And therefore, ¢(z20)
is a pole of f o ™! of order n. O

Remark 2.3.2. Let U C C be open and let f € M(U). Let zy € U be a pole of f of
order n. We know that there is a neighborhood W' of zy such that z — (z — zo)" f(2)
1s holomorphic on W, and by analyticity, we may then do a power series expansion
at zo:

(z=z0)"f(2) = Y ex(z = z0)"

and then,
— CO Cl .« .. Cnil N - k
f(z) = EERPA T s v L e s ; Coan(z — 20)

Definition 2.3.5. The above expansion of [ at zy is called the Laurent series of
f at the pole 2y, and c,_1 is called the residue of f at zy, and we use the notation

Res(f, zo) for the residue of f at z.

Definition 2.3.6. Given z € C\ {0}, let w = Then, w € OA, which is

z
1211
parameterizable by 0 € [—m,m) — cos + isin6, and there is a unique 0 € [—m,m)
such that w = cosf + isin® = €, and then z = ||z||e®. This 0 is called the
principal argument of z, denoted by Arg(z). More generally, we talk of the set
valued function arg : C\ {0} — P(R) given by arg(z) = {Arg(z) + 2km, k € Z}, and
sometimes we talk of arg as a multi-valued correspondence, and then each value of
arg(z) is called an argument of z.

26



2.3.2 A Few Words About Automorphisms

Automorphisms in Complex Analysis are naturally the biholomorphisms from a set
to itself. These provide a lot of insight into the objects at work, and this subsection
aims at familiarizing the reader a bit with this concept.

Proposition 2.3.4. Let U C C be open, and let f : U — C be a holomorphic and
injective map. Then, f'(z) # 0 for all z € U.

Proposition 2.3.5. The automorphisms of C are precisely the non-constant maps
of the form f(z) = az +b for some a,b € C.

Proof. Let f € Aut(C). By analyticity, there is some (a,) C C such that for all
z € C, wehave f(2) =) . a,2". Consider g : A\{0} — C given by g(z) = f(1/%).
It’s clear that ¢ is holomorphic and injective. So, 0 is not an essential singularity
of g. So, 0 is either a removable singularity of g or a pole of g of some order k. We
have: a

9(z) =) —

(2) 2

so that if 0 is removable, then we must have a, = 0 for all n > 1, and so f is
constant, a contradiction to injectivity of f. Hence, 0 is a pole of g of order k,
and we must have a, = 0 for all n > k + 1. Thus, f(2) = ag + a1z + -+ - + apz®,
with £ > 1. By the Fundamental Theorem of Algebra, f has k roots in C, and by
injectivity, these roots must all be equal. In other words, there are «, 2y € C with
a # 0 such that f(2) = a(z — 2)*. Suppose that & > 2. Then, for instance, the
equation f(z) =1 has k different solutions, and this contradicts injectivity. Hence,
k=1, and so, f(z) = a(z — z9) = az + b with a # 0. O
Theorem 2.3.2. (Schwarz lemma)
Let f € O(A) with f(0) =0 and |f(2)] <1 forall z € A. Then, |f(z)| < |z| for all
z € A, and |f'(0)] < 1. Moreover, if |f(z0)| = |z0| for some zy # 0 or |f'(0)| = 1,
then there is a € OA such that f(z) = az for all z € A.

z —

Definition 2.3.7. A Blaschke factor is a map of the form B,(z) =

some a € A.

a
1—az for

Remark 2.3.3. Blaschke factors are automorphisms of A, and given a € A, we
1 z+a
have B;'(z) = —.
1+ az
Proposition 2.3.6. Let f € Aut(A). Then, there is some a € OA such that for all
z €A, By(f(2)) = az, where b= f(0).

Proof. We have B, o f € Aut(A), and B, o f(0) = B,(f(0)) = By(b) = 0. So,
by Schwarz lemma, |By(f(2))] < |z| for all z € A. On the other hand, we know
that (Byo f)~' € Aut(A), and (By o f)71(0) = 0, so again by Schwarz lemma, we
have |(By o f)7(2)|] < |z| for all 2 € A. Now given z € A, write £ = By o f(2).
Then, applying the latter inequality to &, we get |z| < |By(f(2))]. We conclude
that |By(f(2))| = |z| for all z € A. In particular, again by Schwarz lemma, there is
a € OA such that B,(f(z)) = az for all z € A. O
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Corollary 2.3.1. The automorphisms of A are precisely the maps of the form

b
f(z)= gz il for some a,b € C with |a| =1 and |b| < 1.
2

+a

Proof. Let f € Aut(A). By above, there is a € C with |a| = 1 such that for all z,
By(f(2)) = az, with b = f(0). Then,

az+b az+b
2) = B ' (az) = = =
/() » (02) 14+baz bz+a

and since b = f(0), we have |b| < 1. O

Proposition 2.3.7. The automorphisms of a given domain U C C" are invariants
in the following sense: let V.C C™ and suppose that U and V' are biholomorphic
through some biholomorphism ¢ : U — V; we have Aut(V) = ¢ o Aut(U) o 71, by
which we mean that: H € Aut(U) if and only if oo Ho p~' € Aut(V).

Definition 2.3.8. We call a Mobius transformation any function

b
T:U C C — C of the form T(z) = azid’ where U 1s an appropriately chosen
cz
domain of T, such that a,b,c,d € C with ad — be # 0.

Corollary 2.3.2. Every automorphism of H (the upper-half plane) is a

Mobius transformations of H with real coefficients. More particularly, every

b
element of Aut(H, ) is of the form T(z) = azi—d with a,b,c,d € R and ad —bc > 0.
cz

Proof. We already know the automorphisms of A, and Example 2.2.3 gives us a
biholomorphism f : A — H, which has the inverse f~1(z) = : 1 Z Hence, the
Z 41

automorphisms of H, are precisely the maps f o H o f~!, where H € Aut(A).
If we consider some H € Aut(A), one of the form displayed in Corollary 2.3.1
with parameters «, 5 € C satisfying || = 1 and |3]| < 1, then one can verify the
computation:

(a+a+B+pF)z—ila—a)+i(3—B) _az+b
[i(a—a)+i(6—3)]z+a+a—(6+B) cz+d

where clearly a, b, ¢,d € R. Furthermore, one has ad—bc = 4|a|*—4|8|* = 4(1—|8/?),
and since || < 1, we get ad — be > 0.

Note that here we actually precisely nailed down Aut(H, ), but we do not display
this in the statement of the corollary because it is a messy expression with many
conditions, hence we decided to just state a necessary condition. O]

foHo f\(z)=

Definition 2.3.9. Let U C C" be a domain and let f € O(U). The m-jet of f at a
point zy € U is the collection {f(z0), Df(20), D*f(20), ..., D™f(20)}, and one says
that a family of functions F has an m-jet determination at a point zy € U if for all
fyg€ F,if f and g have equal m-jets at zy, then f = g.
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Theorem 2.3.3. (Cartan’s Uniqueness Theorem)
Let U C C" be a bounded domain, and let zy € U and H € Aut(U). If H(z) = 2o
and DH(zy) = I (the identity map of U), then H = 1.

Remark 2.3.4. This theorem essentially says that automorphisms of bounded
domains have a 1-jet determination at any given point in these domains, and this is
a very powerful statement. Moreover, the reader should notice that Cartan’s theorem
is more or less a generalization of the Schwarz lemma.

Automorphisms are biholomorphisms, and in this respect, they are as important
as biholomorphisms are: a different way of looking at the structure and therefore
new information and an ameliorated understanding, as well as a way to capture the
invariants. The latter can be very helpful if one can move to a structure that is
simpler, as the Riemann Mapping Theorem allows one to do. But automorphisms
are essentially different machines. Automorphisms are particularly symmetries of
objects, and this means that they are the essence of invariance and that they display
invariant information in much better language and precision. For instance, if one
has a certain family of invariant objects of a structure X that is not completely
determined let’s say, then having a few automorphisms of X might allow us to get
more information about the family by giving us other members of it by passing
through an automorphism of X. We will discuss this in the upcoming chapters and
the reader will see how this approach applies to stationary disks. However, if one is
generally considering a biholomorphism, no information is expected to be obtained
about such a family by passing through the biholomorphism, as the latter mostly
only serves to explain the role of a member of that family in the new structure: it
is not expected to generate information about other members of the family.

29



CHAPTER 3

BACKGROUND IN DIFFERENTIAL
GEOMETRY

In this chapter, we review the theory of Differential Geometry and we build up the
topic of this thesis. Of the things we do here is go over basic Differential-Geometric
concepts (manifolds, tangent bundles, the Levi form, convexity and related notions,
etc.), then talk about analytic and stationary disks, and we conclude this chapter
with explaining the motivation for and the goal of this thesis.

3.1 Manifolds, Complex Structures, and Real Hypersurfaces

In this section, we lay out some basics of Differential Geometry and CR Geometry.
It is intended as a quick revision leading to the topic of our work.

3.1.1 Smooth Real Manifolds and Complex Manifolds

This is a summary of the classical basic notions of Differential Geometry in which
we define smooth real manifolds and their tangent bundles, embedded submanifolds,
smooth maps between manifolds and related ideas, as well as briefly mention complex
manifolds.

Definition 3.1.1. Let M be a topological space. We say that M is a real

topological manifold of dimension n if M is Hausdorff and second countable, and
for each p € M, there is a neighborhood U C M of p such that U is homeomorphic
to an open subset of R™. If this is the case, we also say that M is a real n-manifold.

Definition 3.1.2. A chart for a real n-manifold M is a 2-tuple (U, p) where U is an
open subset of M and ¢ : U — o(U) C R™ is a homeomorphism, and the transition
map from a chart (U, py) to a chart (V,@v) is the map Yy = pyopy with domain
ou(UNV) and codomain @y (UNV). Two such charts are called compatible if Yy
is a C*-diffeomorphism.

Definition 3.1.3. A (smooth or differentiable) atlas for a real n-manifold M is a
collection A = {(Uj, p;),J € J} of pairwise compatible charts such that M = Uje;U;.
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And a maximal atlas for M is an atlas which contains every chart that is compatible
with every member of A.

Remark 3.1.1. [t is a fact that for any real manifold M and any atlas A for M,
there is a unique maximal atlas for M that contains A.

Definition 3.1.4. A maximal atlas on a real manifold M is called a smooth (or
differentiable) structure on M, and a manifold M equipped with a maximal atlas is
called a smooth real manifold.

We may also talk of real manifolds of class C*, which are real topological manifolds
whose transition maps are C*-diffeomorphisms rather than C°°-diffeomorphisms. A
smooth manifold is also called a manifold of class C*>°. Note that all the concepts
we lay out here can be reformulated appropriately for manifolds of class C* with
1<k < .

Example 3.1.1. The Euclidean space R™ is naturally a smooth real n-manifold, C"
can be looked at as a smooth real 2n-manifold, and the unit sphere S* C R™™! can
be made into a smooth real n-manifold.

Definition 3.1.5. Let M be a smooth, real m-manifold with (mazimal) atlas
{(Uk; ¥x) trex, and N be an n-manifold with atlas {(Vj,n;)}jes. Let F: M — N
be a continuous map. We say that F is differentiable if for every k € K and j € J,
the map m; 0 F o' pp(Upy N F~Y(V;)) C C™ — C™ is differentiable. If, moreover,
F is a bijection and F~' is differentiable in the aforementioned sense, we say that
F s a diffeomorphism, and M and N are then called diffeomorphic.

The notion of a differentiable map between smooth manifolds defined above is the
most natural way to generalize the concept of differentiability of a map on things
which are not necessarily open subsets of vector spaces. In fact, differentiability
is a local property - one originally talks of differentiability at a point and talks of
perturbation of the function near the point. This naturally generalizes to zooming
into coordinates near a point (which is what charts are about), with smoothness
of transition maps between charts expressing the irrelevance as to which particular
coordinates one chooses for the purposes of differentiability.

Example 3.1.2. The space S" "'\ {N} C R", where N = (0,...,0,1) is the "north
pole", is diffeomorphic to R"™!, and one possible diffeomorphism between them is
the classical stereographic projection.

Definition 3.1.6. Let M be a smooth, real n-manifold. We define C*(M) to be the
R-algebra of all maps f: M — R which are smooth in the sense of manifolds. One
also defines a derivation at a point p € M to be a linear map D : C*(M) — R
that satisfies the "product rule for derivatives"” (aka "Leibniz rule”): for all maps
f,ge C®(M), D(fg) = D(f)g(p)+ f(p)D(g). Notice that from this rule, it follows
that D(1) = 0, and then that D(f) = 0 if f is constant.
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Definition 3.1.7. Let M be a smooth, real n-manifold and let p € M. We define
the tangent space of M at p, denoted by T,M, to be the (real) vector space of all
derwations at p, with the natural addition of, and scalar multiplication on, linear
maps.

Remark 3.1.2. A (smooth, real) n-manifold M comes naturally with a choice of
a mazimal atlas, and then given p € M, one considers a chart (U,p) such that
p € U, and then if one writes ¢ = (x1,...,2,) (i.e. if (x1,...,2,) are "local
coordinates” at p), one may define (with abuse of notation) a basis for T,,M given

by i,...,i , where given 1 < 7 <n and f € C*(M),
o0xq o0z,

5= (g (Fov™) ) (w)

Hence, dim T,M = dim M = n. Also, one should note well that such a basis depends
on the point p and the choice of a chart containing p.

Proposition 3.1.1. With the same setting as above and letting N be another smooth
manifold, a smooth map F : M — N with ¢ = F(p) induces a linear map between
tangent spaces, dF, : T,M — T M, called the differential of F' at p. This map is
defined by the formula: dF,(X)(f) = X(foF) for X € T,M and f € C*(N).

Theorem 3.1.1. Let M and N be two smooth manifolds and let p € M. If a map
F: M — N is local diffeomorphism at p (meaning that there is a neighborhood

U C M of p such that F : U — ¢(U) is a diffeomorphism), then dF, as defined
above is an isomorphism. A partial converse also holds: if F' is smooth and dF), is
an isomorphism, then F s a local diffeomorphism at p.

Remark 3.1.3. Since charts of smooth manifolds are by definition local
diffeomorphisms everywhere, one sees that for any chart (U, p), we have at every
point p € M an induced isomorphism doy, : T,M — T p»e(U).

Definition 3.1.8. Given a smooth, real manifold M, we define the tangent bundle
of M to be the disjoint union TM = | |, T,M = U, cp {p} x TyM equipped with
a particular smooth structure that we will unfold here. Define m : TM — M to be
the projection map w(p,v) = p. Fiz py € M and let (U, ) be a chart with py € U
and denote by (z1,...,x,) the associated coordinates. Define @' : 7= 1(U) — R*™ by:

(10/ (p’zvjaixj> = (go(p),’l}l, Ce ,Un)

We can do this for every chart (U, ), and we get ourselves a collection of the form
{U, "} with U = 77X (U) and ¢’ as defined above for a given (U, ). We then
equip T'M with the following topology: a subset V' of TM is open if for every such
(U',¢") as defined above, we have that @' (V N7~ (U)) is open. And one can prove
that with this topology and with the charts (U',¢"), TM is a 2n dimensional real
topological manifold. Furthermore, these (U’,¢") form compatible charts of TM and
make it into a smooth manifold.
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Definition 3.1.9. Let M be a smooth real n-manifold. A subset S of M 1is called
an embedded submanifold of M of dimension d < n if for all p € S, there is a
neighborhood U of p in M and a chart ¢ : U — @(U) such that:

o(SNU)=pU)N{x e R 2441 ==z, =0}

Remark 3.1.4. As defined above, S can be shown to be a smooth real d-manifold
(with appropriately defined charts). More elaborately, let us note that S itself is a
topological manifold of dimension d, and it has a smooth structure making it a smooth
d-manifold in such a way that the inclusion map S — M is an injective immersion
(see Terminology 3.1.1) and a topological embedding (i.e. a homeomorphism onto
its image in the subspace topology). Such a map as just described is usually referred
to as a "smooth embedding”.

Remark 3.1.5. Although there are other different notions of "submanifold”, when
we talk of a submanifold we will always be meaning "embedded submanifold”. We
will not be concerned with other types of submanifolds.

Proposition 3.1.2. Let M be a smooth real manifold and let S C M. Suppose that
for everyp € S, there is a neighborhood U of p in M such that SNU is a submanifold
of U of dimension d. Then, S itself is a submanifold of M of dimension d.

Proposition 3.1.3. Let S be a submanifold of a smooth real manifold M, and let
p€S. Then, T,N can be seen as (vector) subspace of T,M , where it is given by:

T,N={XeT,M,X(f)=0 forall f € C*(M) with f|n= 0}

Also, a similar construction as outlined in Definition 3.1.8 may be carried out to
define the smooth tangent bundle T'S of S.

Definition 3.1.10. Let M be a smooth real manifold. Let S be a submanifold of
M. A smooth vector field on S is a smooth map X : S — TS. It is common to
write X, for X(p), pe€ S.

Definition 3.1.11. Let F : M — N be a smooth map between two smooth real
manifolds. The rank of F' at a point p € M, denoted by rank, I, is defined to be the
rank of the linear map dF, : T,M — T,N, where ¢ = F(p).

Terminology 3.1.1. Such a map F' as in the previous definition is called an
immersion at p if rank, F' = dim M, and it is called o submersion at p if
rank, ' = dim N. If F' is an immersion at each point in M, then F' is called
an tmmersion. Similarly, F' is called a submersion if it is a submersion at each
point. Moreover, given r > 0, F' s said to be of constant rank r if for allp € M,
we have rank, F' = r, and in this case we write rank F' = r.

Remark 3.1.6. A submersion M — N is the same thing as a (smooth) constant
rank map whose constant rank s dim N. Similarly, an immersion M — N is the
same as a constant rank map whose rank is dim M.
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Theorem 3.1.2. (Constant Rank theorem)

Let M and N be smooth real manifolds of dimensions m and n respectively, and let
F: M — N be a smooth map of constant rank r. Then, for every p € M, there are
charts (U, ) around p and (V,n) around F(p) such that F(U) C V and the map
fi=mnoFop™:p(U)CR™— n(V) CR", the expression of F in these coordinates,
is given by the rule o(U) > x = (x1,...,Tm) — f(x) = (21,...,2,,0,...,0).

Definition 3.1.12. Let X be any set. A level set of a function f: X — R is a
set of the form f~1(a) for some a € R. Note that, in general, for a map f: X —Y
where Y # @, and for a € Y, one defines f~(a) to be the set {x € X, f(x) = a}.

Terminology 3.1.2. If S is a d-dimensional submanifold of an n-manifold M, we
say that S has codimension n — d, and we write codim .S =n — d.

Corollary 3.1.1. (Constant Rank Level Set)

Let M and N be smooth real manifolds, and let F' : M — N be a smooth map
of constant rank r. Then, every level set of F is a closed submanifold of M of
codimension .

Corollary 3.1.2. (Submersion theorem)

Let F : M — N be a smooth map between smooth real manifolds M and N. If
F' is a submersion, then every level set S of F' is a closed submanifold of M with
codim S = dim V.

Definition 3.1.13. A complex topological manifold M of dimension n is also
a Hausdorff, second countable topological space, but with the charts (U, @) of M
consisting of homeomorphisms ¢ : U — B,, C C" and with each U being
homeomorphic to B,,.

Definition 3.1.14. A complez-differentiable or holomorphic manifold M is the
same as a smooth real manifold but with the transition maps being biholomorphisms.
Atlases and related notions are defined in the same manner.

Note that the notion of a holomorphic map between complex manifolds, the notions
of tangent space and tangent bundles, and all that we discussed for real manifolds is
defined in an analogous manner for complex manifolds with "holomorphic" replacing
"smooth" and with charts mapping into B,,.

3.1.2 Complexification and Decomplexification of Vector Spaces

Given a complex vector space V', one can "decomplexify" (or "realify") the space
V' by restricting the action of C to that of its subset R. Conversely, given a real
vector space V', one can "complexify" V' by basically defining multiplication by 1.
Here and elsewhere, tensor products ® are understood to be over R.

Definition 3.1.15. Let V' be a complex vector space. If one looks only at the action
of R on V', one obtains a real vector space R ® V', the decomplexification or
realification of V.
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Definition 3.1.16. If V and W be complex vector spaces and L : 'V — W is a
C-linear map, then L induces an R-linear map T : RV — R ® W, given by
T(v) = L(v) for allv e V. This map T is called the decomplezification of L.

Proposition 3.1.4. Let V be a complex vector space, and let {eq, ..., e,} be a basis
of Vover C. Then, £ :={e1,...,en,l€1,...,i0e,} is a basis of V over R, i.e. a basis
of R@ V. In particular, we have dimg V = 2dim¢ V.

Proof. Given v € V, there are ¢; € C such that v = z;zl c;ej. Then, writing

c; = a; +1ib; for each j = 1,...,n, where a;,0; € R, we have:
V= chej = Z(&j + ibj)@j = Z (Ij + Zb](ze])
Jj=1 Jj=1 j=1 j=1

Thus, the e; and ie; generate V' over R. Now, given a; € R and 8; € R such that:

D ajei+ Y Bilie;) =0
=1 =1

we have:

> (e +ibj)e; =0

j=1
and since the e; are C-linearly independent, we get «; + ¢8; = 0 for each j. In
particular, a; = 0 and 8; = 0 for all j. This shows that £ is a basis for V' over R.
In particular, dimg V' = |€] =2 |{e1, ..., e, }| = 2dimc V. O

Proposition 3.1.5. Let V and W be complex vector spaces, and let B = {ey,... ey}
and B' = {é),.... e} be bases of V and W over C respectively. Let L : V — W
be a C-linear map, and let C' be the matrixz of L with respect to the bases B and B'.
We may write C' = A + 1B, where A and B are real m X n matrices. Then, the

matriz of the decomplexification T of L in the bases € = {eq,...,en,l€1,. .., 0€,}
and &' ={¢é\,... el ie\, ... iel} is given by the block matriz:

X

Proof. To get the matrix of 7' with respect to the (ordered) bases € and £, we need
to find the components of the T'(e;) and the T'(ie;) in terms of the € and ie’. Let
us observe that, for instance, L(e;) is given in B’ by:

1 1 1 1
0 0 0 0
cl |=@+iB)| . |=A|. | +B-i]|.
0 0 0 0

So, if we write C' = (cq), A = (as) and B = (by), then we may write:
L(el) = Z Ckle;C = Z akle; —+ Z bkl (262)
k=1 k=1 k=1
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Thus, since T is just L, we have:

m

T(er) =Y amel+ Y bii(icy)

k=1 k=1

and this shows that the first column of the matrix of 7' with respect to £ and &’ is
given as such: the first column of A gives us the first m entries, and the first column
of B gives us the second m entries. The exact same reasoning applies to the T'(e;)
for 2 < 7 < mn. This gives us the first and third blocks of our desired matrix.

On the other hand, for all j, we have T'(ie;) = L(ie;) = 1L(e;) = iT(e;). Hence,

T(ie;) =i (Z arje), + Z b (ze;)) = Z —bgj)el + Z ay;(iel,)
k=1

k=1 k=1 k=1
and this gives us the second and fourth blocks —B and A. O]

Definition 3.1.17. Let V' be an real vector space. A complex structure on V is
a linear map J : V — V satisying J* = —1I, i.e. JoJ = —I. Here, I denotes the
wdentity map of V.

Proposition 3.1.6. Let V' be a real vector space, and let J be a complex structure
on V. We may introduce the action of C on V' given for a,b € R and v € V as:
(a+1ib)v = av+bJ(v). Then, V endowed with this action is a complex vector space,
and the decomplexification of this latter complex vector space is the real vector space
we started with.

Corollary 3.1.3. If V is a finite dimensional real vector space on which there is a
defined complex structure J, then dimg V' s even, and there is a basis of V' over R
such that the matriz of J in this basis is given by the block matrix:

0 —I,
I, O
dimg V'
where I, is the n X n identity matriz, 0 is the n X n zero matrix, and n = IH;R .

Proposition 3.1.7. Let V' be a real vector space. Define on the external direct sum
V @V the operator J given by the formula J(vi,ve) = (—ve,v1). Then, J is a
complex structure on V @& 'V.

Definition 3.1.18. Let V' be a real vector space. The complexification of V is
defined to be the complex vector space one obtains from the real vector space V&V
through the action in Proposition 3.1.6 with J being the map defined just as in
Proposition 3.1.7. One denotes the complexification of V by C® V.

To view the real vector space V inside C ® V', one identifies V' with the subspace
{(v,0),v € V} of V ® V. Then, also note that one has i(v,0) = J(v,0) = (0,v)
for all v € V. Hence, after viewing V as V ® {0} C C ® V, one may write every
(v1,v9) € CRV as (vy,v2) = (v1,0) + (0,v2) = (v1,0) + i(vg,0) = v1 + ivy. Thus,
we see that CQV =V @iV.
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Proposition 3.1.8. Let V' be a real vector space which has a complex structure J.
1) Every R-basis of V is a C-basis of CQV'. In particular, dimg V = dim¢ CR V.

2) Let W be a real vector space with a complex structure, and let L : V — W be
an R-linear map. Then, the map L' : CRQV — C® W given by the fomrula
L'(vi,vq) = (L(v1), L(ve)) is a C-linear map whose decomplexification is L.

Remark 3.1.7. The L' in the second point of the latter proposition is usually called
the complezification of the linear map L.

Proposition 3.1.9. Let p € C", where C" is viewed as a smooth real manifold of
dimension 2n. Then, in the same notation of Remark 3.1.2, the set:

9 900 9
B B B B

forms a basis for the real vector space T,C".

Remark 3.1.8. One may then define by extension the linear operator J on T,C"
gwen at the basis elements of T,C" by:

0 0
"(a—@)—a—%

0 0
J(a—%)‘a—@

for each 1 < j < n. It is easy to see that J* = —I. Hence, J is a complex
structure on T,C". Also, J is well-defined because the definition of J is independent
of the choice of holomorphic charts at p. Therefore, we obtain the complexification
CRT,C" of T,C" as in Definition 3.1.18, which is also commonly denoted by CT,C".
Note that by Proposition 5.1.8, J extends to a C-linear operator on CT,C", which,
with slight abuse of notation, we also denote by J.

and:

3.1.3 Real Hypersurfaces, The Levi Form, and Related Notions

We aim in this subsection to revise a few things about real hypersurfaces: their
properties and associated concepts such as the Levi form of a hypersurface and
pseudocovexity. We also mention smooth domains and a characterization of domains
of holomorphy.

Definition 3.1.19. A subset M of C" is called a smooth real hypersurface if for
every p € M, there is a neighborhood U of p in C" and a smooth (with C" looked
at as an R-vector-space) map p : U — R such that for all ¢ € U, Dp(q) # 0,
and such that M NU = {z € U, p(z,Z) = 0}. Such a p is called a local defining
function for M near p. If there is real-smooth p defined on an open set containing
M with nowhere vanishing deriwative on M and with the property that for all z,
p(z) =0 < 2z € M, then p is called a global defining function for M or just
defining function for M.
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Two notes are due. First, by Dp, we are referring to the real differential of p,
i.e. its derivative as a map between real vector spaces. Hence, the statement that
Dp(q) # 0 for all ¢ € U is the statement that at least one of the real partial
derivatives dp/0x; for some j or dp/dy for some k is non-zero at ¢. This, by the
way, is the condition needed to apply the Implicit Function theorem (Theorem 2.1.7)
which allows us to locally write the zero set {p = 0} as a graph, and that’s what
makes M a submanifold (see Proposition 3.1.11 for a rigorous proof of this fact).
Second, this definition includes some abuse of notation. The function p is indeed
defined on U, and it makes no sense to speak of p(z,Zz), as if p is taking an input in
C™ x C". Instead, one talks of p(z) for z € C™. This abuse of notation is standard,
and it is done because it is good to look at p as a function of z and Z especially in
the context of holomorphic and anti-holomorphic tangent vectors and other notions,
for instance those related to the Levi form, discussed below.

Example 3.1.3. Given any smooth domain U C C™ (see Definition 3.1.26), we
have that OU is a real hypersurface in C". For instance, the unit sphere 0B, in C"
is a real hypersurface in C".

Example 3.1.4. Consider C"™ with coordinates (w,z) € C x C", and the subset
M with local defining function p = Rw — ||z||*>. This is a hypersurface in C"™', and
most of our attention in this thesis will be on it.

Figure 3.1: Real hypersurfaces in C" are real submanifolds of C" of codimension 1
(see Proposition 3.1.11). This figure illustrates how one would imagine such objects:
what is shown here is a real submanifold of R? of codimension 1.
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Example 3.1.5. The unit sphere S?*~1 in C" is a hypersurface with local defining
function p = ||z||*> — 1. Note that the hypersurface S**~1\ {N} is homeomorphic to
M, the hypersurface in the previous example (this time in C" and not C"™!) where
N =(0,...,0,1) € C" is the "north pole". Indeed, let ¢ : S*"1\ {N} — C" be the
map ¢ = (@1, ...,9n) given by:

w(2) = . fOT‘]_<]<TL—]. and p,(2) =
This ¢ lands in M. Indeed, for any z € S*" '\ {N}, and writing z, = x, + iy,, we

have: . .
14+ 2)1=Z)  (I+z, +iy,) (1 — 2 + 1yy)

Qpn<z) = ‘1 _ ang - ’1 o Zn|2
SO.
n—1 2 n—1 n—1
L= (p +up) 1=zl 205-0 I3l K1k
R N _ n n/ _ nlo_ J J ) 2
#nl2) 11— 2,2 I1—2z,2 1= 2,2 le—znP ;M(z)

Moreover, ¢ is a bijection onto M, and p=' : M — S*1 \ {N} is given by
(Y1, ..., y), where:

iz, —1 42,
Y;(2) = 1+ZZ for1<j<n—1, and ,(z) = TZ

It’s obvious that ¢ and @' are continuous maps, so that ¢ is a homeomorphism.

Furthermore, note that the map ¢ is a biholomorphism (a biholomorphic change of
coordinates) between the open sets {z, # 1} and {z, # —1}.

Proposition 3.1.10. Let M be a real hypersurface in C". Let p € M, and let p;
and py be two local defining functions for M near p with associated neighborhoods
Uy and U, respectively. Then, there is an open set U C Uy N Us containing p and a
map g € C®°(U) such that ps = gpy on U and g is nowhere zero on U. Moreover,
if p1 and po are global defining functions for M with associated open sets Uy and U,
resepctively containing M, then there is an open set U C Uy NUsy and a g € C*(U)
such that pa = gp1 and g is nowhere zero on U.

Proposition 3.1.11. A subset S of C" is a real hypersurface in C™ if and only if
S is a real submanifold of the smooth, real manifold C", with codim S = 1.

Proof. Suppose that S is a (real) submanifold of (the smooth, real manifold) C" and
that S has codimension 1. Let p € S. By Definition 3.1.9, there is a chart (U, ¢)

around p such that:
e(SNU) = oU)N (R x {0})

In other words, if one writes ¢ = (1, ..., Yon—1, P2n), then one may say:
p(SNU)={(pi(2),. -, p2m-1(2),0),2 € U}

Take p = 9, : U — R. If there is a point ¢ € U such that Dp(q) = 0, then
dp(q) is non-invertible, and by Theorem 3.1.1, this implies that ¢ is not a local
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diffeomorphism, a contradiction. Hence, Dp(q) # 0 for all ¢ € U. Moreover, for
z€ SNU, p(z) € p(SNU), so p(z) = wan(z) = 0. Hence, SNU C {z € U, p(z) = 0}.
On the other hand, let z € U and suppose that p(z) = 0. As z € U, ¢(2) € ¢(U),
and by definition of p, we have s,(2) = 0. Hence, o(2) € o(U) N (R*~1 x {0}),
so that p(2) € (S NU). As ¢ is injective, we have z € SN U. This shows that
{z €U, p(z) =0} C SNU. Therefore, we conclude that SNU = {z € U, p(z) = 0}.
We have thus shown that S is a real hypersurface in C".

Now suppose that S is a real hypersurface in C". Let p € S. By definition, there is
a neighborhood U of p in C" and a smooth map p : U — R such that Dp nowhere
vanishes on U and SNU = {z € U,p(z) = 0}. As Dp nowhere vanishes, we
know that p has constant rank 1 = dim R, so that p is a submersion. Moreover,
SNU = p~1(0). Hence, by Corollary 3.1.2, we see that SN U is submanifold of U
of codimension 1. By Proposition 3.1.2, we deduce that S is a submanifold of C" of
codimension 1. O

Definition 3.1.20. Letp € C" and let X € T,,C", where C" is looked at as a smooth
real manifold of dimension 2n. Then, by Proposition 3.1.9, we know that there are

a;,b; € R such that:
_ 0 " 0
X = . by ——
Zafawj + Z Jayj
7=1 7j=1

Given a hypersurface M C C™ with p € M, we say that X is tangent to M at p if
X(p) =0, ie. if:

where p is any local defining function of M near p.

Note that this definition is independent of the choice of a local defining function p
near p. The tangent space at p of M as a manifold is the same as the tangent space
of M defined as:

T,M ={X € T,C", X is tangent to M at p}

The complexified tangent space C1,M of M at p and the complexified tangent
space CT,C" of C at p are both defined just as in the previous subsection 3.1.2, and
we can also understand them as those spaces which emerge when allowing the a;
and b; in the latter expressions to range over the complex numbers.

Using the Wirtinger notation as in Notation 2.2.3, which applies and works as it
should in terms of corresponding holomorphic charts, we may write CT,C" in the

form:
CT,C" = En a'i—l— En b'i a;,b; € C
P 1 0z; = Toz;T

Jj=1

Definition 3.1.21. Following the latter discussion, given X € CIT,C", we may
write:
- 0 - 0
X = 7 b
2 gt big=
]:]_ ]:1
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for some aj,b; € C. We then say that:

a) X is a holomorphic vector at p if for all j, b; = 0.

b) X is an anti-holomorphic vector at p if for all j, a; = 0.

Note that, by the chain rule, we can show that this definition is independent of the
choice of holomorphic charts.

Notation 3.1.1. We denote by Tpl’O(C” the vector subspace of CT,,C" consisting of
all holomorphic tangent vectors to C" at p, and we denote by Tl?’l(C” the subspace
of all anti-holomorphic tangent vectors at p.

Remark 3.1.9. The vector space T;°C" has the C-basis {0/0z1,...,0/0z,}. On
the other hand, Tz?’l(C” has the C-basis {0/0z1,...,0/0Z,}. In particular, we have
dim¢ Tpl’O(C” = dim¢ Tl?’l(C” = n. Moreover, note that CT,,C" = Tpl’O(C" P TZ?’l(C",
and that dime CT,C" = 2n.

Notation 3.1.2. Let M be a real hypersurface in C", and let p € M. We denote
by V, the space of all anti-holomorphic vectors tangent to M at p. In other words,
we put V, := Tl?’l(C” NCT,M. We also write TI?JM forV,. On the other hand, we

denote by Vp the space of all holomorphic vectors tangent that are tangent to M at
p, t.e. V, = Tpl’O(C” NCT,M.

Definition 3.1.22. For a real hypersurface M C C" andp € M, define the complex
tangent space of M at p, TSM, to be T,M N J Y T,M). Or, in other words, we
define TSM = {X € T,M,J(X) € T,M}, where J is as defined in Remark 3.1.8.

Proposition 3.1.12. In the same setting as above, J restricts to an operator on
TSM and so defines a complex structure on TyM. Also, J extends to a C-linear
operator on CT;M.

Proposition 3.1.13. Let M C C" be a real hypersurface and let p € M. Then,
we have that V, = {X € CT,M,J(X) = —iX}. Moreover, V, ® V, = CI3 M,
dime CTSM = 2n — 2, and dime V, = dime V, = n — 1.

Many of the above (and below) definitions can also be made for real submanifolds of
C™ which are not necessarily of codimension 1, i.e. not necessarily real hypersurfaces
(see Chapter 1 of [6] for explication). For instance, if one defines V, for a general
real submanifold M of C", one says that M is a CR submanifold of C" if dim¢ V),
is constant for p € M. This constant dimension is called the CR dimension of M.
In particular, following the very latter proposition, every real hypersurface in C" is
CR submanifold of CR dimension n — 1.

Definition 3.1.23. A smooth complex vector field X on a hypersurface M C C"
is map which associates to each p € M an element X, of CI3M in a real-smooth
manner. In other words, such an X may be written as:

n—1 a n—1 a
X = aj(')a—%+zbj(')a—z_j

j=1



where the aj,b; : M — C are real-smooth maps, i.e. X acts as p — X, where:
n—1 n—1
0 0
X, = E (p)=— E b:(p)—
P - a;(p) 0z, + < i(p) 0%

Moreover, X must satisfy X,(p) = 0 for all pairs (p,p) with p € M and p a local
defining function at p:

Definition 3.1.24. Let M C C" be a real hypersurface. A smooth complex vector
field X on M is called a CR vector field on M if for allp € M, we have X, € V,.
Also, a function f € C*(M) for some k > 1 is called a CR function if Xf = 0
for every CR vector field on M.

Stated otherwise, a CR vector field X on M is a map of the form:

n—1 8
X=>" bj(')a—z_j

where every b; : M — C is real-smooth. The condition that X f = 0 for such a CR
vector field X on M and a map f € C*(M) with k > 1 is then the condition that

for all p € M:
n—1
of
Zbﬂ< )aZJ 0

Definition 3.1.25. Let f : C* — R be a real-smooth function on C". We may
define the Levi form of the map f at a point p € C" as the bilinear form on
C" x C™ given by the formula:

LNEn) = X3 5 e

where f is looked at as a function of the z; and Z;.

Note that it is also customary to define the Levi form as being instead the quadratic
form associated to that bilinear form, i.e.

from which one can reconstruct that original bilinear form by standard techniques
of bilinear algebra.

Also, note that instead of understanding f as a function of the z; and Z;, we may
understand the z; and Z; derivatives as being derivations (living in C7,C") and
acting on the element f of C*°(C").
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Remark 3.1.10. With f being as a above, L,(f) is in fact a Hermitian form. This
will also be the case for the Levi form of a smooth domain in C" and that of a real
hypersurface in C"*, mentioned below.

Definition 3.1.26. Let U C C". U is called a smooth domain if U is given by
{z € C",p(z) < 0} i.e. {p <0} and if OU = {p = 0} for some real-smooth map
p: C" — R such that Dp(z) # 0 for all z € OU. Such a p is called a defining
function for U.

Remark 3.1.11. If U C C" is a smooth domain, then OU is a real hypersurface.

Let U C C" be a smooth domain. Given a defining function p of U and a point
p € OU, we may look at the Levi form L,(p) of p at p. If o is any other defining
function of U, then L,(p) and L,(o) have the same signature, i.e. the same number
of positive, zero, and negative eigenvalues. Moreover, this is true even if one applies
a holomorphic change of coordinates. Hence, L,(p) is positive semi-definite i.e. PSD
(resp. positive definite i.e. PD) if and only if L,(o) is PSD (resp. PD), and these
properties are biholomorphic invariants.

Definition 3.1.27. Given a smooth domain U C C™ and p € OU, we say that U is
pseudoconvex if for a given defining function p of U, we have that L,(p) is PSD.
We say that U is strongly pseudoconvex if instead L,(p) is PD.

The pseudoconvexity condition is very analogous to the "Hessian principle" in real
analysis of several variables regarding convexity/concaveness. If the Levi form,
which in essence is modeling a complex Hessian matrix of a sort, is PSD, then
the shape is convex in a particular sense. In fact, if one does the Taylor expansion
of a real-smooth map f : C" — R and then one employs the Wirtinger notation to
write things in terms of the z; and z; derivatives, then one obtains an expansion in
which the Levi form appears naturally and suggests this role of a Hessian.

Definition 3.1.28. A real hypersurface M C C" is said to be pseudoconvex (resp.
strongly pseudoconvex) if M is the boundary of some pseudoconvex (resp. strongly
pseudoconvez) smooth domain U.

Usually, one defines the Levi map of an abstract CR manifold M at a point p € M
as a certain bilinear map V, x V, = CT,M/(V, ®V,) = CT,M/CT5M. This map
is generally not a Hermitian form. For a rigorous construction of the Levi map, one
can refer to Chapters 1 and 2 of [6]. If M is a real hypersurface (and in more general
contexts), this Levi map induces a Levi form on M at a given point p and coheres
with the definitions we are making here. In particular, one may define what it means
for a real hypersurface to be pseudoconvex or strongly pseudoconvex starting from
this Levi map.

Theorem 3.1.3. (Solution to the classical Levi problem)
Let U C C" be a smooth domain. Then, U is a pseudoconvex domain if and only if
U is a domain of holomorphy.
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Proposition 3.1.14. Let M = {(w,z) € C x C*, p(w, z) < 0}, where p is the map
p(w,z) = ||z]|> — Rw. We have that M is a smooth strongly pseudoconvex domain
in C"*1 with boundary {p = 0}.

Proof. 1t is clear that p is real-smooth. Let us write the coordinates as w = xy + iyq
and z; = z; + 1y; for all 1 < 57 < n. We have:

00 _ 9 (S 2 s ) ) = -
Oz Oxg (Z(f"j*%) ”30)— :

j=1
so the real differential Dp is never zero, because Dp is the column vector whose

components are the dp/dxy, ...,0p/0x,,0p/yo, ..., 0p/OYn.
Let (w, z) € C x C" and suppose that p(w,z) = 0. Let {(wy, z,)}n C C*! be the

sequence given by z, = z and w,, = w — — for all n > 1. Then, for all n,
n
9 9 1 1 1
P(Wn, 2n) = [|2a|” = Rwy = |2 = Rw — — = p(w,2) = — = —— <0
n n n

50, {(wn, zn) }n is a sequence in M. Clearly (wy, z,) — (w, z), so that (w, z) € OM.
Conversely, let (w,z) € OM. Then, there is a sequence in M converging to (w, z),
and by continuity of p this implies that p(w, z) < 0. Since (w, z) € OM, and since
M is an open set (by continuity of p), we necessarily have (w,z) ¢ M, so that
p(w, z) = 0. This show that OM = {p = 0}.
Let us now compute the (general) Levi form of p. We have:
~ . O e P
L(p)(&:m) = ; awaz_jﬁom + ; azjangno + ; ; azjaz_kfjnk

But for all ¢:

8%p 2 (I~ 1 )
awaz_t— 8w8z_t (;z]z]—é(w—l—w)) —8—w(2t)—0

Pp__ 0 (1) _,
@ztaﬁ N 0Z’t 2 N

Finally, for all j and &, we have:
8%p 0 { 1, if j =k

and for all ¢:

02,07 a_zj(z’“) o0, it Ak

Therefore, we have:

L(p)(&,n) = Zfﬂl_j

In particular,
n

L(p)(&&) =D& =D&l

j=1
Hence, clearly L(p)(&,€&) > 0 for all £ # 0, i.e. L(p) is PD. This shows that M is
strongly pseudoconvex. O
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3.2 Analytic and Stationary Disks

We define analytic and stationary disks, discuss some strong reasons why they are
useful objects, and motivate our work in Chapters 4 and 5.

3.2.1 Analytic Disks: a More General Viewpoint

Analytic disks are holomorphic embeddings of A in C" with a continuous boundary.
It is common to understand that analytic disks are the complex-analytic analogue
of segments in real analysis: a one-complex-dimensional bounded simply connected
holomorphic complex-analytic object is what corresponds to the smoothest form of
a one-real-dimensional bounded connected real-analytic object.

Definition 3.2.1. An analytic disk in C" is a function f : A — C" which is
continuous on A and holomorphic on A.

Definition 3.2.2. An analytic disk f : A — C" is called attached to a subset M
of C™ if f(OA) C M. Also, the center of such an analytic disk is the point f(0).

Notation 3.2.1. For a subset M of C", we denote by A(M) the set of all analytic
disks in C" attached to M.

The following theorem is stated as Proposition 6.2.2 in [6] but for what are termed
generic submanifolds of C". A generic submanifold of C" is a real submanifold M of
C" that admits at every p € M a local defining function whose components’ complex
gradients are linearly independent over C. See Chapter 1 in [6]. Real hypersurfaces
are by default a subfamily of generic submanifolds because their defining functions
have only one component whose complex gradient does not vanish anywhere (if
it vanishes somewhere, so would its real-differential Dp, which we know doesn’t
happen). To stay consistent with the build-up we made, we state the theorem here
for real hypersurfaces instead. We stress, though, that it applies more generally.

Theorem 3.2.1. Let M be a real hypersurface in C"*, and let p € M. There is an
open neighborhood U C M of p such that for every CR function f on U of class C*
there exists a continuous function F defined on W, where:

W= U g(Z)

geAU)
with the following properties:
1) For all g € A(U), we have F o g € O(A).
2) The restriction of F to U is f.
3) FeO(We).
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This result says that for certain types of submanifolds (including hypersurfaces),
every CR function locally admits a holomorphic extension to an open set generated
by all sufficiently small analytic disks attached to the submanifold. This reveals a
robust connection between analytic disks and questions of holomorphic extensions,
and it is already a great reason for one to be interested in analytic disks in general
questions of construction of holomorphic maps. It is one of the primary reasons
we adapt our approach to finding our desired automorphisms to considerations of
certain types analytic disks, the stationary disks, our next topic.

3.2.2 Stationary Disks and their Relation to Automorphisms

Stationary disks attached to real hypersurfaces in C" are a subfamily of attached
analytic disks that satisfy a certain lifting condition. Stationary disks proved very
useful in general mapping problems, and they are biholomorphic invariants. These
two facts, alongside results like Theorem 3.2.1, naturally push us to explore very
basic questions such as the one we tackle in our thesis: is it possible to better
understand automorphisms of real hypersurfaces in C" by observing how
they interact with attached stationary disks?

Specifically, we ask the question for hypersurfaces which have a "nice" enough shape
locally, the strongly pseudoconvex ones, which are locally more or less a "perturbed"
sphere. In our work, we study the paraboloid {(w,z2) € C x C,Rw = |2|?} from
the suggested point of view, and we recover certain types of automorphisms of this
paraboloid. Something which we rely on a lot in our work is that we do not need to
worry about local issues: we have as many "slanted" disks as we want at our disposal
because the paraboloid is a relatively simple model. Other models, though, might
pose local issues, and one then needs to tweak their approach to accommodate for
this necessity of staying close enough to the origin. Furthermore, other more general
models, "perturbed" ones, might prove challenging in terms of nailing down the disks
and thus add other layers of restrictions.

Definition 3.2.3. Let M C C™ be a real hypersurface given by a global defining
function o : C™ — R. A map f: A — C™ is called a stationary disk attached to
M if the following conditions hold:

1. feo(A)NC(A)
2. f(0A)Cc M

3. There exists a continuous map ¢ : A — R*, such that the map:

A 3 ¢ Ce(Q)a(f(C))

extends holomorphically to A.

Note that by do, we are referring to the complex gradient of ¢ in the sense of
Remark 2.2.3. Most definitely, the only possible holomorphic defining functions are
the constant functions, for the same reason mentioned in Example 2.2.1.

The stationarity condition, expressed in the third point, can also be formulated as
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being that the map 0A 5 ¢ — ¢(¢)Jdo(f(¢)) admits a meromorphic extension to
A, holomorphic on A\ {0}, with a possible pole of order at most 1 at 0. In the
formulation of Definition 3.2.3, the role of the ¢ in (c¢({)do(f(¢)) is to take care of
that potential pole.

Geometrically, the stationarity condition is formulated in terms of cotangent and
conormal bundles. See Definition 1.4 in [8] for instance, where this formulation is
done in precise terms and adequate references are provided for further exploration.
The reason we do not approach stationarity in this manner is that we do not wish
to use any geometric language of that sort in our work. Our primary interest in
these kinds of disks is, as mentioned above, two-fold. First, they are biholomorphic
invariants (Proposition 3.2.2). Second, they are "abundant" enough in a sense which
will become clear in Chapter 4 as we discuss further.

Figure 3.2: For a stationary disk f attached to a hypersurface M, the image f(OA)
traces M and closes on itself, just as here the (black) curve traces this hypersurface
in R? and closes on itself.

Proposition 3.2.1. The stationarity condition is independent of the global defining
function for the considered real hypersurface M.

Proof. Let M be a real hypersurface in C™ and let p and o be two global defining
functions for M. Let f be a stationary disk attached to M looked at as defined
by p. By Proposition 3.1.10, there is an open set U C C™ containing M and a
real-smooth map ¢g : U — R such that ¢ = gp on U and g is nowhere zero on U.
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Following Remark 2.2.4, we have do = (p)dg + (g)0p on U. In particular, we have
for all { € A:

9o (f(¢)) = p(f(€)Ag(f(C)) + g(f(C))Ip(f(C))

and since f(¢) € M for all ¢ € A, we have p(f({)) = 0 for all ( € OA. Hence, for
all ¢ € 0A:

9o (£(€)) = g(f(€)p(f(C))
Define ¢ : 0A — R* by:

This ¢ is well-defined because g is nowhere zero on U, in particular nowhere zero on
M. As g is real-continuous (since it’s real-smooth) and f is real-continuous on 0A
(Theorem 2.1.1), the map ¢ is real-continuous on 9A, hence complex-continuous
(again, Theorem 2.1.1). In summary, ¢’ as defined is a continuous maps between the
topological spaces 0A and R*. Now, observe that for all { € 0A:

C0PF(0) = G4 sa FRFC) = CelOBp(F(C)
hence, since the map 0A > ¢ — (c(C)Ip(f(¢)) extends holomorphically to A, so
does the map 0A 35 ¢ — (({)0a(f(¢)). This shows that f satisfies the stationarity
condition for M looked at as defined by o, which is what we wanted to prove. [

Proposition 3.2.2. (Biholomorphic invariance of stationary disks)

Let M, N C C" be two real hypersurfaces. Let U,V C C" be open sets with M C U
and N C V. Let H:U — V be a biholomorphism with H(M) = N, and let f be a
stationary disk attached to M. Then, the map F : A — C" given by F = Ho f is a
stationary disk attached to N.

Proof. First, F' € O(A) since f € O(A) and H € O(U), and F € C(A) since
f€C(A)and H € C(U). Second, F(OA) = H(f(0A)) c H(M) = N.

Now, let’s show that I’ satisfies the stationarity condition. By Proposition 3.2.1, it
is enough to show that the stationarity condition is satisfied for a choice of a defining
function for N. Let p be a defining function for M, and let o : V' — R be the map
o= po H™ L. Let’s first show that o is a defining function for N.

As p is real-smooth and H~! is holomorphic hence real-smooth (Corollary 2.2.3),
we know that o is real-smooth. Also, we have Do (z) = DH'(2)Dp(H1(2)) for all
2z €V, where DH! is the differential of H~! as a map between real vector spaces.
Note that the biholomorphicity of H makes H a real-diffeomorphism, for the same
reasons of Corollary 2.2.3. In particular, by the Chain Rule (Theorem 2.1.5), the
real differential DH (n) is an isomorphism for all n € U, and we have:

[DH(n)]™" = DH™(H(n))

Hence, for all z € V, 0 is not an eigenvalue of the linear map DH~'(z). Hence, for
all z € V, it DH Y(2)Dp(H~(2)) = 0 then Dp(H'(2)) = 0, which is never the
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case because Dp never vanishes. Thus, Do(z) # 0 for all z € V. Moreover, we have
for all z € V:

0(2)=0 < p(H2)=0 = H'Y2)eEM <= 2€N

Thus, we have shown that ¢ is a defining function for N.

We know that f satisfies the stationarity condition for M, so there is a continuous
map ¢ : OA — R* such that G : A — C" given by G(¢) = (c(Q)Ip(f(C)) is
holomorphic on A. Notice that, again by the Chain Rule, for all { € A, we have:

00(F(C)) = DH™Y(F(C))dp(H ' (F(¢)) = DH(F(())Ip(f ()

Hence, we have for all € A, (c(¢)0o(F(¢)) = DH Y (F())G(C).

We may identify DH ™! o I as a matrix and G as a column vector, both of whose
entries are holomorphic maps because of the holomorphy of H~!, F' and G. Hence,
the map A > ¢ — (c(¢)do(F(¢)) is holomorphic, showing that F satisfies the
stationarity condition. This completes the proof. O
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CHAPTER 4

STATIONARY DISKS ATTACHED TO
THE SPHERE

In this chapter, we focus all of our attention on the hyperquadric Q C C*™! given
by the zero set of p, where p : C"** — R is given by

n 1 o n o

p(2) = p(20,. .., 2n) = R(20) — Z |2|* = 3 (20 +%0) — Z 2iZ;

j=1 j=1
We let M = {z € C""', p(z) > 0}, so that M is a smooth strongly pseudoconvex
domain in C"™! (see Proposition 3.1.14), and @Q = dM. We will find the stationary
disks attached to () and study some of their properties and dynamics with the
automorphisms of ) that fix 0.

4.1 Studying the Attached Stationary Disks

In this section, we characterize the stationary disks attached to (), then list some of
their properties, and then in 4.1.3, we provide the proofs and computations of the
facts mentioned in 4.1.2.

4.1.1 Their Characterization

We state what the stationary disks attached to () look like and provide a proof
which details on the outline described in [7].

Theorem 4.1.1. (Blanc-Centi) o
The stationary disks attached to Q are the functions f : A — C"*! of the form

f="(fo, fr,---, fn), where:

ww 14 a
B w'w )
fo(¢Q) =7v+ le—aC+1—|a\21—04C+ly0

and for all j > 1,
¢
1—a¢

fi(Q) = v+ w;

where v,w € C*, yp € R, and o € A.
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Figure 4.1: An oversimplified graphical respresentation of the domain M c C**!
and its boundary @ (our hyperquadric). The plane is supposed to represent the
hyperplane zy = 0, the boundary of the paraboloid is ), and the interior of the
paraboloid is M.

Proof. Let f : A — C"*!' be a stationary disk attached to @, and let us write
f="(fo,---, fn). By definition, we have a non-zero function ¢ : 9A — R, such that
the map f*: OA — C"*! given by f*(¢) = (c(¢)dp(f(¢)) extends holomorphically
to A. We will also write f* = (f5,..., f}).

We have that:

Op(2) = 0p(z0, 215y 2n) = | —%2

Let’s expand our ¢ in Fourier series (c is continuous on dA). We have for all ( € 0A:

o

Q)= wc*

k=—o0

o1



where for all k, 7, € C. But since c is real-valued, we must have that Y € R, and
that for all k > 1, v_, = 7. Also, note that for ¢ € A, one has (~! = (. Thus, we
may write for all ( € 0A:

C(C):"'+%ZQ+%Z+’YO+71C+72C2+'“
and then, B
Ce(€) =+ + Ml 71 +750¢ + 1+ -+

From the expression of dp, we have:

(€)= 5¢e(0)

As f* is holomorphic on A, so is every f; for each j € {0,1,...,n}. In particular,
so is f, and this means that (c(¢) is holomorphic, forcing the 7, for £ > 2, to be
0. We conclude that:

¢e(§) =7 + 70¢ + m¢?
We may re-write this as:
Cc(¢) = a+b¢ +ac?

where ¢ € C and b € R.
For each 1 < 7 < n, we will write for ( € 0A:

[0 =Y AP
k=0

Looking at dp once again, we see that for all j > 1, we have:

1) = ¢et¢) (1)
Hence, for j > 1,

o

—£2(¢) = (a+b¢ +ac?) ( A,(j)gk>
k=0

— (a+b¢+ac?) (AP + AP+ AP + -

Expanding, we get:

aAY +bAY +aAy + (bAé") + aAﬁ”) C+aAy3+y (aAg) +bAY) |+ aA,%) ¢

k=1

Holomorphy forces the relation:
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If we already have a = 0, then, smce ¢ is not the zero map, we must have b # 0, and
the relation (4.1) becomes just AkJrl =0,Y5,k > 1, ie. A(j =0 forall 7 > 1 and
k > 2. This implies that for all j > 1, f;({) = a; + ;¢ for some «;, f; € C and all
¢ € 0A. By Corollary 2.2.6, this holds for all ¢ € A.

Now since f(0A) C @, we must have p(f(¢)) = 0 for all ( € JA. This means that
for all ¢ € OA, one has:

Fo(O) + fo(O) _QZfJ (4.2)
But we have:

ij(C)m = (a+ 50 (@ +5;- Q)

j=1

(loI* + B¢ + a58;¢ + |Bi1%)

M-

j=1

This shows that:

fo(€) = Z (loy I* + 2058;¢ + 185%) + iwo

j=1

for some yg € R.
Define v, w € C" as:

Qi B
o, i
Then, we can re-write fy as:
fo(¢) = 1" + 20'w( + W'w + iyo
and then one gets:
f(¢) = (v'v + 20'w( + wW'w + iyo, v + w()
Now suppose that a # 0, and let us solve the recurrence relation:
aBy + 0By +aBgio =0,VE > 1 (4.3)
There are many ways to do this. We will do it here using a classical "generating

function" approach. In particular, let g(z) = > 3~ Brz®. In (4.3), multiplying
through by 2* and summing over the values of k, we get:

a Z kak + b Z Bk+1$k + EZ BkJrgl’k =0
k=1 k=1 k=1
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so that
b Zoo k1, @ ZOO k2
&g(ﬂf) -+ E 2 B].H_l.fl? + ? 2 Bk+237 =0

hence,
b a
ag(e) + = (g(x) = Br2) + =5 (9(x) — Bz — Bya?) =0

which we can re-arrange to get:

g(z) abBy+ (bB) +abs)r
x a + bx + ax?

Consider now the quadratic polynomial @ + bx + az?®. Let a; and ay (possibly
equal, but won’t be equal as we will see now) be the roots of this quadratic. Then,

ajas = g, so |ayaz| = |ai||az| = 1. Now if |a;| = |ag|, then |a;| = |a] = 1, and this
a

1
means that our quadratic has a root n € JA. But this implies that 7 = — is a root
U]

of a+ bx + ax? ie. of zc(x), so Te() = 0, hence ¢(7) = 0, and this is impossible

since 7 € OA where ¢ never vanishes. Thus, we can’t have |a;| = |ag|. Let’s then

WLOG say 0 < |a1| < 1 < |ag].

g(x)
x

. We have:

Let’s do partial fraction decomposition for

g(z) aBy+ (bBy+aBy)r A L

v ala,—)(aa—2)  a—x ay—x
where:
\ = EBl + (bBl —1—632)@1
a(ay — ay)
and
= aB; + (bBy + aBs)as

a(ay — ag)
Now, we expand in power series with the understanding that |x| < |a;| and that we
do not care about x in any case. We have:

x A
g(z) _ L
X a; — g — X
B 1 1 1
ag 1% a1~
aq a9




But we know that:

9(z)
x
:Bl—f—BgfL“f‘Bgl’Q‘f’"'

oo
k
= § By1z
k=0

and therefore, we have for all £ > 0,

A Iz
By k+1 + k+1
1 ay

1.e.

—:§(31$+BQI’2+B3{L‘3+)

(4.4)

As we would expect, plugging in £ = 1 or k£ = 2 in (4.4) will not give us any new
information. However, (4.4) will determine the By, for k > 3 as a function of By and
Bs. In short, the solution to (4.3) is: By, By € C arbitrary, and By for k > 3 as

displayed in (4.4).

We may then solve (4.1). We have that A% and AY) are free for all j > 1, and for

all k> 3 and 7 > 1 we have:

» 1 1

k T Hj "

where ' . .
N\ —

’ a(a —ar)
and ' ‘ ‘
aAP + (bAgﬂ + aA;”) =

My =

a(ar — @)
Then, for j > 1,

Now the formula:



is at least valid for |(| = 1, i.e. this series converges for |(| = 1, and so does the

geometric series of common ratio =, but not the geometric series of common ratio
az

é (because of the assumptions on |as| and |ap|). This forces A\; = 0 for all j > 1,
ai
and therefore

; 1
A](Cj) = Mj:k,Vj,k >1
a2
As )\; = 0, the numerator of A; is also 0, and we can then write:
aAgj )

ay

bAY 4 aAY) = —

in particular, the Agj ) are no more free. Plugging into p;, one gets:

1 .
L — A(J)

Hj T 010 1

- _ Lo
Write o = @yajas. Then, p; = — Ay, so:
Q

a0 _ A1

ko —k

a Qo

and therefore,

k=1
, A(j) 1
A A
a @m ;¢
as
, A(j) ¢
' @aay a;—¢
_ A0 4 A ¢
0 Y aras]? — @agasC
— AV L 40) ¢
0 1 1 — aC
where o = ajajay. Notice that |a| = |ajas| - [a1] =1 - |a1]| = |a1| < 1.

Now once again, since f(0A) C @, we have that (4.2) holds for any ¢ € OA. Putting:

A(()l) Agl)
v=1| i [Lw=| :
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one has:

To determine fy, we will need to do the following decomposition:

1 _A+B§+Z+§Z
1-ad)1-a) l-aC 1-ag

Upon solving for A and B, one gets:

1 «
A= 0=’ T 2a = P
and therefore,
1 B 1 (1 +al N 1+ aZ)
1-af)l-al) 200—|aP)\1-a¢ 1-ac

and then we deduce that:

¢ ww 14+ al
l—al 1—Jaf?l—-af

fo(¢) = vt + 20tw + iy

and for all 7 > 1,
¢
[i(€) =v;+ R p—
where v, w € C" yy € R, and o € A. This concludes the proof. n

An essential step in the proof was the expansion of ¢ into Fourier series on 0A. This
comes from the general theory of Fourier series: it is well-known that for a function
¢ which is continuous on the unit circle in C (i.e. our OA), the sequence of Fourier
polynomials of ¢ will converge to ¢ in the max norm || - || on C(JA) given by
lallc = maxcepa |a(C)], i.e. uniformly. We do not mention this in the preliminary
pages because we assume the familiarity of the reader with this.

4.1.2 Some Properties of these Disks

Here, we merely list the properties we will be needing, and we postpone the

statements and proofs to the next subsection. The purpose of this subsection is
to keep an easy-to-read list. In this list of facts, f = (fo,9) : A = C x C" is a
stationary disk attached to @ with f(1) = 0. Also, p = (po,p’) = f(0). Note that if
p =0, then f =0, and in this list we assume p # 0. Finally, when n = 2, we write

f'(1) = (e1,¢2) and (1) = (c3, ca).
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Figure 4.2: An intuitive illustration of our paraboloid. The slanted black disk
represents the kind of disk we are dealing with here (attached to the origin).

Fact 4.1.1. We can write f in terms of only o and v. We have:

_2(1—a)fvl* 1-¢
fol€) = 1—|a)2 1-a

and: ¢
9(¢) = 1= ac’

Fact 4.1.2. In terms of a and p, the 2-jet of f at any point ( is given by:

a—1

f(Q) = A= ag)?
And: 2 — 1)
(1—a¢p’
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Fact 4.1.3. The 2-jet of f at 1 is given in terms of a and v by:

] Ol

fO(]') - |a|2 -1

vy 4alv])?
o) = faE—i=a
g(1) =~ i TV

y —2
g"(1) = m?f

Fact 4.1.4. In terms of p, we have v = p and:

~2(Rpo — IP'11%)
Po

a=1

Fact 4.1.5. In terms of p, we may write:

with o as displayed in the previous fact.

Fact 4.1.6. In terms of p, the 2-jet of f at 1 is given by:

Fiy Po
PO = 30T —5p)

" _ (pO_sz,HQ)p_O
PO = 57T — o2

Fact 4.1.7. The o, v, ¢; and c3 are all functions of co and cy4, and we have:

Cq
o =
202 +c4

and:
B 2c2
N 2co + ¢4
and for the ¢;,
2|C2|4
= "7 —
|02| +§R(CQC4)
and:
2|c2|?eaey
C3 —

B |02|2 + %(604)

Fact 4.1.8. The expressions of ¢1,co,c3 and cy in terms of p are:

¢ = [pol*
2(p'|? — Rpo)
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B por’

—2(|p'? — Rpo)

3 = (Po — 2P *)|po|?
2(Ip'* — Rpo)?

C2

and: o
(po — 2|p'|*)Pop

Cqy =
2(|p'|2 — Rpo)?

Fact 4.1.9. Let us not take p to be f(0), and let’s suppose that the c¢; are known.
The solution to f(0) = q is given by ¢ = (qo,q'), where ¢ =0 if ¢, =0, and else:

B 2c3
Q= a‘i‘ 4|62|2
and:
q, _ 20102
C_3+ 4|02|2

4.1.3 Proofs and Computations

This subsection is more or less the proper mathematical treatment of the preceding
list of facts.

Proposition 4.1.1. The stationary disks [ attached to Q satisfying f(1) =0 are
the ones of the form f = (fy,9) : A — C x C" with:

21 —a)flvf* 1-¢

Jol&) === a2 1—al
and: ¢
9(¢) =1 ac’
where a € A and v € C". Moreover, the 2-jets of these maps at 1 are given by:
2|lv?
! 1 —
fO( ) |Oé’2 -1
(1) - dalol?
’ (laf? = 1)1 - )
1
/
1) =
g(1)=——7v

—2x
"
)= ——
Proof. Let f be a stationary disk attached to (). Then, by Theorem 4.1.1, there are

v,u € C", o € A, and yy € R such that f = (fo, g), where:

2
m@>=ﬂﬂﬁ+2wﬂolféc+1Uﬂgpijzg+nm
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and

9(Q) = v ug— =

As g(1) = 0, we have that v and u are linearly dependent, in particular u = (a—1)w.
Hence, from fy(1) = 0, we see that:

1 o — 1|1 +a
2+ 2(a = 1)||v]|? =0
ll1* +2(a = Df|v]*5 —[af 1-a + 1Yo
(0~ D@ — (o + Vo]
— 9% - —0

vl vl 01— om)(a -1 + Yo

hence,
(1-a)(1+ )
—|Jv]]* + o [v]|? + iyo = 0

which we can rearrange to:

.
(T> -
] 2T«

i (yo + 1_—|a|2|!v||2) =0

28«
Yo = | ’2 H H2

1.e.

and therefore,

Let’s now substitute back the u and yq into f. First,

_ ¢ (a—-1¢y _ 1-¢
g(()-v%—(a—l)vm—(1—1—1_—0&)0—1_0‘(1)

Second,

1—al*1 25
€)= ol + ZE= o P T e 4 (2 ) o
_ 2<O‘_1> |1—OZ|21+CVC 2
= (1"‘ 1—al 1_|O‘|21—04C |a|2—1) ||UH2
_ Aa—1)¢ (1—-a)l-a)l+al a—a
B <1+ 1—-a¢ * 1—aa 1—04§+ af? ) o]

1)¢
ag
<y

The factor of |[v||* can be re-written after taking (1 — a¢)(1 — a@) as a common
denominator as:

(1 —a@)(1 - al) +2(a — 1)(1 — a@)¢ + (1 —a)(1 — @)1 + al) — (o — @)(1 — al)
(1= a?)(1 = ag)

The numerator of this expression, fully expanded, is given by:

1 —al —aa+ao*al — 2+ 2aal +2af —20°al+1+al —@
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—aal —a — o +aa + ofal +a— aal — o+ a*C

and this is just 2 + 2a¢ — 2¢ — 2a, i.e. 2(1 — «)(1 — ). Therefore, we get:

2<1 — a)(l - C) HU||2
(1= laf*)(1 - ag)

{2
S(58)-2ee

fo(€) =

Now, note that:

and

1—al
so that fi,d', f{/ and ¢” are given by:

2(1 — a)?|lo|”
(1= fa?)(1 = ag)?

fo(Q) = —

a—1
5V

9'() = A=acy
da(l — a)?|v]?
(1= o) (1 = ag)?

wo 20(a — 1)1}

and then one just substitutes ¢ =1 to get the fi(1), f(1),¢'(1) and ¢"(1) as
displayed above. O

(¢ =~

and:

Proposition 4.1.2. Let f = (fy,9) be a stationary disk attached to @ with
f(1) =0. Then, f is completely determined by its value at 0. In fact, if f(0) =0,
then f = 0. Else, pg # 0 and p' # 0, and if we write f(0) as p = (po,p’) € C x C",

then we have:

_1-¢
fo(¢) = 1— a{po
and ¢
9(¢) = 7 —ac?
where: o(R i
G
Po
In other words, f is just the map:
_1-¢
O =1- ac?
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Proof. Let f(0) =p = (po,p’) € C x C". We know that p is in the region bounded
by @, so Rpy > ||P||>. The previous proposition gives us the expressions of f; and
g in terms of v and «, and as g(0) = p/, we have v = p’. Now from f,(0) = po, we

have: o
21— Q)PP _
1—|af?
If p" = 0, then f is the zero map and there is nothing to prove. Assume then that
p' # 0. Then, we also have py # 0, and:

1— |af?
= Po
2(|p'|?

50:
1—|af?
~ iz Po

2|lp'|I?

Write pg = x + iy, so that:

(1 1—!@!2)+.( 1—\al2>
= — = 1| ——=——5Y
2||p'[|? 2|

hence:
1—a> \* | /1—]a]> \?
laf* = (1 — a:) + Y
2||p'||? 2|p'[2
D L T
FaE At
=1+ p(1—|al’)+ A1 - |af?)?
= Aa* = A+ p)|aP + A+ p+1
with: | |2 -
Po Po
= >0 and p=—
Allp][* [p'||?

Rearranging, we get:
M — A+ p+Dt+ A+ p+1=0
where t = |«|?, which is a quadratic in ¢ with discriminant:

=0 \+pu+1)?—4AXA+pu+1)

=2+ 2u+1
= (u+1)°
Note that: —_—
M+1:”PH - p0<0

1[I
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so that v = — i — 1, and then the solutions to the quadratic are:

22+ p+1+p+1 w+1
t: :1 _—
! ) S
and:
; _2)\—|—M+1—,u—1_1

? 22
But t, is not a viable solution because then |a|> = 1, i.e. |a| = 1, which contradicts
the fact that a € A. So, t; is the only solution, so that:

1 4 /112 2 _ 8%
o =1 ALy AP )

A |pol

hence,
4 /12 §R - /112
ot = A1~ /1)
|pol
and thus,
L—|af?  2Rpo—IPI?) . 2(Rpo — [IP'[*)
- /112 Po = 1— 2 bo = 1— —
2[|p'| [Pol Po

Noting that:

N el

~ 2
we may write:
1— ’05’2 ) 1112
P p
fol¢) = (2\@/\\2 )¢ 1-¢,
0 1 — |of? l—al 1—ac™®

and: ¢

9(¢) = 1= OéCp/

]

Corollary 4.1.1. Let f = (fo,9) be a stationary disk attached to @ with f(1) =0
and f(0) =p = (po,p’) € C x C". Then, the 2-jet of f at any  is given by:

a—1

Q)= A= a0)”

And: 2 — 1)
Q) = T —acp?

In particular, the 2-jet of f at 1 is given by:

Fiqy Do
PO = 30T = 5p)?
f”(l) _ (pO — 2||p/||2)%

—2([[p]?> — Rpo)?
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Proof. From the preceding proposition, we have:

1-¢

fFQ)=1= ac?

with « as explicitly mentioned above in terms of p. Recall that:

d (1-C\ a-1 dd2 1-¢Y\  2a(a—1)
%(1—0@) T a—aq? ™ d_@(l—ac) " (1-ag?

S0,
] o a— 1
And: 20 )
wo 20(a—
so that also in particular:
1 Po
(1) = p= p
P = 37 = S = %)
and:
2a 2(Rpo — [IP']1%) P
(1) =- p=—2<1— — p
W="m—ap = T~ Fopo)?
~(2Rpo = 2|IP'|I” — Po)o
2([[p'[I* — Rpo)?
(- 2IPIP)r
2([[p'[I* = Rpo)?
which is what we claimed. O]

Corollary 4.1.2. Fiz n = 2, so that Q = {(w,z) € C>,Rw = |z|*}. Let f be
a stationary disk attached to @ with f(1) = 0. Write f = (fo,9), ¢ (1) = co,
(1) = ca, f(1) = 1 and f§(1) = 5. Also, write p = (po.1f) = f(0). Then, we
have:

¢ = [po|?
2(|p'[* — Rpo)

P
2(|p'[* — Rpo)

¢y — 2o = AP lpol’
2(|p'[> — Rpo)?

and: o
¢ — o= 201")op
2(|p'[* — Rpo)?
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Proof. The proof is merely a matter of writing down the definitions of the ¢; and
substituting the expressions in terms of p obtained in Corollary 4.1.1:

€1 fo(1) /
= = 1
(&) = (%) = ra
and the latter we already have in terms of p. Similarly for c¢3 and ¢y. O]

Proposition 4.1.3. With the same setting as in Corollary 4.1.2, we have that if
cy # 0, then 2co + ¢4 # 0. If this is the case, or if ¢4, = 0 and o = 0, then we have
f as displayed in Proposition 4.1.1, with:
Cq
o =
2¢co + ¢4

and:
2c3

_202 + ¢y

and then, since || < 1, we have |a]* —1 # 0, so |c4]® — |2¢2 + c4]® # 0, so that
|ca]? + R(czey) # 0, and:

2|C2’4
= "7 7 —
lea|? + R(Cacy)
and:
2|ea*ezey
C3 =

|c2]* + R(czeq)
Else, c4 =0 and a # 0, and then v =0, thus f =0, so that ¢; =0 fori=1,2,3,4.
Therefore, in particular, f is completely determined by ¢'(1) and ¢"(1).
As a useful remark, ¢y is given in terms of a and v by:

2
C1 =
C a1

and c3 is given in terms of a and ¢; or o and v by:
20 4ar|v]?

T T (eP=1)(1-a)

C3

Proof. Suppose first that ¢4 # 0. As ¢’(1) = ¢2, we have v = (a — 1)cg, and as

«
—/l) S —
(1—a) (1—a)
2acs = (1 — a)ey, and this gives (2¢5 + ¢4)a = ¢4, which implies that 2c + ¢4 # 0
c

g"(1) = ¢4, we have that = ¢4, so that (o — 1)y = ¢4, and hence

(else, ¢4 = 0, which is impossible), thus a =

. Now we just substitute back

2co + ¢4
to get v: 002
v (CY )62 (202 + 4 ) < 202 + ¢y
Now:

2|v]? 4lcy|* 1

e = fy(1) = ot 2
a2 =1 Retalr  fa*

1209 + c4)?
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B 8co*

el = 262 + caf?

_ 8[cal*

el = (4]eaf? + [eal? + 4R(2ca)
_ 2|cy|*

- lea|? + R(ezey)

and:
dav)?
(la* =11 - a)
cy 4] co|* 1

202+C4‘202+C4’2 ( |C4|2 B 1) <1_ Cyq )
12¢2 + ¢4]? 209 + ¢4

16¢4]co|*
(2¢o 4+ c4 — cq)(Jea|? = |2¢0 + c4]?)
B 16¢4]co|*
 2cy(—4|co|? — AR(Gacy))
- 2|co|*Caey
o |c2|? + R(Cacq)

c3 = fo(1) =

Moreover, if one compares ¢; and c3 in terms of « and v, one readily sees that:

B 2a
Cl-a

C3 1
Finally, if ¢4 = 0, then if @ = 0, ¢’(1) = ¢3 implies v = —cy. Else, if a # 0, then
g"(1) = ¢4 implies v = 0, and this means that f = 0. [

Proposition 4.1.4. Fiz n = 2, so that Q = {(w,2) € C>,Rw = |2|?}. Let f
be a stationary disk attached to Q, with f(1) = 0. Write f'(1) = (c1,¢2)" and
(1) = (e3,¢4)t. Let ¢ = (qo,q") € C? be a given point in the region bounded by Q.
Suppose that f(0) = q. Then, we either have ¢; =0, and then f =0 and ¢ =0, or
c1 € R\ {0}, in which case we necessarily have that ci¢3 + 4|ca|?c1 # 0, and qo and
q are given in terms of the ¢; by:

. 2¢
P = a‘i‘ 4|02|2
and:
q, _ 20102
C_3+ 4‘02|2

Proof. The expressions for f/(1) and f”(1) that we obtained in Corollary 4.1.1 give
us this set of equations:

|QO|2
2(]¢'|> — Rqo)
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[
__¥  _ . 9
e —Fay) @
(0 = 2')lao|* _
2(|¢'|> — Rqo)? ’
(90 — 2|¢)*)q0d
2 _ 7 — G (4)
2(|CI| %QO)

Notice how from (1) we have ¢; € R. If ¢; = 0, then ¢o = 0 as well, and then
co = c3 = ¢4 = 0, so by Proposition 4.1.3, « = v = 0, and so we must have f = 0,
and then ¢ = 0.

So, assume that ¢; # 0. Then gy # 0 as well. From (1), we have:

/12 |q0‘2
—Rgp = —
4| o 21
and if we substitute this in (2), we get:
w7
= Cy

2
9 (‘QOl )
201
c
= ¢y, and so ¢’ = C—qu.
1

%qlcl

q090
Now, substituting these information in (3) gives us:

2
(CJO —2 > go0]?

so that

qo0

C2
c

1
:c?)
lgo|*
2 (%)
i.e. | |2
262
2 (- 25540
3
|QO|2
hence,

2(ct — 2|e2 o)
)

g C3
and this reduces to:
2(c; — 2|e2*q) = csGo

rearranging, we get:
(c3 + 4lco)®)Go = 2¢]

We already know that ¢; # 0, so that necessarily c3 + 4|co|? # 0, and one gets after
cojugating:
(@5 + 4leaf*) g0 = 2¢f
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and therefore,

2c3
= C3 + 4|cof?
and:
,  C 2c169
q = EQO = _%—+ 4]cy)?
and this completes the proof. n

4.2 In the Context of the Automorphisms of ()

In this section, we mention without proof the automorphisms of (), and we discuss
how they relate to the stationary disks attached to Q.

4.2.1 The Automorphisms we are After

The main way automorphisms of () interact with stationary disks is straightforward:
the automorphisms map stationary disks attached to @) to stationary disks attached
to () in a non-trivial manner. It will turn out that this is enough to understand the
automorphism group of (). We start by displaying a tweaked version of the list of
automorphisms mentioned in [9].

Theorem 4.2.1. The group of automorphisms of Q) is generated by the families
H o, H {,H}, H?, Hy and Hy, which are given by the following formulas:

H y(w,z) = (w—ir, z)

H_1(w,z) = (w+||a]|* + 2(a, z), 2 + a)
H(w, 2) = (\w, \z2)
Hi(w,2) = (w,Uz)

Hi(w, z) (w, z + 1wb)

"1 2i(b, 2) + ||b|Pw
1
14 isw (w, 2)

where r,s,\ € R with A > 0, a,b € C*, and U € M, ,(C) a unitary matriz with
respect to (z,2") — (Z,2'), are parameters of these families.

Hy(w, z) =

Proposition 4.2.1. The generators of the group of automorphisms of @Q, listed
above, map stationary disks of Q) to stationary disks of Q.

Proof. See Proposition 3.2.2 for the more general proof that stationary disks are
biholomorphic invariants. [

69



What follows is almost a proof and is not the most natural way to approach this fact.
There are a few non-trivial gaps that one should fill, but most of the calculations
and required conditions are displayed here. This is what it looks like if one would
want to verify this by "brute force". However, as we have already mentioned, this
fact is straightforward if one looks at Proposition 3.2.2.

Proof. Recall that the stationary disks attached to @ are given by the family of
maps f : A — C*"! parameterized by v,u € C", 1o € R and « € A, with

f=(fo, fr..--, fn), where:
¢ 'y 1+ag

— 5t 2—t :
fo(¢) =7v+ vul_&<+1_’a’21_ac+zyo

and Vj > 1,

fi(Q) =v; + Ujﬁ

Let . C"xC"x A X R — {g : A — C"!, g is a stationary disk attached to Q}
be the map given by: ®(v,u,a,yo) = f as displayed above.
Let’s fix such a stationary disk f = ®(v,u,a,yo) and feed it into each of the H’s,

trying to compute the corresponding parameters for the outputs H o f. For
convenience, we will use the notation f’ for (fi,..., f,). So that one has:

f(Q=v+u

1 —ac
It’s clear that H 50 f = ®(v,u, o, yo — r) is a stationary disk attached to Q.
For H_1, let’s look at the second component of H_1(f(()):

¢

F(O+a=v+u e

+a=(v+a)+

1 —aC

hence, we will tailor the first component of H_;(f({)) in such a way as to make the
v+ a appear and we compute the rest of the new parameters. This first component
is just:

fo(©) + llall® + 2(a, f'(¢))

which is:
2 o ¢ ul®> 1+af . > _ ¢
2 2
equivalently:

¢ lull* 1+ ag

2, /= — 2 —
ol 447, )+ 5, )+l +2007 1) e+ T am T g

+iyo+(a,v) — (v, a)

le. )
¢ lul® 1+ ag
l—al 1—Jaf?1-aC

lv+all +2{v + a,u) +i(yo +23(a, v))
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and we conclude that H 5o f = ® (v + a,u, a,yo + 23(a, v)) is again a stationary
disk attached to Q).

For H} and H?, we clearly have Hjof = ®(\v, \u, o, yp) and Hiof = ®(Uv, Uu, o, yp),
stationary disks attached to Q).

For Hi, we are going to write Hy o f = ®(v',u/, o/, ;) and solve for v/, v/, o/ and yj,.
First, let’s consider the case u = 0. In this case, fo(¢) = ||v||* + iy and f'(¢) = v,
so that f is a constant function. Since f is attached to Q and H; is an auto-
morphism of @, we know that H;(f(¢)) = (A, B) € Q, so that RA = ||B||*>. Let
v = B and y) = SA. Then, one has that H,(f(¢)) = (|]['||* + iyg,v'), and so
Hiof =®(v,0,0,y;) is indeed a stationary disk attached to @ (we did not need to
take o/ = 0, surely any o € A works here).

Now, we consider the case u # 0. First, let’s look at the expression:

1
1= 2if5, ) + bl

w)=£(C)
and let’s play around with it. This is just:
1 _1—-a¢
1—2i(b, f/(Q)) + [BI2fo(C) 7+ nC

where:

2
T u .
ni=1— 2005, ) + [Nl + JolP o2

1 —af?
. . _ ul® :
pi=—a+ 2ia(b, v) — 2i(b, u) — [[b]|*||v]|*er + 21b]* (T, u) + ||b||21_—|a|204 — iayo||b]|?
o = -H
Ui

We need to verify many things. First, that n # 0. Second, that this o’ satisfies
|&/| < 1. And third, that this o/ is indeed the o/ we are looking for.

Let’s write:

[Julf?

1—af?

0= (14 2300+ IR + 0P )+ Gnlbl? — 2. 0)

If Sy # 0, there’s nothing to show. Suppose that 31 = 0, so that:

7 lul?
n = 1423, v) + [BlP[lv]* + Ib]* - ap

By the Cauchy-Schwarz inequality, one has:
|S(b, v)| < (B, v)| < [[Bll]]o]]
hence,

L+23(b,v) + [[BI*[lvl* = 1 = 2[lbl [lo]| + [IBl*[v]1* = (1 =[] ]]v]1)*
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so that:

2
N ]
02 (= el + 101 o

hence, n > 0. If in fact n = 0, then we must have:

L—[ofl[Jv]| =0
and: H H2
U
b|*——— =0
I

hence b cannot possibly be 0, so that we must have v = 0, but this is also not
possible. Therefore, n # 0.

Now, one needs to check that |o/| < 1, and we will leave this for the interested
reader.

We will now show that this o/ works for our purpose.

First, we look at the second component of Hy(f(¢)). This is:

1(1—@() (U+u1—ag

n 1—-a'C

which we can re-write as:

+if0(C)b>

2 HUH2 ; b 2 — HU”2 .
Lo+ (u— om){_i_l (HU” + 1 —|a? +iyo ) b+ | —efvl]* +2(v,u) + - |a|2a 1o | bC
n 1—-a'C n 1—a/C
This must equal:
¢
/ /
v t+u = ot

Upon multiplying both sides by n(1 — /) and regrouping, one gets on the LHS:

2 2
{v + (||v|y2 + [“|”a|2 + iyo) b] + [u —av+ (—04||U||2 +2(7,u) + - [“:'apa - iy0a> b] ¢

and on the RHS:
' +n(u —a'v')¢

so that: 1 1 2
U )
V= —v+ - (HUH2 + L’Q + Zy()) b
noon 1—|al
and:
1 1 :
W =u+av - o4 (_O‘HUH2 +2(0,u) + Ju] 2%~ iy006> ’

Let’s now write out the first component of Hy(f(¢)). This is just:

1(1—=ag)fo(¢)
n 1-a¢
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which, as mentioned above, we can rearrange as:

ol + i) 4 (ol + 20,0+ 1o igea) ¢
1 v = Jaf? Yo allv U, U T_ ’QPQ o
n 1—a'¢
this should equal:
_ 2 14+ aC
S 4] y
HUH + <U7u>1_a/<+1_|O/’21_a/g+7’y0

Upon equating these two and multiplying through by n(1 — o/¢), one gets on the
LHS:

o ll* 2 o lu? :
|vll* + = |aP +iyo | + | —allv]|” +2(T,u) + T |a\2@ — iy | €
and on the RHS:
me . lA* 2 — [ ||
n | 1] +1_—|a,|2+11/o + ( pllv'l7 + 200", uf) — Wﬂﬂwyoﬂ ¢

so that one gets:

P
1— | |277 Zyon = ||V

pllv' |2 + 20(v, ') —

12+ || [
1—la?

p+ igop = —allvl* +2(v, u) +

nllv'||? + 1Yo

H u||? Jul?
1—faf?

a2 o — Yoo

and this gives us two ways of writing v, let’s go with the first one:

: o 1 ||u||2 e
Yo = 77 || H |O{|2+Zl—|0/|2+ZHU H

For completeness, one must check that y; € R, and must verify that y(, satisfies the
equation we did not use.

Finally, we show this for Hy. As with Hy, we write Hy o f = ®(v', v/, o/, y) and
solve for these parameters.

If v=u=0, then f(¢) = (iyo,0), and:

Hy(f(€) =

Y0, 0
1 Yo (Zy07 )

y_) is once again a stationary disk attached to Q.

1 — syo
Else, let’s proceed with the fraction:

so that Hyo f = (ID(OOO

1 1

. = 2
RO s (e - ot TS )
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This is just:
1—a¢

ul?

1 —af?

1—al+1is (HUH2 — al|v]|2¢ + 2(v, u){ + (1+ af) +iyo — iayof>

which we will rewrite as:
l—af 11-a(¢

n+uC  nl—a

where:
2
n:=14is|jv|* + isl H_U|||a|2 — SYp
= —a —ias||v||® + 2is(v, u) + isa (g + asyo
1—af?

of =L

n

J[ul®

Noticethatn:0:}syozlands(||v||2+ >:0=>u:v:0,a

1—of?
contradiction. Hence, n # 0.

As above, one needs to verify that |o/| < 1.

Let’s show now that this o/ works for our purpose. The second component of

Hy(f(C)) is just:

¢
1(1_&0 <U+u1—ag) lv+(u—av)C
n 1—a/C T 1-a/(

and this should equal:

_ <
1—a/C
Equating these two and multiplying through by n(1 — o/(), one gets:

v+

v+ (u—av) =n' + (pu' — na'v')¢

so that:
, 1
v =—v
n
and )
u =adv+ —(u—av)
U
Looking now at the first component of H;(f(()):
_ ¢ lul* 1+aC
1-— 242
0= 00) (I 2= 1
U 1 =a'C
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this is:

2 2
(HW ”P‘+wm)+(—MWa+%aw+ [l a—m%)c

— |af?
n 1—-a/¢

and this must equal:

112 T . C HU,HQ 1+O/C !
2 /
||UH + <’U7u>1_&/c 1—’@1’21—@/C+Zy0
Multiplying through by n(1 — &/(), one gets on the LHS:
2 I T Y
|| || | ‘ +Zy0 + ||U|| o+ <U7U> + 1— |a|2OZ 1Yo g

and on the RHS:
(112 + L2y} o (a2 20y + 0 L i) ¢
1—|a/]? 1— |o/]2

comparing the constant parts, we get:

e TS S 1 R L G
= I+ = L o i e

And finally, for completion, one must check that y; is indeed real and satisfies the
other equation. n

4.2.2 Connecting to Stationary Disks

We go back to our stationary disks and lay out the notations and alogrithm that we
will be carrying out in Chapter 5 to nail down our desired automorphisms.

Definition 4.2.1. Given a hypersurface M C C™ with 0 € M, we define Aut(M,0)
to be the group of automorphisms of M which map 0 to 0, which is known as the
tsotropy group of M. What we will care about in the subsequent pages are these
1sotropic automorphisms.

Remark 4.2.1. Given F : U C C?> — C2, and supposing that F is twice complex-
differentiable on some neighborhood V- C U of a € U, we know that DF' lands in
L(C?,C?), and then DF(a), looked at as a matriz, is a 2 X 2 matriz with complex
entries, so it’s determined by 4 numbers in C. Moreover, we have that D*F lands
in L(C? L(C? C?)) = L(C?,C?*C?), so that D*F(a) is determined by 8 complex
numbers, and because of symmetry in the mixed second order partial derivatives, we
only need 6 numbers in total to determine it.

Proposition 4.2.2. Let U C C? be open and H : U — C? be of class C?. Let
V C C be open and f : V — C? be of class C* with f(V) C U. Write H = (Hy, Hs)
and f = (fo,9), and write the coordinates in C* as (w,z). Let h = (hg, k) be the
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map h = H o f. Then, with the understanding that what is being fed into the partial
derivatives is f((), we have:

9, 0
WO = T2 (0 + S0
0 0
K(O) = H2f0<<> LIS
O*H 62H O*H oH oH
(€)= <5 (o(O) +25—="¢ (O f5(Q) + 5 30 () + = F (O + 5 9"()
02 H, 0% H, 0*H, 0H, ,, 0H, ,

K(Q) = G QP + 2522 (QN0) + 5 20 O + 210 + 55 2

Remark 4.2.2. This was a direct consequence of the Chain Rule (Theorem 2.1.5).
We can also formulate things in terms of linear/multilinear maps, but we prefer this
display because we are going to employ precisely these equations in the next few lines.

From here on, we will fix n = 2.

Notation 4.2.1. Given H = (Hy, Hs) € Aut(Q,0), with abuse of notation, will
denote by A the 2-jet of H at 0: A = (Ao, A1, \3), where Ag =0, and:

A (AW A
AR AP

(1) (1) A@)
A (Aww AR Azz>

and:

Avo AS) AY

where the first and second rows of Ay are OH; and OH, respectively, and the first
and second rows of Ao are the vectors of second partial derivatives of the H; in the
obvious manner.

Proposition 4.2.3. Let f = (fy,9) be a stationary disk attached to @ with

f(1) =0. Let H € Aut(Q,0), and let A be the 2-jet of H at 0. Let h = (hg, k) be
the stationary disk attached to @ given by h = H o f. We then have h(1) = 0, and
with the ¢; as in Proposition 4.1.3 and co = k'(1) and ¢y = k" (1), one has:

cy=APe; 4+ AP¢,

and
dy=A2 2 1 aADeic, + AP+ APy + APey

Proof. We have h(1) = H(f(1)) = H(0) = 0. Now, by the previous proposition,

one has: S SH
¢ = = 2(0,0)f(1) + —2(0,0)g'(1) = AP er + APey

We compute ¢} in the same manner. [l
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Figure 4.3: In this loose pciture, the black disk is f and the dark grey disk is h. We
are trying to understand H by observing how its jets act on the disks.

Remark 4.2.3. By Proposition 4.1.3, this completely determines h, albeit with a few
conditions that one must be careful about. In fact, if & and v' denote the parameters
of h, then one has:
F_ G
2,4 ¢,

and .
- 2c2

20, + ¢

and h is given by:
201 —a)* 1-¢

hlQ) = =T op 1=a¢
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and
1_C /

HO) = T

/

2a
—c, and:
— o

and one has the following conditions: |o/| <1, ¢ = .

;) 2ch|*

a=-7; 2 S,
|c5|? + R(che))

Now the picture is as follows. Having f(0) = 1 and knowing the ¢y and ¢4 for f
completely determines f, and given only the 2-jet of an H € Aut(Q,0), by above
we can determine the ¢, and ¢ for h, and these, along with the "inversion" work in
Proposition 4.1.4, allow us to determine h.

By definition, we have h(0) = H(f(0)) = H(p). Thus, we are able to find H(p) for
every p that is the center of an attached stationary disk f with f(1) = 0. But we
already know from Proposition 4.1.2 that such an f can be found for any p that is
not the origin (which is all we need, we know that H maps the origin to the origin).
Hence, we are able to find H itself.

A subtlety here is that for this procedure to really give us an automorphism, we
should impose holomorphy. As we will see in Chapter 5, this process doesn’t a
priori give us an automorphism because of holomorphy issues.

78



CHAPTER 5

PARAMETERIZING THE
AUTOMORPHISMS

We remind the reader that the parameters of our computations will be A, the second
jet at 0 of our supposed automorphism H, and p = (pg, p’). We let f be the stationary
disk whose center is p and which satisfies f(1) = 0. We also put h = H o f. Recall
that if we write ¢; = fg(1), c2 = ¢'(1), c3 = f¢'(1) and ¢4 = ¢"(1), and if the ¢ are
to denote the analogous parameters for h, then one has:

C/2 = Ag)cl + AgQ)CQ

and:
,=A2 21 aADeic, + AP+ APy + APey
where: )
¢ = ol
2(|p'|* — Rpo)
¢ — —_DoP
2(]p'[* — Rpo)
3 = (Po — 2P *)po|?
2([p'[* — Rpo)?
and:

_ (po = 2[p'1) Doy’

Cqy =
2(|p'* = Rpo)?
And once we have the ¢, and ¢, we may reconstruct h as follows:

/

I Cy
- / /
2c5 + ¢y

and -
2c5

T o /
2c5 + )

/

and h is given by:
201 =)' 1-¢

ho(€) = 1—]a]2 1—-0a/C

79



and ¢
KO = T

On the other hand, we may also determine the ¢} and ¢} from the ¢, and ¢}, as
Proposition 4.1.3 shows that:

/ 2ch|*

|2+ R(dy)

and: o
2|c5*chel
|5]? + R(cheh)
and these allow us, for instance, to determine ¢ = h(0) = (qo,¢’) as displayed in
Proposition 4.1.4:

/2
o = 2c
v /12
s+ 4|d|
and: y
/ 2¢109

RN

5.1 Our Direct Approach

In this section, we nail down the isotropic automorphisms of () using the most direct
approach and the information we have ourselves about the stationary disks attached
to the origin.

5.1.1 Computing with the gy and ¢

We first turn our attention to the ¢y and ¢’ mentioned above. We write them
explicitly in terms of A and p, and then we study their holomorphicity.

Proposition 5.1.1. If p is not the origin, then we have:

o = 4|90|2|p0|2p0
2[p'[* = [pol*Rw) (2 — pow)
and:
q/ _ 2]90(,0
2 — pow

or, most explicitly,

2
/ 2 (A53>p0 + A,@p’)
q =
2APpy + 202y — Ag&pﬁ — 202 ppy — APp2

where:

/
0 = o(po,p) = A + L AR
Do
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and: orf .
b= p(po, ) = A2 + LA 4 T p@
Po Po

and:
(o, = U(po,p) ¥
’ e(po,p') ¢
p/ p/
Proof. Note that we may write co = —c¢; and ¢4 = —c3, and recall that ¢; € R. We
Po Po
have:
cy=APe; + A<2>
= A c1 + A
— (A(2) + A(2 )
= Yy
and:
d, = A2 2 —|—2A(2c 02+A 02—{—A cs + APy
/
= A2 c1+2 A )2 P A2) A4+ Ay + L A@e,
p Po
/
= (A< + 2 A ) 4 A<2>) + (Ag? + ﬁAFf)) Cs
po Po
= ¢C1 + @3
Note that: '
~ (po —2P'[F)en
€3 = /2
P> — Rpo
and then,
C/ _ _2|CI2|4_
L[+ R
_ —2fpl'e
|p[c? + R(Peicy)
__ 2pPq
a1+ R(dy/p)
_ 20pfe
o+ R{Gw+c3}
—2|pl*c]

C1
o1+ ARw + = T (Rpo — 2[p'?)
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—2|p|*c

Rpo — 2|/
14 Rw+ — oL
' Ip'|? — Rpo
_ —2|p|*cA ('] — Rpo)
- 2
2 o + 20 1 g — 21

2
_ APt — Rpo)
2[p'|* = |pol*Rw

Next,

1@
_ AlpPe(lp* — Rpo)
2|p'|* — |po|*Rw
_ 4ePa(lp'? — Rpo) (Cz L o= 2P Cl)
2p 2 —IpolRew \ [P~ Rpo
Alpl?ci 712 /12
= c — Rpo)w + po — 2
2|p'[* = |po[*Rw (cr(lp' = Rpo)w 4 po = 2p'F)
4|90|2C% |pO|2 /12
— —2
2P — PR \ 2 0P
_ 2lpPei(lpol*w + 2po — 4lp'[?)
2|p'|* — |po|*Rew

(c%w + c3)

Now we may compute qp:
22

ch + 4y

, (16|90|4Ci‘(|p’|2 - m)?)
_ (2[p'[> — [po*Rw)?
2|t (|pol*@ + 250 — 4[p'[?)

2[p'* — |pol*Rw
_ 16|p]ci(|p'[* — Rpo)?
@' = [poPRw)(lpol*@ + 2P0 — 4lp'[2 + 2(2[p' 2 — |po[*Rw))
Al l*|pol*
(2[p'[* = [po*Rw)(2P0 — |po|*w)
4]¢l?[pol*po

2lp'|? = |po[*Rw) (2 — pow)

Finally, we compute ¢':

qdo =

+ 4|p[2c]

/

c

/ 2
q = 4

€1
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_ ¥
~ 4ePE(PP — Rpy) ©
2|p'1? = [po|*Rew
2l = |pol*Rw
~ 1pe (P — Rpo) ©
_ 2|p'* — |po|*Rw 4o pol*
2%Ipol*  (2lP']? — Ipo*Rw) (2P0 — |pol*w)
_ 2¢[po)?
2P — |polw
__2pop
2 — pow

which matches the claim.
Furthermore, if we now write ¢, ¢ and w in terms of A and p, we have:

pop = APpy + APy

and: ) ) )
AZLpR + 202 py + A p
AP Po + A,(f)p/

and if one substitutes into the expression of ¢/, one gets:

PowW = Po— =
2

2 (AP po + APy

AR+ oA + AD"
ADpy + APy
2 (ASpo + Aiz)p’>2
B oA po 4+ 208 — AChpR — 208 prpy — ALY
and this finishes the proof. O

Remark 5.1.1. Notice that ¢’ is a holomorphic function of po and p’, regardless of
whether or not the A’s are coming from an automorphism. Hence, we only need to
focus our attention on qq.

Remark 5.1.2. The map M > (po, p') = (qo,q') maps Q to Q in a bijective manner.
Indeed, we have:

o = 4|10090|2 Po
(2[p']? — [po|?*Rw) (2 — pow)
so that: A ) | o
Rao = /2!1)0@0!2 ‘_( P po_)
Q2lp'? = |po[*Rw) 2 \2—pow 2 —Pow
1.€.

4]pop? 2%po — |pol*Rw
2lp'[2 = |po[*Rw) |2 — pow]?
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and:

| /|2 4|p090|2
2 — pow|?
Hence,
= ¢
<~
4lpopl? 2Rpo — |po|*Rw _ 41pol?
2lp'1? = |po*Rw) |2 — pow|? |2 — pow|?
<
2Rpo — |p0\23?w = 2|p/|2 — \po\Q%w
<
— |p/|2

Proposition 5.1.2. The map (po,p’) — qo corresponds to an automorphism of M
if and only if AP # 0 and either (i) or (ii), where:

(i) A? =0, A2 =0, AY =0, and %(A@AT?;) _0

(11) AP # 0, and the following non-linear system of 5 equations in AP A(Q) Aq(ﬁj,
A@, and A has a solution:

2|AQPAD — AOAPAR + AOAPAD £ [AQPAD =0 (5.1)
IADAD L AOAD =0 (52)

2 [ADP AR + ADAPAD 4 2ADARAD =0 (5.3)

2[AQ AP 4 D AR +A(2)A2) —APAPAD —0 (5.4)
ANOAZAD 4 AZAD 2[APFAD =0 (5.5)

Proof. By the Cauchy-Riemann equations, we know that gg is holomorphic if and
and 240 dqo
o oy

equations. In fact, these equations hold if and only if:

(8num) denom — (@) num = 0

= 0. Hence, we compute these derivatives and solve the

Opo Jpo
and:
(8num) (8den0m)
— denom — | ———— | num =0
op’ op

where num = Py and denom = 4|p’|?—2|po|*Rw are the "potentially non-holomorphic"
parts of gyg. Indeed, by Proposition 5.1.1, we have:

num 8piyp

o= denom 2 — pow
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satisfies

num
and we know that, then, the function ¢y is holomorphic if and only if

enom
the Cauchy-Riemann equations.

We have anim = ATI?), and:
dPo

2|po[*Rw = 2R{|po|*w }

A2 L e 1o
Po P%

AD 4 P
Po

_op AL p2Ds + 202 pops + A2 p2pg
APpy + APy

= 2R 4 Popo

_ AGupipo + 2082'pop + AL Do n ADLPe*po + 20000 PoPo + AP po
A po + AP p ADps + AP

so that denom is given by:

AL p2Ds + 208 pops + A2 p2pg A&&po Po + 2szp popo + Azz 7 10
APpo+ APy ADps + AP

Q

4p'p —

Now,

0 (AP + A pon + AR5 \ A + 2A000 p + AZp?
Ipo ADpo + APy ADpo + APy

Q
and 6— is given by:
Ipo

<2Awwpop0 420y po) (A,S?)p—o + AEZ’H) AD (ASEw 2po + 202 mopo + ALY PO)

— ——
(AP5 + APp)
which reduces, upon expanding the numerator, to:

—2

00 AL AL TGP0 + 28 AP B po + 200 AP P py — AL A Py

a— S — 2

9po ( AP 4 Agmp,)

. 0 denom .

and this way we have ourselves 0 We then come back to the equation:
Po
(8num) deno (8den0m) 0
nom — ( ——— | num =
Ipo Ipo
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and we write out each term explicitly. L L
Upon multiplying both sides by (Aﬁf )po + Ag)p’ ) (AE,? )p_o + Ag)ﬁ), we get:

term; — termsy — terms + termy + terms = 0
where:
term; = 4@]0/]7 (AP py + AP <ATE)p_o + @_’>
termy = AL (A2 255 + 200 popi + A ppo) (Aw Po+ ALY )
termy = A (AR7%po + 200207 ppe + AT po ) (AP po + ALY
term, = (A2 + 2000 + ALp?) (A5 + AP)
and termjs is given by:
(A%A 390 + 200 AP BP0 + 20,0 APy — ADAD 2po) (ADpo + APY)

Upon full expansion, one gets the equation:

6
Z term; =0
=1

where:
2 2
terml—4\A | A“|p| P/ + 4APA po|p| —2|A®)] A<2>|po|2pop'
term) = —2AP AL AL [po 22 + AR AL AL |po|2pop’ + 202 AS AL o[ |?

term), = A@APAP A(Qp P20 +4[A2| A@)p Ip’l2p’+4\/\2)| AG Ip’l4
term, = 2A2AGLAL [po[2pop’ +2\A<2>| AB, ol |2+2A NN p2p?
term = 2 [A®’ Az(fﬁp P70 + ADAD pp EEINCIN p '|*p’

termg = A(Q)A(Q) i Z}A ‘ A2 poﬁ — 20PN AL o2

Next, we group these terms together according to the p’s, and we get the form of
the equation we are seeking, which is a polynomial equation in py, pg, p/, and p':

mpol10 2+ nabolp 120 + nslpo|*pol” + mapolp 127 + s 0|t + nepip” =
where:
m =4 AP AP —2A@APAD L oA DAPAD 1 2 [AD P AG)

Ty = 4A<2>A<2> + ADAD AP
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s = =2 [AQ)AZ + AQADAD 4 22 AZ, AP
m=4|AQP AP 4 2|ADP AR + 228 2APAPAD
ns =4 [ADPAD 4 AOAD

1o = 2APADAD L ACND g [A@ P40

This cannot happen unless n; = 0 for each j € {1,2,3,4,5,6}. As a result, one gets
a system of 6 equations given by n; =0, 1 < j <6.

We will now show that the second equation given by the p’ derivative gives the same
set of equations.

We have 8num

— AD and:

B — A& ppe 202 AD
By PoPo +( ppopo + AP o _ 4y
Aw Po + Az ju

o)
also, — 1is given by:
op’

(2A§32 pol? + 2A§2;7p0) (A 255 + A ) A® (A&E&po Do + 20D pepo + ALY p0>

— E——
(AD5 + AP
which simplifies to:

59 2sz @ pol2ps + 202 ADD Ip 1+ Azz AP pop”® — AP A o2
— N2

0 denom

which thus gives us ——=—

As before now, we write out fully and explicitly the equation:

(8num) (8denom)
— denom — | ———— | num =0
op’ oy’

We multiply both sides of the equation by <A Po + A(Q) / ) <A1(3 )p_o + AQF), and
we get ourselves:

termf — termj — termj — term) + termg = 0
where:
termy = 4@]?/17 (Ag)po + Af)p’) <ATu?)P_0 + @17 )
termy = @ (qu)ﬂpopo + 202p'popo + AL p’2p_0) (ATu?)p_o + Eﬁ )
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termg = AZ <Agl)vpo Po + 2szp Popo + Azz P’ P0> (Aq(uQ 'po + A,(z2)p/)
— — \2
term/, = 4p’ (A§3>p0 + A@p') <A1(3)p_0 + A,(f)p’)
and term? is given by:

2

(2sz lpol*76 + 20D AL pof + AL AP pop” A£2)A5320p—02p0> (A®py + APy

Fully expanded, this equation is:

6
E term;-" =0
Jj=1

where:

_2 —_—
term/’ = —4 ‘A(2)| it !POP_ ' 4A22)A1(3) pop? +2 |A1(3)‘2 Agz)‘po‘4

termy’ = 2AP AL AL |po|*pop’ — ALLAD AL |po|t — 2A2AD AL [po 2oy
termf = —AGAD AP T2 — 4| AP AL |po Pl |? — 4 AP | A Bl
term) = ZA(2 Agw ]p — 2‘A |A(2) |po|*Pop’ — 2A(2)AZ2)A£32|p0]2p0]7

o —2
termf’ = —2 A" sz o212 = ADAD [pofpi’ — 2ALAD [po iy
term = ~AQAD Folp ! +2 AP AL oPpoi? + 20D AT AD o Pl

Upon grouping these terms with respect to the p’s, one gets precisely:

—|po|*Pop’ — m2Po 0 — n3lpol* — malpol*IP'|> — nsDolp' PP’ — 1|0l *pop’ = 0

so that:

m|pol*Pop’ + mePo’p’ + nslpol* + nalpol*1P'1% + nsBolp’ P + m6|po|*pop’ = 0

and, although this is a different equation than the one we got before in terms of
the monomials in the p’s, its result is exactly the same: it holds iff each n; = 0,
1 <7 <6, and we get our original system again. We now proceed to discuss this
system.

First, note if A? = = 0, then n; = 0 gives A? =0 as well, and this implies that
the Jacobian of the automorphism which ¢y corresponds to is non-invertible at the
origin. However, we know that dlffeomorphlsms have invertible Jacobians, so we
know that this case is invalid. Hence we have A # 0.

IfAY = 0, then n; = 0 gives us AQ) = 0, and 75 = 0 gives us A? = 0. This makes
all the equations trivial except for n, = 0, and 7y = 0, upon substituting A( =0

and dividing both sides by AP , precisely says that:

APAZ) 4+ ADAP = 0
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1.e.
éR(A@)ATEZ)) —0

z

and this gives us the case (7). o
On the other hand, if AP # 0, then we may divide both sides of 7, = 0 by AD to

get (5.2). If one divides both sides of the equation 75 = 0 by AE;Q), one gets precisely
(5.2) again. The equations n; = 0 and 1, = 0 can be divided both sides by 2 and
from this one gets (5.1) and (5.4) respectively. The equation 73 = 0 is (5.3), and
the equation ng = 0 is (5.5).

This completes the proof. n

5.1.2 Solving for the A’s and Concluding

We now have ourselves the conclusions that allow us to get the desired isotropic
automorphisms, and in this subsection, this is what we do. We will also show how
the family of automorphisms we get is generated by the automorphisms as listed in
Theorem 4.2.1.

Proposition 5.1.3. The automorphisms corresponding to the case (i) of Proposition
5.1.2 are the ones of the form:

1

H(w.2) = =0

(|)\1|2/\1w, A%Z)

where A1, As € C with \y # 0 and §R()\1)\_2) =0.

Proof. We have AP = A%, = AD = 0, and writing \; = A? and Aoy = A£32, we
have §R(/\1)\2) = 0. Also, note that \; # 0 by Proposition 5.1.2.

/ /

Using the notations of Proposition 5.1.1, we have ¢ = Alg, Y = 2)\2p—, and

Po Po
w= % =222 Hence,
2 1
AN A1l A
so that: ) ) )
o — 41219 [*po o aPpo M PAapo
0= = =
A2 A2 A1 — Aa2po
olpf? (2 — 222 1- 2
4 ( Alpo) )\1]70
On the other hand,
Jo e 2 AW
2 — pow 2—2¥p0 A1 — Aapo
1
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In our notation, py (the first component) corresponds to w, and p’ (the second
component) corresponds to z. Hence, gy and ¢ being, respectively, the first and
second components of the map H, one gets:

|)\1|2)\1w )\%Z
H =
(w’ Z) ()\1 — )\211)7 /\1 — /\gw
ie.
— 1 (
N /\1 — )\zw

as claimed. n

H(w, z) [A)*A1w, A2)

Proposition 5.1.4. The automorphisms corresponding to the case (ii) of the Propo-
sition 5.1.2 are the ones of the form:

1

H(w,z) = — — 2| Xa|* A1 Aqw, 201 Ay (Noz + \jw
(w,2) 2)\1)\2+4|)\1|2z—)\2)\3w( P2 Aadaw, 2k oz + Aw))
— 2/ |4
where A1, Ao, A3 € C\ {0} are such that 3?()\1)\3) = —W.
2

Proof. In the case (ii), we have AQ # 0. Also, note that we already have AP £ 0.
Let us write A2 = A1, AP =\, and AZ), = Az. From the equation (5.2), one has:

ok

A2

A2 —

zz

If we substitute this into (5.4), we get:

NP2 + MoPAZ 1+ 27AD — AN, (_4)\1)\1> _
2
le. -
Xo AR+ DoPAS) = —6: 7,
hence,
NoA2) 4 AAR) = —6]A 2
so that:

R(AAR) = =3P
One may write (5.1) as:
20+ A (A2 = AL + ofRs =0
le.

N (203 (AR)) = —20 [T — [of2hs
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hence,
— A2|?As
ISORA@) = _ 2 el
( 2 wz) | 1| 2/\1

so that:

2 23 A

N 2\, 2\ 2\,
€iR ~ ~~ ~ ~

eRr ciR

and this warrants two conclusions.

First: —
_|)\1|2 o 8%{ ‘)\QE)\IS} -0
N
SO: o
h
PaPR(L) =2l
1
le.

A 2|\ 2
o) -
N o]

A A A _ _
|/\1|2§R(>\—3) — §R{|A1|2)\—3} — §R{>\1>\1>\—3} =R As) = R(AN)
1 1

Note also that:

1

SO:

A1

thus, we may also write:
2|\
| Az

R(A\Ns) =

which is part of our claim.

Notice that if A3 = 0, then this very last equality implies that \; = 0, and this is
impossible. So that, also as claimed, one has Aj, A2, A3 € C\ {0}.

The second conclusion from (5.6) is that:

() - el B

20\, 21

and so,

MA?) = ROGAD) +i3(A)

= —gjur+ p{Pele ] el
2, 2,
(%) 2 |)\2|2/\3 P\Q\Q)\s
e )\ _—
Sl + == =R )

91



— g e el

2)\1 2 )\1
Ao|? Az ])\2]2( 2\)\1\2)
= 3|\ 2_|_| — _
Al 2\ 2 Xo|?
Ao|2 A5
s P
A ]* + o

where, to get (x), we used the fact that for all z € C, one has Rz — z = z — Rz,
which can be easily checked.
Thus, dividing through by Ay one gets:
2102 A
| A1l | 22As

AP = 22
wz /\2 2)\1

With the information we have now, let us note that:

(5.3)
<
M2 DN
—2[\ (—ﬁ + 2_3> + A3 A s + 220 0300 =0
>\2 2 1
<
4\ A .
% — MAAs + As g + 220 3, = 0
2
<
AN - -
‘)\1‘ + Ao (>\1)\3 + )\1)\3) =0
2
<
4\ |4
206R(MAs) = — A
A2
<
3‘%()\ )\—) _ 2|/\1|4

Hence, our solution is consistent with (5.3), and (5.3) does not present to us any
new information.
We also have the same situation with (5.5).

Indeed,
(5.5)
<~
_— —2|)\1|2 )\2)\3) 2 2 (_4)\_2)\1)
2\ + =] + A3 —2|A —F ] =0
e (T 22 ) R o (TR
<~
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CANPAR MR g, 8P

+ A3Aa + =0
)\2 )\1 57 )\2
g
AMPPAL A3 —
+ ——+ =0
» N 372
g
/\_2(>\1)\_3+)\_1/\3) - _4|>\1|2)\1
A A2
<
— — 4\ )
MA3 + AiAg = — INE
<
— 2[\ !
R(AA3) = —
( 1 3) ISE

and so, our solution is also consistent with (5.5), and (5.5) does not provide us with
any new information.

This completes the solution to the system in (i7), and now we may substitute the
expressions we got for AZ and A? in terms of the A1, Ao and A3, as well as use the
conditions on Aj, Ay and A3z to figure out ¢ and ¢'.

With the notations of Proposition 5.1.1, one has:

Pop = Mipo + A2p

and:

p2b = Agp? + 20D/ pg + A2

402 Xods YN
:/\ 2+ (_ M B / o =7 /2
3Po " ¥ P Po " p
S0,
4017 Aods 491
)\p2+<_ SaE T p/p _Tp/Z
®Y  Dop A1po + Agp/
We recall that: )
41pose|*po

O @Y~ R(popow) @ — o)

and that:
q/ 2170‘;0

:2—p0w

The reader may verify by direct manipulation and comparison, and without needing
any special assumptions such as the relation we obtained above between the \;’s, that
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the following symbolic equality follows from the very latter expressions of pyp, pow
and qo:

ANz | Aipo + Aap'| po
A M — _
(2l = R{ Sl — 430 ) (A% + 40— Rodape)
1 2
Now, observe that:
A A A A
e i b R B
1 )\2 1
2|\ |2 Ao,
:2 12 2 ( 4 - /
= Il (=2t ) + 0 o'

2 A
|>\ 2 Aop'” + |/\1P0|2+2%{|)\2|2—1P,P_0}>

qdo =

|)\ E Aop'[* + [ Mapol” + 2%()\11?0)\229 ))

e (ApoA1po + Apodap’ + Ao’ Apo + Aap/ Aap)
()\1]90 + )\217) A1po + Aap')

|)\ E | Xipo + Aop/[?

Therefore,

AN s [Aipo + Aop! | po
(|>\ |2 |)\1p0 + >\2p |2> (2)\1)\_2 + 4’)\1’2p/ — )\_2)\3]?0)

o 2])\2|2)\1)\_2p0

20k + 4N 20— Aadspo
On the other hand, one can also verify as above that the following symbolic equality
follows merely from the above-displayed expressions of pyp, pow and ¢':
c 200 (Ap' + o)

20 + 420 — A dspo
Finally, as our py corresponds to w and our p’ corresponds to z, one gets the auto-
morphism:
Hw, =) ( _ 2|)\2|2)\1)\_2w_ 2_)\1)\_2 (AMw + )\f) >
’ 221 ha + 4|\ 1]22 — Xodsw’ 20 Ay + 4\ 22 — A dsw

do =

q

or, in other words,

1
2\ e + 422 — A gw
This completes the proof. n

H(w, Z) = (2|)\2|2)\1)\_2w, 2/\1)\_2 ()\111) + /\QZ))
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Corollary 5.1.1. The group of isotropic automorphisms of Q) is generated by the
families of functions H,,, and H,p~ given by:

1
H, . (w,z)= p— (|7)*rw, 722)

and:
1

B 208 + 4|al?z — Byw

H,p~(w,2) (2|B|2a3w, 203 (Bz + aw))

2|al*
|8]?
Proof. This is merely a restatement of the propositions 5.1.3 and 5.1.4. [

where k € C, 7,0, 3,7 € C\ {0}, R(TR) =0, and R(a7y) =

Corollary 5.1.2. FEvery function H displayed in Theorem 4.2.1 and satisfying
H(0,0) = (0,0) is an isotropic automorphism of Q.

Proof. These (families of) functions are Hj, HZ, H; and H,. Note that, since n = 1
in our work, we should write:

Hi(w, z) = (w,n3z)
and:

1
11— 2ibz + |b2w

H(w, 2) (w, z + ibw)

for some n,b € C, with |n| = 1.

To get Hg, one can just take Ay = A > 0 and Ay = 0 in Proposition 5.1.3: we have
A1 # 0 and §R(>\1)\_2) = 0 by default, and with these values of \; and Ay, we get
precisely H(w,z) = (\w, \z).

To get H{, it is enough to take A\; = n and Ay = 0 in Proposition 5.1.3. As |p| = 1,
we have 7 # 0, and surely we have R(A;A2) = 0. One gets H(w, z) = (|n*w,nz),
ie. H(w,z) = (w,nz), as desired.

For H,, we also use Proposition 5.1.3, this time with Ay = 1 and Ay = —is. We have
R(AiA2) = R(is) = 0 since s € R, and one gets exactly:

B 1
14 isw

H(w, z) (w, z)

Finally, for Hy, if b = 0, then H;j is just the identity map, and this is already
obtainable from Proposition 5.1.3 by taking \y = 1 and Ay = 0. If b # 0, we
take Ay = ib, Ao = 1, and X3 = —2i|b|?b in Proposition 5.1.4. We indeed have
A1, A2, A3 € C\ {0}. Moreover,

R(AiAs) = R(ib(2i|b|°b)) = —2[p|*

and: 2\ |4
1 14 4
— = —2[b|* = —2|b
= =it = 2
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— 2|2 [4
so that R(A\Xz) = — ||il||2 .
2

With these values of the \;, we get:

1
H - 2ibw, 2ib ib
(w,z) 21b + 4|b|2z _ (—2i|b|2b)w( wWw, 21 (Z +1 w))
i.e. -
7
H = "
(w.2) 2ib (1 — 2ibz + |b|?w) (w, z 4 ibw)
hence,
1
H = )
(w, 2) 1—2ibz—|—‘b|2w(w’z+z w)
which is precisely H;. -

Corollary 5.1.3. The group of isotropic automorphisms of ) is generated by the
1sotropic automorphisms displayed in Theorem 4.2.1 .

Proof. Consider an automorphism H of the type displayed in Proposition 5.1.3. In
other words, let \;, Ay € C satisfy A\; # 0 and 9%()\1)\2) = 0, and write:

H(w,2) (AP Aw, AT2)

- /\1 — /\Q’UJ

Upon dividing through by A\, we can write:

H(w,z) = 1—)\2 (\Al\zw,)\lz)
— Zw
A
A
Put A = |A1]. As Ay # 0, we have A > 0. Also put n = m Clearly, |n| = 1.
1
1 N
Finally, put s = — I—=. We have:
" r PN

A2 IO E) R(AiA2)
R(22) =2 (22 22) Mt
()\1) 2 <>\1 i |A1]?

S0: \ \
2 22
, N( )\1>

hence: \
i\ [?s = _f

and thus, with \ being the parameter of H}, n being that of HZ, and s being that
of H,, we have:

Hso Hy o Hi(w,z) = Hy (Hy (Hi(w, 2)))
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= AP, A
T s () 0 M7
1
1— 2=
N

and this shows that H = Hy o H} o Hj.
Now consider an automorphism H of the type displayed in Proposition 5.1.4, and
divide through by 2A; Ay to get:

H(w, z) = — Ao|?w, Aoz + Ajw
(.9 = gy (AP des )
—Z— ——w
)\2 2/\1
1 1 [ Ao
Let A = and let n = . Then, A > 0 and |n| = 1, and we will take
Ao ])\2] Ay
these to be the parameters of H} and Hj respectively. Take b = ’)\ ’2 to be the
2
1 A3
parameter of Hy, and, finally, take s = D) ‘20( ) to be the parameter of H,.
2

Observe, then, that:

A3 A3 2| 12 N 12
2 = 20|\
V=) vin(§) =T e
hence,
) A3 2\)\1‘2 2 |>\1|2 2
21|\ =——=1p
= S = g 2 = =
Now:

Hyo HoHE o HX(w, z) = ( H( o )))
SAEES)

1 A1
= H. — w, 2z +
? 1 2\ L A3 w( [ A2|? )
A2l 2[AgP\

1
= H, (w, z + ibw)

1 — 2ibz —

3
2Py
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w z + ibw

= H, , X
1—2ibz — — > —w 1—2ibzr — ————
R P WES Vi TP WED Vit
Thus, Hy o H o H} o H3(w, 2) is:
1 w z + 1bw
- ’ - A3
1—2ibz — — 3w 1—2iby — — 2
. w = 2|/\2|2)\1w = 2|/\2|2)\1w
1+41s Y
1—2ibz — —22
2| A2 2\
which is just:
1
X (w, z + ibw)
T 3 .
1 — 2ibz — mw + 15w
therefore,
1 2 1 -
Hyo Ho Hyo Hi(w, z) = (w, z + ibw)
1= 2+ (is— =2 Y w
2|\ |2\
1
= — (w, z + ibw)
1 — 2ibz + [b]2w
= Hi(w, 2)

Hence, Hy o H o H} o H2 = Hy, so that: H = Hy ' o Hy o (H2) "o (HY) ™.
This completes the proof. [

5.2 Suggestions for Future Work

In this section, we give very brief outlines and discussions of suggested methods for
analogous future work regarding our general question.

5.2.1 The Method of Horizontal Disks

As we hinted previously, the reason our computations were straightforward was that
we had the simplest model of a strongly pseudoconvex hypersurface. In general,
the situation isn’t as workable, and since strong pseudoconvexity is only a local
property, we can only hope to have something that looks like our paraboloid in a
neighborhood of the considered point. It turns out that the local automorphisms
of the paraboloid are also the global ones, but this generally doesn’t apply. This
means that we will need to restrict our attention to the disks living inside the given
arbitrary neighborhood.
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Figure 5.1: The horizontal disks (white) extend arbitrarily close to the origin. We
can always work with them regardless of which neighborhood we are "stuck" in. It’s
not per se the fact that they are horizontal that is most relevant, but the fact that
they are stationary disks living arbitrarily close to the origin.

Thus, we suggest a general approach to finding the automorphisms based on this
neighborhood restriction. For simplicity, we pretend that - locally - we are living in
this simple paraboloid which we studied in Chapters 4 and 5. This will help us give
concrete pointers, and one can glean from these pointers our intuition regarding this
local issue.

First, we assume we are living in a neighborhood U of the origin and we consider
as starting parameters the 2-jets at the origin of an automorphism H. We fix a
slanted disk f living inside U, which we may pretend is given by something like
f(¢) = (2(1—=¢),1 =) (its precise expression doesn’t matter for our purposes here,
what matters is that it is sufficiently small and that it is of the type we discussed
in our work). We have f(1) = 0, and it can be checked that f is stationary and
attached to our paraboloid, so that f is of the type we discussed previously. By
continuity and compactness, it can be argued that f has a "slanted neighborhood"
V C U, which allows the doing of our previous work to determine H inside V' in
terms of its 2-jets at the origin. Our goal is then to further determine this H on the
entire neighborhood U.

Let us define a horizontal disk attached to @ to be any stationary disk I' : A — C?
attached to Q and given by T'(¢) = (|c|* + iyo, c) for some ¢ € C and y, € R. This

99



Figure 5.2: Here, we are "cornered" in the displayed neighborhood, bounded by this
plane. A "slanted" neighborhood of the kind we are discussing is represented by
this aggregation of (white) disks.

is naturally what we would understand by the term "horizontal": it has a constant
first component. Note that - generally speaking - it is a rarity for such disks i.e. the
horizontal ones to be stationary, and we shouldn’t expect this. However, one can
try to capture stationary "perturbations" of such horizontal disks. We will discuss
this in the next subsection. For now, let us assume that we have this simple enough
situation where the I"’s as defined are all stationary, which indeed they are.

The reason these I'’s are relevant is threefold. First and most importantly, they
are stationary. Second, they have very simple expressions. Third, they inhabit any
given neighborhood of the origin, allowing one to choose from them in a very useful
manner however close one is from the origin.

We start with a point p = (po,p’) € U. We pick out an attached horizontal disk T
which passes through p. To do this, we just pick yo = Spy and choose ¢ in such a
manner that |c| = v/Fpy. Then, the corresponding I" will pass through p at ¢y = p'/c.
Since p € M, Rpy > |p/|?, so || > |p|. Hence, |(o| < 1, i.e. (o € A, so the disk
indeed passes through p.

We find out the point of intersection r of our horizontal disk I' with the slanted disk
J we mentioned (the white point in Figure 5.3). To find 7, we solve |c|* +iyy = 2¢(,
i.e. po = 2¢C. So, f indeed passes through r at {; = po/2c.

We want now this (; to play the role played previously by ¢ = 1, and so we want
r to play the role previously played by the origin. What follows then is once again
doing the procedure of Chapter 4 and Chapter 5 to determine H(p). Indeed, we
have H inside V', so we have the 2-jets of H at r. The chain rule, once applied
to h := Hol at ( = (i, produces the 2-jets of h at {( = (4. Assuming we have
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Figure 5.3: The intuitive picture we have in our mind with horizontal disks. Shown
as the white point in the figure, this point of intersection of our horizontal disk with
an appropriately chosen slanted disk we suggest will play the role previously played
by the origin. Note that, mostly, these disks won’t intersect in this manner, i.e.
won’t intersect on the boundary.

the procedure to nail down h starting from its 2-jets at ( = (; (which should be
doable but is a bit more messy because h((;) is not the origin), we then evaluate:
H(p) = H(T'(¢)) = h(¢o). Finally, by imposing holomorphy like before, one obtains
H on all of U.

5.2.2 Perturbation Problems

The previous subsection concerned situations that, although are more complicated
than our model of work, are still nice enough to allow similar procedures with the
only significant constraint being the restriction to an arbitrary neighborhood of the
point considered. However, we might generally encounter hypersurfaces of strongly
pseudoconvex type which are very perturbed and might not be as workable.
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Figure 5.4: A "wiggly" hypersurface like this one might prove challenging to work
with even using the horizontal disk approach. The black curve at the top is the
boundary of a cross-section, to help the reader better visualize such a hypersurface.

First, for such hypersurfaces, we might not necessarily have explicit formulas for
the attached stationary disks. Second, even if such explicit formulas are known,
we cannot hope to have stationary "horizontal sections", and the slanted disks we
talked about might behave differently.

For this type of situation, we propose the idea of a holistic perturbation, where one
adds to the entire admixture a parameter - say similar in spirit to the ones found
in the classical Chern-Moser normal form - which serves to measure in a sense the
"deviation" of the hypersurface from being a genuine sphere locally. This parameter
is 0 if the hypersurface is a locally a sphere, and "how much" it is different from 0
serves to indicate how heavily perturbed it is.

In fact, this parameter is really the defining function itself, so it is not a number or
a parameter in the usual sense. This will mean that instead of working in a finite
dimensional space with numerical parameters, one will need to work with infinite
dimensional (Banach) spaces allowing for appropriate incorporation of the Implicit
Function theorem (Theorem 2.1.7). See [8] for related discussions. It can be argued
that the whole procedure as applied to such a perturbed hypersurface will be a
perturbation of the procedure outlined in Chapter 4 and Chapter 5.
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