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Preface

In the study of homogeneous linear problems of the form Lu = 0, the amplitude (or
size) of a solution is unimportant as non-zero solutions are never isolated and the
existence of one non-zero solution implies the existence of others with all possible
amplitudes. This is not the case for nonlinear equations of the form N(u) = 0
and the observation that a solution is unique in a neighbourhood of itself has no
ramifications globally for the set of all solutions of the equation.

Since nonlinear equations are often derived without restrictions on the ampli-
tudes of likely solutions, with the intention of describing large amplitude phenom-
ena, it is essential to have mathematical methods which discover the existence of
solutions without regard to their size. These notes are concerned with analytical
aspects of this general question.

Global bifurcation theory deals with the existence in-the-large of connected sets
of solutions to nonlinear equations of the form

FA\z)=0, XeR, ze€X\{0},

where F : Rx X — Y, X, Y are Banach spaces and F'(\,0) = 0. It is well known
that P. H. Rabinowitz’s now-classical topological theory of global bifurcation leads
to the existence of sets of solutions which are connected, but not in general path-
connected even when the operators involved are infinitely differentiable. On the
other hand, E. N. Dancer pointed out that connectedness in the topological theory
can be replaced with path-connectedness if the operators are real-analytic. The two
approaches from the early 1970s are completely different.

Quite recently, in a collaboration with Dancer on a problem from hydrodynamic
wave theory, we encountered the following situation. If the existence globally of
a path of solutions of a certain real-analytic equation could be established, it was
clear from earlier work of P. I. Plotnikov that along the path the Morse index must
increase without bound; this in turn would lead to infinitely many secondary bifur-
cation points and ultimately to the existence of sub-harmonic bifurcations, which
was our goal.

Here, as in many similar problems, the existence globally of paths (as opposed
to connected sets) of solutions is the key. Our purpose therefore is to give a self-
contained account of such a theory, and in particular to focus on the existence of
global paths of solutions as a consequence of bifurcation from a simple eigenvalue
in the real-analytic case.

There follows an expanded version of the notes for a course of postgraduate
lectures on real-analytic global bifurcation theory and its applications which we
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gave as part of ‘un cour de 3éme cycle a I’Ecole Polytechnique Fédérale de Lau-
sanne’ during the winter term of the academic year 1999-2000. We have benefited
greatly from the interest of those who attended the lectures, asked questions, read
drafts and offered advice: in particular we thank A. André, D. Crispin, A. Pichler-
Tennenberg, F. Gebran, S. Rey and C. A. Stuart. We must also thank E. N. Dancer
for his encouragement and comments on the manuscript.

We assume a knowledge of undergraduate linear functional analysis and of cal-
culus notation in finite dimensions. We also assume a knowledge of a first course
in functions of one complex variable and some elementary linear algebra. However
calculus in Banach spaces is treated with complete proofs, from the definition of
a Fréchet derivative to the inverse and implicit function theorems. We include an
account of how infinite-dimensional problems can be reduced locally to equivalent
ones in finite dimensions and of how that leads to standard results from local bi-
furcation theory. This theory assumes only that operators have a specified finite
degree of differentiability.

Then we develop the theory of infinite-dimensional analytic operators over R
or C and re-prove the inverse and implicit function theorems in that context. The
elementary parts of the theory of finite-dimensional analytic varieties are also de-
veloped from first principles.

Finally, we study the global theory of real-analytic, one-dimensional continua of
solutions. This has been the main goal, but the methods and results discussed here
have much wider applicability to nonlinear operator equations. The application to
the water-wave problem is considered in some detail.

A list of notation is included in the index.

Acknowledgements: Boris Buffoni held a grant from the Swiss National Science
Foundation and John Toland was a Senior Fellow supported by the UK’s EPSRC
during the preparation of this manuscript.

Boris Buffoni, Lausanne
John Toland, Bath

31 March 2002
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Chapter One

Introduction

Consider a system of & scalar equations in the form
F(\z)=0¢eF*, (L.1)

where © € F" represents the state of a system and A € F™" is a vector parameter
which controls z. (Here F denotes the real or complex field.) A solution of (1.1)
is a pair (A, z) € F™ x F" and the goal is to say as much as possible qualitatively
about the solution set.

Since (1.1) is a finite-dimensional nonlinear equation it might seem unnecessar-
ily restrictive or even pointless to distinguish between the A\ and x variables. Why
not instead write (\,x) = Z € F™" and study the equation F'(Z) = 0 where
singularity theory is all that is needed? For example, when I : C™*+" — CF is
given by a power series expansion (that is, F' is analytic), a solution Zj is called a
bifurcation point if, in every neighbourhood of Z, the solutions of F'(Z) = 0 do
not form a smooth manifold. Locally the solutions form an analytic variety, a finite
union of analytic manifolds of possibly different dimensions. So the qualitative
theory of F'(Z) = 0 in complex finite dimensions is reasonably complete.

However (i) in our applications A is a parameter and the dependence on X of the
solution set is important; (ii) we are looking for a theory that gives the existence
globally (i.e. not only in a neighbourhood of a point) of connected sets of solutions;
(iii) we are particularly interested in the infinite-dimensional equation

F(\x)=0 1.2)
when X and Y are real Banach spaces, F' : R x X — Y is real-analytic and
F()\0) =0.
Let
Sy={reX:F(\z) =0}

The set S normally depends on the choice of A and usually varies continuously as
A varies. However, it sometimes happens that there is an abrupt change, a bifurca-
tion, in the solution set, as A passes through a particular point \g. For example, in
Figure 1.1 the number of solutions changes from one to two as A increases through
Ao. For a general treatment of bifurcation theory, see [19].

At this stage it is useful to see an infinite-dimensional example in which the
global solution set can be found explicitly.
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Figure 1.1 The set S splits in two as A passes through Ag.

force

> T

Figure 1.2 The rod bends under the action of a force.

1.1 EXAMPLE: BENDING AN ELASTIC ROD I

Consider an elastic rod of length L > 0 with one end fixed at the origin of the
(z,y)-plane and with the other free to move on the x-axis under the influence of a
force along the z-axis towards the origin. If we suppose that the length of the rod
does not change (that it is incompressible) and if the force is big enough, then the
rod will bend (see Figure 1.2).

We suppose that the rod always lies in the (z, y)-plane (there is no twisting out of
the plane in the simple model which follows). To describe the rod’s configuration
let (2(s),y(s)) be the coordinates of a point at distance s (measured along the rod)
from the end which is fixed at the origin. Since

z(s) = /OS cos ¢(t)dt and y(s) = /OS sin ¢(t)dt,

the shape of the rod is given by the angle ¢(s) between the tangent to the rod and
the horizontal at the point (x(s), y(s)), s € [0, L].
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Figure 1.3 The angle between the tangent and the horizontal.

Let P denote the applied force. Then the Euler-Bernoulli theory [5, 6] of bending
says that the curvature of the rod at a point is proportional to the moment created
by the force. In other words,

—k¢'(s) = Py(s),

where k, the constant of proportionality, is determined by the material properties
of the rod, Py(s) is the moment of the applied force and —¢’(s) is the curvature at
the point (z(s), y(s)). It follows that if P = 0 then ¢ must be constant, and that
constant must be 0 (mod 27) since y(L) = 0. From now on we consider only the
case P > 0. Since y'(s) = sin ¢(s) and y(0) = y(L) = 0 this gives

¢"(s) + Asing(s) =0, s € [0, L], ¢'(0) =¢'(L) =0, (1.3)

where A = P/k > 0. If ¢ is a solution of (1.3), then so is 2k7 + ¢, for any k € Z.
We therefore assume that ¢(0) € (—m, ). (If $(0) = % then ¢ is a constant.)

For all A > 0, (A, ¢) = (A, 0) is a solution of (1.3). This means that the mathe-
matical model of bending admits a solution representing a straight rod, irrespective
of how large the applied force might be. These solutions, ¢ = 0, A > 0 arbitrary,
comprise the family of trivial solutions. To be realistic the model must also have
solution corresponding to a bent rod (such as depicted in Figures 1.2 and 1.3). Note
that any solution of (1.3) must satisfy the identity

#'(5)* + 4\sin®(3¢(s)) = 4Asin®(1¢o), s € [0, L], (1.4)

where ¢o = ¢(0). This means that (¢(s), ¢'(s)), s € [0, L], lies on a segment of
the curve in (¢, ¢’)-phase space (see Figure 1.4) given implicitly by

{(6,¢) € R?: ¢/? + 4\sin® 1¢ = 4Asin® ¢} C R%.

We therefore see that there is a solution joining (—|®o|,0) to (|¢o|,0) in the
half-space {(¢,¢’) € R?, ¢ > 0} and one joining (|¢g|,0) to (—|¢o|,0) in the
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—|¢o] |0

Figure 1.4 The direction of solutions in phase space.

half-space {(¢, ¢') € R?, ¢’ < 0}, the corresponding value of L being given by
the formula

_ / el _ /'¢0' d¢

o dgl/ds ), \/4/\sin2%¢0—4)\sin2§qb
_L e 9
VA /2 \/1—sinQ%|q’)0\silt1297

where 6 € [—7/2,7/2] is given by sin(¢/2) = sin(|¢o|/2) sin 6. In fact there are
other solutions of (1.4) which in Figure 1.4 go around the curve 1 K times for any
positive integer K. For such solutions

L
VA s \/1 — sin® $|¢o| sin” 0

This integral increases in |¢g| and converges to 400 as |¢g| — 7.

Since L is the given length of the rod, this relation for each K is an implicit
relation between ¢y = ¢(0) and A when (A, ¢) is a solution of (1.3). We can
best describe the situation with the aid of a bifurcation diagram in which A is the
horizontal axis, ¢y is the vertical axis, and L is fixed, see Figure 1.5.

The different curves correspond to different values of K, and it is easily checked
that the K" curve intersects the horizontal axis at (K7 /L)2.

It is fortunate but unusual that (1.3) can be reduced to (1.4) and that L can be
calculated in terms of elliptic integrals. Because of this, solutions to (1.3) of all am-
plitudes can be found more-or-less explicitly. This is not the case for slightly more
complicated problems and almost never for partial differential equations (PDEs).
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®o

-
>

Figure 1.5 Bifurcation diagram.

General methods suitable for PDE applications are based on a study of (1.2). To
put (1.3) in such a setting let

X ={¢eC?0,L]: ¢/(0) = ¢'(L) = 0},
Y =C[0,L] and F(\,¢) = ¢" + Asing € Y,

for all (\,¢) € R x X. Then F : R x X — Y is smooth (Chapter 3) and real-
analytic (Chapter 4). In Chapter 8 we show how equation (1.2) can be reduced
locally to a finite-dimensional problem. This means that if (A, z¢) satisfies (1.2)
then there is a neighbourhood U of (A\g,xo) in R x X, a neighbourhood V' of
(X0,0) € R x RY and an equation

f2)=0eRM (N\2) eRxRY, N, M eN,

such that the solutions of the two equations are in one-to-one correspondence. The
reduction to finite dimensions in §8.2 is called Lyapunov-Schmidt reduction and
leads immediately to a local bifurcation theory based on the implicit function theo-
rem. In particular, it yields a classical relation between a nonlinear problem and its
linearization.

1.2 PRINCIPLE OF LINEARIZATION

Roughly speaking, the principle of linearization [39] derives from the feeling that
when F(A\,0) = 0 for all A and solutions with ||z|| small are sought, the non-
linear problem F'(A,x) = 0 might as well be replaced with the linear equation
0. F[(A,0)]z = 0, where 0, F'[(), 0)] denotes the linearization of F' with respect to
xatz = 0. Since sin ¢ = ¢+ O(|¢|?) as ¢ — 0, the linearization of the elastic-rod
problem at (Ao, 0) is

¢"(s) + Xod(s) =0, s €[0,L], ¢'(0)=¢'(L) =0, Ao >0,
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and this problem has non-trivial solutions if and only if
o = (K7/L)* with ¢(s) = cos(Kns/L), K € N.

The question is, can any inference be drawn from this about the nonlinear problem
(1.3)? The answer is that in quite general situations (including equation (1.3) as a
special case) \¢ is a bifurcation point on the line of trivial solutions of (1.2) only
if the linearized problem dF'[(Ao,0)]x = 0 has a non-trivial solution. The fact
that this is also sufficient for bifurcation from the line of trivial solutions for (1.3)
(but not in general) is a consequence of the theory of bifurcation from a simple
eigenvalue, see §8.4 and §8.5.

1.3 GLOBAL THEORY

It is clear from Figure 1.5 that there is more to the solution set of equation (1.3)
than is predicted by local theory. Global features of the diagram are not a conse-
quence of finite-dimensional reduction methods alone. We will see in Chapter 9
how local bifurcation theory, the implicit function theorem and some elementary
results on real-analytic varieties can be used to piece together a global picture of
the solution set of (1.2), without assumptions about the size of the solutions un-
der consideration. Provided some general functional-analytic structure is present
and F is real-analytic, the global continuum C of solutions which bifurcates from
the trivial solutions at a simple eigenvalue contains a continuous curve R with the
following properties.

® R = {(A(s),k(s)) : s € [0,00)} C C is either unbounded or forms a closed
loopin R x X.

® For each s* € (0, 00) there exists p* : (—1,1) — R (a re-parameterization)
which is continuous, injective, and

p*(0) =s*, t— (A(p*(1)),k(p*(t)), t € (—1,1), is analytic.

This does not imply that R is locally a smooth curve. (The map o : (—1,1) —
R? given by o(t) = (t2,t) is real-analytic and its image is a curve with a
cusp.) Nor does it preclude the possibility of secondary bifurcation points on
. In particular, since (A, k) : [0,00) — R x X is not required to be globally
injective; self-intersection of R (as in a figure eight) is not ruled out.

® Secondary bifurcation points on the bifurcating branch, if any, are isolated.

See Theorem 9.1.1 for a complete statement and §9.3 for an application to the
elastic-rod problem. This result about real-analytic global bifurcation from a simple
eigenvalue is a sharpened version of a theorem due to Dancer. His general results
[24, 26] deal with bifurcation from eigenvalues of higher multiplicity and give the
path-connectedness of solutions sets that are not essentially one-dimensional. Since
his hypotheses are less restrictive, his conclusions are necessarily somewhat less
precise. The topological theory of global bifurcation without analyticity assump-
tions was developed slightly earlier, first for nonlinear Sturm-Liouville problems
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(such as (1.3)) by Crandall & Rabinowitz [21], then for partial differential equa-
tions by Rabinowitz [50], and for problems with a positivity structure by Dancer
[25] and Turner [64]. Their basic tool was an infinite-dimensional topological de-
gree function and the outcome was the existence of a global connected (but not
always path-connected) set of solutions. Although it is sometimes possible to ar-
gue from the implicit function theorem that the connected set given by topological
methods is a smooth curve in R x X, this approach fails if there is a secondary
bifurcation point on the bifurcating branch.

What is important is that in the analytic case a one-dimensional branch can be
followed unambiguously through a secondary bifurcation point. In fact a one-
dimensional branch is uniquely determined globally by its behaviour in an open
set and can be parameterized globally, even when it intersects manifolds of solu-
tions of different dimensions (see §7.5).

1.4 LAYOUT

We begin in Chapter 2 with a review, without proofs, of the linear functional anal-
ysis needed for nonlinear theory. Chapter 3 introduces the main results from non-
linear analysis, including the inverse and implicit function theorems for functions
of limited differentiability in Banach spaces. Chapter 4 covers similar ground for
analytic operators and operator equations in Banach spaces. In Chapters 5, 6 and 7
we consider finite-dimensional analyticity with particular regard to analyticity over
the field R. We prove the classical theorems of Weierstrass on the reduction of an
analytic equation to a canonical form which involves a polynomial equation for one
variable in which the coefficients are analytic functions of the other variables.

Chapter 8 deals with the finite-dimensional reduction of infinite dimensional
problems. When the infinite-dimensional problem involves analytic operators, so
does the finite-dimensional reduction and the mapping from solutions of the latter
to solutions of the former is also analytic. This chapter is the link between the
theory of finite-dimensional analytic varieties and infinite-dimensional problems in
Banach spaces. Chapter 9 considers what conclusions can then be drawn about
global one-dimensional branches of solutions of real-analytic operator equations.
This concludes the abstract theory.

Chapter 10 illustrates our discussion of global real-analytic bifurcation theory
with a substantial example from mathematical hydrodynamics: the existence ques-
tion for steady two-dimensional periodic waves on an infinitely deep ocean. There
is only one real parameter A in the problem, the square of the Froude number which
represents the speed of the wave.

In his 1847 paper [56] Stokes discussed nonlinear waves with small amplitudes
using power series. At the time the proof of convergence was very difficult and only
in the 1920s did Nekrasov [47] and Levi-Civita [42], independently, settle the ques-
tion. Nowadays the existence of small-amplitude water waves can be recognised as
nothing more complicated than bifurcation from a simple eigenvalue.

In an 1880 note, Stokes [57] conjectured the existence of a large amplitude pe-
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8 CHAPTER 1

riodic wave with a stagnation point and a corner containing an angle of 120° at its
highest point. He further speculated that this wave of extreme form marks the limit
of steady periodic waves in terms of amplitude (the Stokes wave of greatest height).

In Chapter 10 we show how real-analytic global bifurcation theory can account
for the existence of waves of all amplitudes from zero up to that of Stokes’ highest
wave. See [60] for an account of topological methods applied to the same problem;
the conclusions there are, in general, weaker.

Almost all the material here is to be found in the literature. The novelty is in the
selection and organization of the material with bifurcation theory in mind. Each
chapter ends with notes on sources.
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Chapter Two

Linear Functional Analysis

In this chapter we introduce notation and record, without proof, the main results
from linear functional analysis used in the sequel.

2.1 PRELIMINARIES AND NOTATION

In what follows

R denotes the field of real numbers,

C denotes the field of complex numbers,

N denotes the natural numbers, not including 0; Ny = N U {0},

Z denotes the integers,

F denotes R or C in statements which are true for both,

Re z, Jm z, Z and |z| denote the real part, the imaginary part, the
complex conjugate and the modulus, respectively, of z € C,

S, denotes the symmetric group of permutations of {1, - , k}.

We will assume familiarity with concepts such as closedness, completeness,
compactness and connectedness in metric spaces, and with linearity, linear inde-
pendence and dimension in vector spaces over R and C. A maximal connected
subset of a metric space M is called a component of M.

A subset C of a linear space X over F is said to be convex if for all 1, 3 € C'
and every t € [0,1], (1 — ¢)z1 + txo € C. In other words C contains every
line-segment joining any two points of C.

A norm on a linear space X over I is an R-valued function || - || such that

lz|| > 0 for all x € X with equality if and only if z = 0,
lax|| = || ||z|| forall z € X and o € F,
[z +yll < [lz]] + [lyll for all z, y € X.

Various symbols, for example || - ||, || - || x or ||| - |||, could be used to denote norms
on a space X, but when the intention is clear from the context, we use the generic
symbol || - || in all cases.

Two norms ||| - ||| and || - || on the same linear space X are said to be equivalent
if there exist positive constants k, K, such that

Ellz|| < ||z||| < K||z]|| forall x € X.
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If || - || is a norm on a linear space X,

p($7y):Hx_yHu :E>y€X7

defines a metric p on X. If the metric space (X, p) is complete, (X, || - ||) is called
a Banach space. (A Banach space is said to be real or complex if the field F is R or
C, but when the field does not matter it will not be mentioned.)

If a sequence {z,} in a Banach space X has ) .\ |lz.| < oo then the se-
quence { 2221 xk} of partial sums is Cauchy, and hence convergent, in X. We
then say that the series { >~ ; ) } is summable in norm, which implies that it is
convergent to the same sum irrespective of rearrangement of its terms.

LEMMA 2.1.1 Every finite-dimensional linear space with any norm is a Banach
space. Any two norms on a finite-dimensional linear space are equivalent.

EXAMPLES 2.1.2 (a) The finite-dimensional space F¥, N € N, is a Banach
space over F with norm | - | where

N
(1,220 2P = S [l (v, 2) € FV.
k=1

(b) The infinite-dimensional linear space C" ([O, 1],FN ) of continuous functions
u= (uy, - ,un) : [0,1] — FY, the n'" derivatives of which exist on (0, 1) and
have continuous extensions to [0, 1], with the norm

lull = sup {Ju(z)| + [ ()] : @ € (0, 1)},

where
n d"uq d"upn
u™ = (da;_"’ ’dx—")’ u=(ug, - ,un),
is a Banach space. By convention, C'([0, 1], F¥) = C°([0,1],FY). O

Other Banach spaces, in particular Sobolev spaces of functions, are introduced
in [10] and [32]. The following result is due to F. Riesz.

LEMMA 2.1.3 A Banach space X is finite-dimensional if and only if the closed
unit ball {x € X : ||z|| < 1} is compact.

Both the closed unit ball and the open unit ball {z € X : ||z|| < 1} are convex.
The following is a corollary of the open mapping theorem (2.4.2 below).

LEMMA 2.1.4  Suppose that || - || and ||| - ||| are two Banach-space norms on the
linear space X and that |||z||| < K||z|| forall x € X. Then ||| - ||| and || - || are
equivalent norms on X.
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An inner product (-, -) on a linear space X over I is an F-valued function on
X x X such that

y — {(x,y) is F-linear for each (fixed) x € X,
(xz,y) = (y,x) forall (z,y) € X x X,
(x,x) > 0 for all z € X with equality if and only if z = 0.

An inner product (-, -) is linear with respect to each of the variables separately if
F = R, but only with respect to the second variable if F = C. If (-, -) is an inner
product on X then

|2|* = (z,z), =€ X,
defines a norm on X and the Cauchy-Schwarz inequality,
[z, y)| < |z llyll forall z, y € X,

holds. A complete inner-product space is called a Hilbert space. It is clear that the
Banach space F” defined above is a Hilbert space over F because

N
(21, 52n), (Brso L 2N)) = ) %k 2k
k=1
is an inner-product on FV over FF.
2.2 SUBSPACES
Suppose that X is a Banach space with norm || - || and that Y is a linear subspace of

X. Then (Y, || - ||) is a Banach space if and only if Y is closed in X. If X;, X5 are
closed linear subspaces of a Banach space X with the property that X; N X5 = {0}
and, for every x € X, there exist xr1 € X and x5 € X5 such that x = x1 + x2, we
say that X is the topological direct sum of X; and X5 and write X = X; & Xo.
(This notation always has the implication that X; and X are Banach spaces with
the norm inherited from X.) The space X is called the topological complement of
X7 in X, and vice versa.

LEMMA 2.2.1 If X = X1 & Xo, then every x € X can be written in a unique
wayasr =1x1 + T2, x; € X;, 1 =1, 2.

Even when X is closed it is not always true that X = X; & X5 for some closed
linear subspace X5; X7 may not have a topological complement. However when
X is finite-dimensional we have the following.

LEMMA 2.2.2  Suppose that X is a Banach space and X is a finite-dimensional
subspace of X. Then X1 is closed and there exists a closed subspace Xo of X such
that X = X1 & Xs. In this case dim X7 is called the codimension of Xs.
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2.3 DUAL SPACES

Suppose that X is a Banach space over [F. A linear functional f on X is a linear
mapping from X into F. A linear functional f is said to be bounded if there exists
K such that

|f(z)] < K||z|| forallz € X.

The set of all bounded linear functionals on X is a linear space over F which is
usually denoted by X*. It becomes a Banach space when endowed with the norm
defined by

Ifll =inf{K >0: |f(x)] < K|z| forall z € X}.

The Banach space X™* with this norm is called the dual space of X. An important
corollary of the Hahn-Banach theorem is the following.

LEMMA 2.3.1 Let X be a Banach space.

(a) For each x© € X there exists f, € X* such that fy(z) = ||| and || fo| = 1.
(b) Suppose that E is a closed linear subspace of X of codimension 1. Then there
exists [ € X* such that f(x) = 0 if and only if v € E. In other words, if xo # 0
and X = span{xz} ® FE there exists f € X* such that f(x¢) = 1 and ker f = F.

Note that in (a) f, need not be unique. For example, let X denote R? with the
norm ||(x1, z2)|| = max{|z1|, |x2|}. Fort € [0,1] let f) (1, 72) = txy + (1 —
t)xo. Then

|fioy (1, 22)| = [tzy + (1 = t)za| <tz + (1 = t)|z2| < [[(z1, 22)]],

whence || f()|| < 1. Since ||(1,1)|| =1 = f)(1,1) forall t € [0, 1], f, in Lemma
2.3.1 is not unique when z = (1,1) € X.

EXAMPLES 2.3.2 (a) Let (X, (-,)) be a Hilbert space. For any z € X with
x # 0, the functional defined by

R E]

satisfies the requirements of Lemma 2.3.1 (a).
(b) Let X denote the Banach space C'([0,1],FY). For u € X \ {0}, choose
ty € [0,1] and 0; € [—m, 7] such that

N
lul® = uf (tu)e™®.
j=1

Now let
N .
Fu) = [lull ™" " u(tu)v; (tu)e™ forv € X.
j=1
Then f, € X*, ||fu|| = 1 and f,,(u) = ||u]|, as in Lemma 2.3.1 (a). O
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It is clear that if X is a Hilbert space then, for any z € X, an element of f € X*
can be defined by f(x) = (z,z) for all z € X. That the converse is also true is the
content of the next theorem.

THEOREM 2.3.3 (Riesz Representation Theorem) Let X be a Hilbert space
and f € X*. Then there exists a unique x¢ € X such that

F(@) = (g, ) and |al| = |las|l for all x € X.

2.4 LINEAR OPERATORS

Before discussing the boundedness of linear operators between Banach spaces we
pause to note that the familiar notion of linearity is intimately connected with the
field F. For example, let C, and C. denote the complex numbers regarded as a
linear space over R, and over C, respectively. (The spaces are the same, only
the fields are different.) Now consider the operator L on C defined by Lz = Z, the
operation of complex conjugation. This is a linear operator on C,., but not on C., an
observation which will be important when we consider the Fréchet differentiability
and analyticity of nonlinear operators.

Suppose that X, Y are Banach spaces over the same field F. A linear function
A: X — Y is said to be a bounded linear operator, written A € £(X,Y), if there
exists K > 0 such that

|Az| < K||z| forall x € X.

An important element of £(X, X) for any Banach space X is the identity operator
I, defined by Iz = z for all x € X. An obvious element of £(X,Y") is the zero
operator, defined by 0z =0 € Y forall z € X.

It is easily seen that a linear mapping A : X — Y is continuous if and only if it
is bounded. It is also clear that when X, Y are Banach spaces over F, £(X,Y) is
a linear space over F with the natural definitions of addition and multiplication by
scalars. Even more is true.

LEMMA 2.4.1 If X, Y are Banach spaces over F, then L(X,Y) is a Banach
space when endowed with the norm

|B|| = inf{K > 0: ||Bz| < K||z| forallz € X}.
In particular, £(X,F) = X*. For A € £L(X,Y) let
ker(A)={z e X : Az =0€Y},
range (A) ={y € Y : y = Ax for some = € X }.

Both ker(4) C X and range (A) C Y are linear spaces and ker(A) is closed
because A is continuous. However range (A) need not be closed and for nonlinear
analysis it will be important to have hypotheses on A sufficient to guarantee that it
is, see §2.7. An operator A € L£(X,Y) is injective if ker(A) = {0}, surjective if
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range (A) = Y and bijective if it is both. An operator B € £L(X,Y) is said to be a
homeomorphism if it is a bijection and B~! € L(Y, X).

THEOREM 2.4.2 (Open Mapping Theorem) Suppose X and Y are Banach
spaces and that B € L(X,Y) is surjective. Then B(U) is open in'Y for all open
sets U C X.

We have already seen an important corollary of the open mapping theorem,
Lemma 2.1.4. Here is another.

COROLLARY 2.4.3 (Corollary of Open Mapping Theorem) If X and Y are
Banach spaces and B € L(X,Y') is a bijection, then B is a homeomorphism.

This result will be important when we have to check the hypotheses of the im-
plicit or inverse function theorems which require a certain operator to be a home-
omorphism between Banach spaces. It shows that being bijective and bounded is
enough. For A € £(X, X)let A¥ = AoAo.-.0A.

k times

2.5 NEUMANN SERIES

Let A € £(X,X) be such that ||A|| < 1. Then the sequence of partial sums
ch\;o Ak is a Cauchy sequence which converges in the Banach space £(X, X)
and the limit is denoted by >~.~ A* Tt is easily seen that

(I—A)(éAk>:I:(§Ak>(I—A) (I—A)~ ZAk @.1)

and I — A is a homeomorphism. The series on the right is called the Neumann
series of A. Note that because

|04 < S < o
k=0 k=0

the series in (2.1) is summable in norm.

Now suppose that T' € £(X,Y’) is a homeomorphism. If S € £(X,Y) is such
that [|T7(S — T)|| < 1, it follows that [ + T~1(S — T') : X — X has a bounded
inverse given by a Neumann series. Since S = T'(I + T~ (S — T)), the existence
of S~1 ¢ L(Y, X), and hence the following result, is now immediate.

LEMMA 2.5.1 If T € L(X,Y) is a homeomorphism and S € L(X,Y) has
IS —T| < |[T7|7Y then S is a homeomorphism. In fact the homeomorphisms
form an open set in L(X,Y) on which the mapping S — S~ is continuous from
L(X,Y) 10 L(Y, X).

If A e £(X,Y) then A* € L(Y™, X*) is the linear operator, called the conju-
gate of A, defined by

(A*f)(z) = f(A(x)) forallz € X and f € Y.
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2.6 PROJECTIONS AND SUBSPACES

Suppose that X is a Banach space and that P € £(X, X) has the property that
P(Pz) =Pz forallz € X.

Then P is said to be a projection or a projection operator. (In particular, projec-
tion operators are bounded.) Note that P is a projection if and only if ] — P is a
projection. Clearly the zero operator and the identity on X are projections. The
connection between projection operators and topological direct sums is summa-
rized in the following two propositions.

PROPOSITION 2.6.1 Suppose that X is a Banach space and that P : X — X
is a projection. Then

ker(P) and range (P) are closed subspaces of X;
range (P) = ker(I — P) and ker(I — P) = range (P);
ker(P) & range (P) = X.

PROPOSITION 2.6.2 Suppose that X is a Banach space with X = X1 & Xo.
By Lemma 2.2.1, x € X can be written in a unique way as x = x1 + xo where
x1 € X1 and 9 € Xo. Let Px = xq, so that (I — P)x = xo. Then both P and
I — P are projections on X. P is called the projection onto X parallel to X.

That P and I — P defined in the second proposition are linear follows easily
from the definition of a topological direct sum. What is not so obvious is that P, so
defined, is a bounded operator. This is yet another corollary of the open mapping
theorem 2.4.2. Boundedness of projections is essential for our purposes. Note that
a closed subspace X of X alone does not define a projection and there is no such
notion as “the projection onto X;”. Indeed, if X has no topological complement,
then there does not exist a projection from X onto X;. However, because of Lemma
2.2.2 we have the following.

LEMMA 2.6.3 If X1 is a finite-dimensional subspace of a Banach space X, then
there exists a projection P on X with X; = range (P).

DEFINITION 2.6.4 Suppose X1, --- , X,, are Banach spaces over a field F. Then
the product space of n-tuples (x1,--- ,x,), ©; € X, is a Banach space denoted
by Xy x -+ x X,,. Many equivalent norms may be defined on X; x --- x X,,, but
we shall assume that

H(l'lv"'

When each of the spaces Xy, is a Hilbert space, the product space is also a Hilbert
space with inner product

n

(1, ymn), (21, 20)) = D (@, 20),

k=1
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for (1, ,xn), (21, ,2n) € X1 X -+ x X,.
From time to time it will be convenient to identify the space X} with

{0} x - x {0} xXp x {0} x --- x {0} C X1 x - x X,
—_——— —_———
k—1 terms n—k terms

and hence with a closed subspace of the product space. There is an obvious projec-
tion of the product space onto the space identified with X}, parallel to the product
of the other spaces.

2.7 COMPACT AND FREDHOLM OPERATORS

Suppose that (M, p) is a compact metric space. Let C'(M,F) denote the linear
space of continuous functions u : M — F with the norm

lu]] = max{|u(x)| : € M}.
Then C(M, F) is a Banach space. The following characterizes its compact sets.

THEOREM 2.7.1 (Ascoli-Arzela Theorem) Suppose that M is a compact met-
ric space. A set B C C(M,TF) has compact closure if and only if (i) there exists
k such that ||u|| < k for all w € B, and (ii) given € > 0 there exists § > 0
(independent of u) such that for all u € B |u(z) — u(y)| < € if p(z,y) < 0.

Let X and Y be Banach spaces. An operator K € L£(X,Y) is said to be com-
pact if every bounded sequence {z,} C X has a subsequence {z,, } for which
{K(zn,)} converges in Y. In finite dimensions, all linear operators are bounded,
and therefore compact, by Lemma 2.1.3. As a consequence, if Y is finite dimen-
sional and X is a Banach space, then any linear operator L : ¥ — X is com-
pact and any A € L£(X,Y) is compact. Note that if W, X, Y and Z are Banach
spaces and K € L(X,Y) is compact, B € L(Z,X) and C € L(Y,W), then
CoKoB e L(Z W) is compact.

Theorem 2.7.1 leads to an important class of compact operators.

DEFINITION 2.7.2  Suppose that X andY are linear spaces over F and X C Y.
Now suppose that (X, | -|) and (Y, || - ||) are Banach spaces for which the mapping
t: X =Y, givenby i(x) =x €Y forall x € X, is bounded. We say that the
embedding of X in'Y is continuous and 1 is called the embedding operator. If v is
compact, we say that X is compactly embedded in'Y .

EXAMPLE 2.7.3 The prototypical example of compact embeddings is the fol-
lowing. Let X = C*([0,1],F), Y = C([0,1],F), defined in Example 2.1.2 (b),
andlet Kf = f € Y for f € X. Then K is compact, by the Ascoli-Arzela theo-
rem and the mean-value theorem for functions of one variable. In this example K
coincides with the embedding operator ¢ from X C Y into Y. U

Another source of compact operators is the following.
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LEMMA 2.7.4 When X andY are Banach spaces the compact operators form a
closed linear subspace of L(X,Y"). In particular, if there exists a sequence { A, } C
L(X,Y) such that || A, — A|| — 0asn — oo and A, has finite-dimensional range
for each n, then A is a compact operator.

An operator A € L(X,Y) is a Fredholm operator of index p if

ker(A) has finite dimension n;
range (A) is closed and has finite codimension 7;
p=n-—r.

Clearly any homeomorphism from X to Y is a Fredholm operator of index zero.
The following result for compact operators in Banach spaces contains the dimen-
sion theorem in linear algebra as a special case and explains the central role of
compact operators in functional analysis.

THEOREM 2.7.5 (Fredholm Alternative) Let K € L(X, X ) be compact. Then
I-Ke L(X,X)and I — K* € L(X*, X*) are Fredholm operators of index
zero. Moreover

dimker(I — K) = dimker(/ — K*)
= codimrange (I — K) = codimrange (I — K*).

The following criterion ensures that an operator B € L(X,Y), for different
spaces X, Y, is Fredholm in an infinite dimensional setting.

THEOREM 2.7.6 Suppose X and Y are Banach spaces, K € L(X,Y) is com-
pactand T € L(X,Y) is a homeomorphism. Then B = T + K is Fredholm with
index zero.

Proof. 1t suffices to notice that B =T + K = T(I + T7'K) and, since T, T~!
are bounded, B € £(X,Y) is Fredholm with index zero if and only if /+7 1K €
L(X, X) is Fredholm with index zero. However T 'K € L£(X, X) is compact,
and the result follows from Theorem 2.7.5. O

PROPOSITION 2.7.7 [67] Let X, Y be Banach spaces. Then the set of Fred-
holm operators is an open set in L(X,Y) and the Fredholm index of operators is
constant on the components of this set.

DEFINITION 2.7.8 Let . € L(X,Y) denote the continuous embedding of a Ba-
nach space X in a Banach space Y. Suppose that \g € Fand A € L(X,Y) are
such that \ov — A is Fredholm of index zero, that ker(\gt — A) is one-dimensional
over F, and that range (Aot — A) N (ker(Aoe — A)) = {0}. Then we say that X
is a simple eigenvalue of A. (When X =Y is finite-dimensional, this is equivalent
to saying that \g is an eigenvalue of A of algebraic multiplicity 1.) An element
&o € X\ {0} with A&y = Aot & is called an eigenvector of A corresponding to the
eigenvalue ).
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LEMMA 2.7.9 Suppose that \g is a simple eigenvalue of A with eigenvector &.
Let

Yy =range (Aot — A) and X1 = 7' (V1) (= X NYy).

Then X = X1 @ span {&y} and Aot — A is a homeomorphism from X, to Yy with
the norms inherited from X and Y .

Proof. Foranyy € Y,y = cuo + y1, y1 € Y1, a € I, since Y; has codimension
1 and 1y ¢ Y;. In particular, forz € X, 10 = auép+y; and v —aéy € 1 71(Y7) =
X;. Hence z = 7 + awéy for some z; € X; anda € F.

Next, note that X; = +~1(Y7) is closed in X since Y; is closed in Y and ¢ :
X — Y is continuous. Since X1 Nspan{&} = ¢~ (Y1 Nspan{t&}) = {0}, it
follows that X = X; & span{&p}. So Aot — A € L(X;,Y7) is a bijection, and
hence a homeomorphism.

This completes the proof. |

2.8 NOTES ON SOURCES

This is standard material, to be found, for example, in the books of Brezis [10],
Friedman [32], Kreyszig [41], Rudin [51] or Taylor [58]. The theory of Fredholm
operators and their indices is covered in the books by Kato [35] and Wloka [67].
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Chapter Three

Calculus in Banach Spaces

We turn to our main topic, nonlinear operators between Banach spaces.
“Big O” and “little 0” notation. Suppose that f and g are functions defined
from a neighbourhood of a in a Banach space X to a Banach space Y. We write

f(x)=9($)+0($—a)asx—>aif;i_r}r}lw:0,
and
f(@)=g(x)+O(x —a)asz — aif limsupw < 00.

3.1 FRECHET DIFFERENTIATION

Suppose that X and Y are Banach spaces, U C X isopen,and F': U — Y.

DEFINITION 3.1.1 The function F' is Fréchet differentiable at xo € U if there
exists A € L(X,Y) such that

Lo IFPGo + ) = Feg) — AB| _

0.
0<|[h]j—0 [|A]]

If such an operator A exists, it is unique and is called the Fréchet derivative of F at
xg. We write A = dF[xg]. The evaluation dF'[xo|lx € Y, for any x € X, is called
the directional derivative of F' at x in the direction x. It is said that F is Fréchet
differentiable on U if it is Fréchet differentiable at every point of U, in which case
x +— dFx] is a function from U to L(X,Y") which we denote by dF.

An equivalent way of saying that A € £(X,Y) is the derivative of F' at z is to
write

F(wo + h) — Fxo) — Ah = o||h]) as i — 0.
Obviously F' is continuous at x if it is Fréchet differentiable at x.

REMARK 3.1.2 A Fréchet derivative belongs to neither X nor Y, but rather is a
bounded linear operator from X to Y. (To say that cos xg is the derivative at z of
the function f : R — R given by f(z) = sin z means only that df [zo]z = x cos xg
for all x € R.) O

printed on 2/10/2023 3:28 PMvia . All use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

22 CHAPTER 3
Two operations occur repeatedly in the manipulation of derivatives: addition and

composition.

LEMMA 3.1.3 (Addition) Suppose that F, G : U — Y. If dF[zo] and dG[x)
both exist, then d(F + G)[zo] exists and

(Chain Rule) Let X, Y and Z be Banach spaces, U, V open sets and suppose that
F:U(CX)—=YandG:V(CY)— Zaresuchthat Go F : U — Z is defined,
dF[xg) exists and dG[F (xg)] exists. Then d(G o F')[xo] exists and

d(G o F)[xg) = dG[F(x0)] o dF[x0] € L(X, Z).

Proof. The proof of the first part is elementary and we leave it as an exercise.
Suppose h # 0. Then for 2y € U and h € X with ||h|| sufficiently small,

G(F(xo + h)) — G(F(x0))
= G(F(z0) + (F(zo + h) — F(x0))) — G(F(z0))
= dG[F (0)](F(xo + h) — F(20)) + o(||F(z0 + h) — F(zo)]|)
as ||h|| — 0, since F' is continuous at xo. Now
F(xo + h) — F(xo) = dF[zolh + of[|A]]) as [|h]| — 0,
and so
G(F(xo + h)) — G(F(x0))
= dG[F(x0)](F(xo + h) — F(x0)) + o(||1]]))
= dG[F (xo)|dF [zo](h) + o(||hl]) as [[2]| — O,

since dG[F(x¢)] is linear and F'(xg + h) — F(z¢) — dF[xo]h = o(||h]|) as h — 0.
Therefore

|G(F(zo + 1)) = G(F(x0)) — dG[F (xo)|dF [xo](h)||

il
o(lIAl)
= — 0Oas ||h]| — 0.
121
This proves the result. o

The following corollary of the chain rule is a Banach-space substitute for the mean-
value theorem from the theory of functions of one variable.

LEMMA 3.1.4 Let X and Y be Banach spaces, U C X a convex open set, and
let F : U — 'Y be Fréchet differentiable at each point of U with

sup{||dF[z]|| : x € U} = m < 0.
Then

[ F(21) = F(z2)|| < mllzy — 22|, 1, 22 €U.
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Proof. Choose and fix x1, x2 € U and let z(t) = (t — 1)ze + (2 —t)z1, ¢ € [1,2].
Note that 2:(t) € U because U is convex. Now use Lemma 2.3.1 (a) to choose
g € Y such that

9(F(22) = P(a1)) = | F(w2) — F(an)]| with g = 1
and define u : [1,2] — R by
u(t) = Re g(F(z(t))).
Then u is continuous on [1, 2] and, by the chain rule, differentiable on (1, 2) with
u'(t) = Re g(dF[z(t)](z2 — z1)), t € (1,2).
Since ||g|]| = 1 it follows that
W' (6)] < ldF @] || 22 — 21]] < mllwz — ]|
Therefore, by the mean-value theorem in one dimension,

[1F(x2) — F(21)] = Re g(F(x(2)) — F(x(1)))
= [u(2) = u()] < mllzy =z

This completes the proof. O

If |F(z) — F(y)|| < K|z — y|| for all z,y € U then we say that F' is Lipschitz
continuous on U with Lipschitz constant K. A mapping with Lipschitz constant
K < 1is called a contraction mapping.

DEFINITION 3.1.5 (Partial Derivatives) Suppose that X, Y, and Z are Banach
spaces, that U C X x Y isopenand F : U — Z. Suppose that (xo,y0) € U.
Then Uy, = {y € Y : (xo,y) € U} is open. If the function F(-,yo) has a
Fréchet derivative at xo we denote it by 0, F[(xo,y0)] € L(X,Z) and refer to
it as the partial Fréchet derivative of F with respect to x at (xo,yo). Similarly
Oy F(x0,y0)] : Y — Z will denote the partial Fréchet derivative of F with respect
f0y.

EXAMPLE 3.1.6 LetU =X xY =R xR, let F(x,y) = 1 when zy = 0 and
let F(x,y) = 0 otherwise. Clearly F' : R? — R is not continuous at (0, 0) and is
therefore not Fréchet differentiable there. However 0, F'[(0,0)] = 9, F[(0,0)] = 0.
A question naturally arises about the relation between the existence of dF'[(zg, yo)]
and that of 0, F'[(xo, yo)] or 0, F[(z0,Y0)]- O

LEMMA 3.1.7 Suppose that X,Y and Z are Banach spaces, U C X x Y is
open.

(a) If F : U — Z is such that dF[(xo,y0)] exists, then 0, F[(xo,yo)] and
Oy F (o, yo)] exist with, for (z,y) € X XY,

dF[(z0,y0)](x,y) = 0 F[(x0, yo)|w + 0y F[(0,Y0)]y-

printed on 2/10/2023 3:28 PMvia . All use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

24 CHAPTER 3

In particular, 0. F|[(xo,y0)|x € Z is the directional derivative (see Definition
3.1.1) of F at (x0,y0) in the direction (x,0) € X x Y. If dF is continuous in
a neighbourhood of (zo,yo), then so are 0, F and O, F.

(b) Suppose that 0, F[(xo, yo)] exists and 0, F, which is defined at every point
of a neighbourhood of (o, yo), is continuous at (xo,yo) € U. Then dF[(xo,yo)]
exists.

Proof. (a) Suppose that dF'[(xq, yo)] exists. Then, by definition,
1F'(z0, 90 +y) — F(xo,y0) — dF [(z0,y0)1(0, )| = o([|yl])
as ||ly|| — 0. Since ||y|| = ||(0,y))]| it follows that
9y F (w0, yo)] = dF [(0,40)](0,-) € L(Y, Z).
Similarly
9o F[(z0,y0)] = dF[(x0,10)](,0) € L(X, Z),

the formula in (a) clearly holds, and the continuity of the partial derivatives follows
from that of dF'.
(b) Note that

|F(zo 4+ x,y0 +y) — F(x0,y0) — 02 F[(x0,y0)]x — Oy F[(z0,y0)]y|l
S HF("EO + Z, Yo + y) - F(IO + Ivyo) - 3yF[($OvyO)]y||
+ || F(xo + x,y0) — F(x0,y0) — 0. F[(x0,yo))z|| = I + Iz, say.

Now since 0, F[(xo, yo)] exists, I = o(||z||) as ||z|| — 0 and a fortiori I =
o(Jlz]l + lyl]) = o(||(z, »)|) as ||(z, y)|| — 0. To estimate I, let € > 0 and choose
0 > 0 such that

[0y F[(z,y)] — 0y F[(zo, yo)]|| < €if [|(x — 20,y — yo)|| < 6.
For any z, y with ||(z, y)|| < J let
u(t) = Fzo + 2,90 + ty) — t0, F[(xo, yo)ly-
Then, by the Chain Rule,
I dult] | = |9y F[(xo + 2, y0 + ty)] — 8, F (20, %0)])yll

< 10y Fl(wo + 2, y0 + ty)] — 9y Fl(zo, yo)lll 1yl
< elly|| since |[(z, y)|| < é.

Hence, by Lemma 3.1.4,
I = [lu(l) = u(0)]| < ellyll < e(llzll + [lyl))

if ||(z,y)|| < . Hence I = o(||(z,y)]|) as ||(z,y)]] — 0. Combining these
estimates for I; and I yields that dF'[(zo,yo)] exists and dF'[(zo,yo)](z,y) =
0. F[(x0,y0)]x + Oy F[(x0, yo)]y. This completes the proof. O
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Suppose that F' is Fréchet differentiable on U and xz — dF'[z] is continuous from
U C X into the Banach space £(X,Y). Then we say that F' is continuously
Fréchet differentiable on U, or that F is of class C'! on U. This is written F €
CcYU,Y).

As a consequence of the preceding results, a function defined on a product of
Banach spaces is continuously differentiable if and only if each of its partial deriva-
tives is continuously differentiable. Here are three examples where C'! functions
arise; the first will be familiar and the third shows that nothing can be taken for
granted.

EXAMPLE 3.1.8 (Finite Dimensions) An important special case of this obser-
vation occurs when f : RY — R is given by

f(l'la"' 7xN) = (fl(xla"' 7xN)7"' an(xla"' 7$N))

Then f is continuously Fréchet differentiable if and only if each 8%. fi1<i< M,
1 < j < N, is a continuous R-valued function of (z1, -+ ,zN).

When U C FV is open and f : FN — FM | the Fréchet derivative of f at a point
is sometimes called the total derivative to distinguish it from partial derivatives.
From advanced calculus courses we may recall that the existence of a total deriva-
tive implies the existence of all the partial derivatives of the component functions
of f at the same point, but not vice versa. However if all the partial derivatives ex-
ist and are continuous at every point of U, then the total derivative also exists and
f € CY(U,FM). We have now observed that this theory remains valid in infinite
dimensions with no extra difficulties. O

EXAMPLE 3.1.9 (Nemytskii Operators on C) In Examples 2.1.2 (b) we de-
fined the Banach space C([0, 1], FY). Suppose that f : F¥ — F is continuously
differentiable. Then a Nemytskii operator F' : C'([0,1],FY) — C([0,1],F*) can
be defined by composition:

F(u)(t) = f(u(t), t€[0,1], ue C([0,1],FY),

and it is not difficult to see that the nonlinear operator F is of class C! in this
setting. O

EXAMPLE 3.1.10 (Nemytskii Operators on L,) Let L,[0,1], 1 < p < oo,
denote the Banach space of p!* power Lebesgue integrable real-valued ‘functions’
w: [0,1] — F with the norm

i = ([ wtsyeas) "

Suppose that g : R — R, ¢g(0) = 0 and let

Now suppose that G maps L,[0, 1] into L,,[0, 1] and is Fréchet differentiable at 0 €
L,[0,1]. Then g(t) = bt for some b € R. To see this, suppose that g(s)/s # g(t)/t
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for some non-zero s, t € R. For§ € [0, 1), letus = tx[o,5) and vs = sX[0,5]» Where
Xla,5] i8 the function with value 1 on [a, b] and zero otherwise. Then vs; = sus/t
and clearly ||us], and ||vs]|, tend to 0 as § — 0. Now suppose that dG[0] = L €
L(Lp[0,1], Lp[0, 1]) exists. Then, since G(0) = 0, ||G(us) — Lus||p/||usllp, — 0

and
1(t/5)G(vs) = Luslly _ Gvs) = Luslly
[[us]lp [[vs]lp
as § — 0. Thus
(4/9)9(5) = 9()] _ 1(t/5)Ges) ~ Glua)ly -
It] l[usllp '

This contradiction shows that, in the setting of p*" power Lebesgue integrable func-
tions, Fréchet differentiability at O of a Nemytskii operator implies that the operator
in question is affine (linear + constant). O

The notion of a compact linear operator in §2.7 has a natural analogue for non-
linear operators, although a certain amount of care should be exercised (see the
remark following the definition).

DEFINITION 3.1.11 A (nonlinear) function F' from a subset U of a Banach

space X into a Banach space Y is said to be compact if F(W) is compact in
Y when W C U is bounded in X.

A compact linear operator from X to Y maps bounded sets to bounded sets and
is therefore continuous. If F' is nonlinear and compact, it need not be continuous.
A continuous compact operator is sometimes called completely continuous. Many
problems can be written as equations which involve nonlinear compact operators in
Banach spaces. It is therefore useful to note that the linearizations of such equations
involve compact linear operators.

LEMMA 3.1.12 (Differentiation of Compact Operators) Suppose U is open in
X, F:U =Y is compact, and dF'[x] exists at xo € U. Then dF[xo] € L(X,Y)
is compact.

Proof. Let {z,} C X be bounded. Then the compactness of F' and a diago-
nalization argument means that there is no loss of generality in supposing that
{zo+ (zn/k)} C U and {F(x¢ + (z,/k)) }nen is convergent as n — oo for each
fixed k € Nwith k > K sufficiently large. We want to show that {dF'[xo](zy) }nen
is Cauchy in Y. Let M = sup{||z,|| : n € N} and let ¢ > 0 be given. Then there
exists § > 0 such that

B = 1 (o + B) ~ Flao) — dFfzolh] < Db i ] < 6
For all n, m, k € N,
dF[xo)xyn — dF [w0)xm = k{dF[zo)(xn/k) — dF [x0)(zm /k)}

- k{R(%m) - R(%) + F (w0 + %) — F(zo + %m)}
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Let k (fixed) be such that k > K and k > M /8. Then

|dF [zo]xy, — dF [20]Xm|

< FUIRCEI+ IRCE I+ 1o+ 2) = Flao + =) 1}

R € Tn Tm
< L
< h{ ol + el + 1P (a0 + ) ~ Flzo + 721 )

e+ k| F (w0 + (2n/k)) = Flao + (@n/R))].

IN

Since {F(z0 4+ (2n/k))}nen is Cauchy, the sequence {dF[zo]zn}nen is also
Cauchy, and the result follows. O

The converse is false: the derivative of a function at a point may be compact without
the operator itself being compact. For example, let F'(u) = u? for u € C[0,1].
Then dF[0] = 0 € £(C[0,1],C[0,1]), a compact operator. Now let u,,(z) = 0
forz € [n71,1] and u,(z) = 1 — na for x € [0,n"1]. Clearly {F(u,)} is not
relatively compact in C[0, 1] and hence F is not a compact operator.

In finite-dimensional spaces, all continuous functions on closed sets are com-
pact. While the compactness of F' implies the compactness of dF[x] € L(X,Y),
it does not imply the compactness of dF' : X — £(X,Y’), even in one dimension.
Here is an example. Let f(0) = 0 and f(x) = 2% sin(1/2?) for x # 0. Since df is
everywhere defined with df[0] = 0, but df is not bounded in a neighbourhood of 0,
df : R — L(R,R) is not compact.

3.2 HIGHER DERIVATIVES

Suppose that F' is continuously Fréchet differentiable on U. If dF' : U — L(X,Y)
is itself differentiable at x¢y € U, we say that the second Fréchet derivative of F' at
xo € U exists. Note that

d(dF)[zo] € L(X,L(X,Y)),
d(dF)[fL’()]l‘l S E(X, Y),
d(dF)[xo)(z1)(x2) €Y, forall z1, 3 € X,

and the mappings d(dF)[zo](-)(z2) and 2o +— d(dF)[xo](x1)(-) are elements of
L(X,Y).

THEOREM 3.2.1 Suppose that F' : U — Y and the second Fréchet derivative of
F exists at xo € U (open in X). Then

d(dF)[xo] (1) (w2) = d(dF)[xo](w2)(z1), (x1,22) € X*.
Proof. For x1, xo sufficiently close to 0 in X let

q)(l‘l,l‘g) = F(QZO +SC1 +.§C2) 7F(I0 +$1) — F(l’o +I2) +F(l‘0)
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Clearly ®(x1,22) = ®(x2,x1). To prove the required result it suffices to show that
@ (22, 21) — d(dF)[wo] (1) (z2) || = o([Ja1[|* + [l2]|)

as ||z1]| + ||z2|| — 0, because, for any ¢ € R and x1, 22 € X (fixed) it then follows
that

t2[|d(dF)[ao] (x1)(w2) — d(dF)[wo](z2)(21)]]
= [[d(dF)[xo] (tz1)(txz) — d(dF)[xo](t2)(tz1 )]
= |[(®(twy, tws) — d(dF)[xo)(tx2) (tz1))
— (®(two, tz1) — d(dF)[zo](tzy) (ta2)) ||
= o[[tmn | + [t %) = oft2) as ¢ — 0.

Dividing through by 2 and letting t — 0 yields the required result. Now

[®(z2, 21) — d(dF)[zo](z1)(z2)]|

< ||®(x2,x1) — dF [xo + x1)x2 + dF[x0])22||

+ |[dF [zo + 21]a2 — dF[zo]as — d(dF)[zo](z1)(22) ||
= I (z1,22) + I2(x1,x2), say,

and

12(1'1,.2?2) < HdF[aio + 1‘1] — dF[.’l?o] — d(dF)[LEQ].’ElH HJ?QH

= [lz2ll(o([[z1]])) as [lz1]} — 0,

since d(dF")[xo] is the derivative of dF' : X — L(X,Y) at 9 € X. Hence for
€ > 0 there exists § > 0 such that

Iy (21, 22) < el |||l2| if [|o1]] < 6,

whence

I(x1,@2) < fe([laa]® + z2?) if [lza ]| + [|l2=] < 0.
This shows that

Lz, x2) = of||z1||* + [|w2]|?) as [l ]| + ||z2]] — 0.
Fort € [0, 1] let

u(t) = F(xo + o1 + twg) — F(xg + tag) — t(dF[xo + x1]ae — dF [x0]22).

Then

I (21, 22) = [Ju(1) = uw(0)[| < sup{[|dult][| : 0 <t <1},
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by Lemma 3.1.4. Now ||dult]|| is bounded by

|@2|l||dF [z + @1 + tas] — dF [z + tas] — dF[xo + x1] + dF ]|
= ||| |[{dF [xo + 21 + txs] — dF[xo] — d(dF)[xo](x1 + ta2)}

— {dF[xo + txze] — dF[xo] — d(dF)[zo](tz2)}

— {dF[xo + 21] — dF[xo] — d(dF)[wo]a1 }||

= [lzal{o(llz1 + txal) + o([[tz2]l) + o(l|z1[)}

as ||z1] + ||x2|| — 0. Hence given ¢ > 0 there exists § > 0 such that if ||z || +
|z2]] < 0, then

L1, 23) < €|z (o1 + twa]| + [[t22]| + [l ]])
< 2efla|(lza]| + llo2) < Be(a1 ]| + [lo2]).

Therefore I1(x1,22) = o||z1]|? + ||22]|?) as [|z1]| + ||z2|] — 0. Combining the
estimates for I; and I yields the estimate for || ®(x2, 1) — d(dF)[zo](x1)(x2)]|
needed to complete the proof. O

If the second Fréchet derivative exists at every point of U we say that F’ is twice
differentiable on U, and if d(dF’) is continuous from U to £(X, L(X,Y")) we say
that F is twice continuously differentiable on U. We then write F' € C?(U,Y)
and say that F is of class C? on U. It is usual to write d(dF)[zo](z1)(x2) as
d?F[z0](x1, z2). Remember that the order of z; and x5 does not matter.

DEFINITION 3.2.2 An operator b : X x X — Y with the property that b(zx, -)
and b(-, z) are linear on X for each fixed x € X is said to be F-bilinear. If in
addition, b(x1,x2) = b(xa,x1) for all (x1,x2) € X x X, bis called a symmetric
F-bilinear operator from X into’ Y. When'Y = F, b is called a bilinear form.
When the field T is given by the context, we can omit the prefix F and refer to
bilinear forms and operators.

When d? F'[z] exists it is a symmetric bilinear operator from X x X to Y. Itis
clear that the n!" Fréchet derivative of F' can be defined by induction. For xy € U,
T, 2, € X and 1 < k < n, let d*F[zo](x1,- -, z) be defined recursively
as follows.

d"Flzo](x1) = dF o]z,
B Flxo) (21, 2) = d(dF)[wo](z1)(22),

d*Flxo](w1, -+ yax) =d(---d(dF) - ) [wo] (z1)(w2) - - - (k).

k—1 parentheses

PROPOSITION 3.2.3  Suppose F' maps a neighbourhood U of zq in X into'Y
and that the n'" Fréchet derivative of F at x exists. Then

z— d"Flzol(z1, -, Th—1, T, Tht1,2Zn), T € X,
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is linear for each k € {1,--- ,n}, and
an[fE(]](xl, T 7xn) = an[xO](xﬂ'(l)7 T 7:E7r(n))
forall m € S, (the symmetric group).

Proof. By definition, the n'" derivative of F at x,
an[IO] € ‘C(Xa ‘C(X7£(Xa o a‘C(Xv Y) e )7

(L repeated n times) is identified with d" F'[xo](x1, z2, -+ ,xy). Itis clear from
the definition that d™ F'[zo] is linear in each of the variables (x1, - - - , x,,) separately.
We need only show its symmetry.

Theorem 3.2.1 shows the result for n = 2. Suppose n > 3and (z3, - ,Zp41) €
X"~ !anddefineg: U — Y by

g(x) = d" ' Fla)(xs, - wnpa).
By Theorem 3.2.1, for any (z1,z2) € X x X,
A" Fwo)(x1, @2, -+, Tngr) = d2glzo) (21, 72)
= d?g[xo) (w2, x1) = A" Flao) (w2, 21, + yTny1). (3.1

We proceed by induction. Suppose that d"+! F[z,] exists and that for all z € U
and (x1, - ,x,) € X",

an[l‘](.’E]_, o 7xn) = an[x](xﬂ(1)7 7$7r(n)>7

where 7 € S,,, the symmetric group. A differentiation with respect to x at zy now
gives, forz € X,

d" TV Flxo)(z, 21, -+ ) = dVTF o) (2, Tr1)s s Tr(n))- (3.2)

From (3.1) and (3.2) it follows that d" 1 F [xo] is symmetric with respect to inter-
changing any pair of its components. This completes the proof. O

REMARK 3.2.4 (Higher Mixed Derivatives) Suppose that the second Fréchet
derivative of F/: U C X x Y — Z exists at (xg, yo). Then 0, F : U — L(X, Z)
is well defined and has a partial derivative with respect to y

0,(0:F) (w0, 30)] € L(Y. £(X, 2)).

A similar statement holds when x and y are interchanged. It is clear from the
definitions thatforxz € X, y € Y,

(0,02 F)[(20,90))(®) ) (2) = d*Fl(wo,y0))((x,0). (0,9))
= & (w0, 90))((0,9), (2,0)) = (2% (8,F) [(x0,50))(2) ) (1)-

When F has a second Fréchet derivative, 8, (9, F) = 8, (9, F) in this sense and
we denote it by 82 F[(x0,y0)] = 9; ,F[(z0,y0)]. The second partial derivative

with respect to z is denoted by 9%, F'[(o, yo)]- O
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3.3 TAYLOR’S THEOREM

Here is the extension to a Banach space setting of the classical theorem on the
difference between a function and its n'” order Taylor polynomial, familiar from
real-variable theory. For z € X and k € Ny define

d*Flxo)z® = d*Flxo] (z,--- ,x), 20 €T,
—_——

k times

with the convention that
d°Flzo)a® = F(zg), z€ X, 29 € U.

THEOREM 3.3.1 (Taylor’s Theorem) Suppose X, Y Banach spaces, U C X
open and convex, and F € C"1(U,Y), n € Ny. Let x, xg € U. Then

F(z) =Y %dkF[xo](x —z0)F = Ry (, x0)
k=0

where

_ n+1
Iz = 2ol N FI(1 = £)w0 + 2] |.

R, (z,x < AV
[ R (2, 20)l CES

Proof. Suppose that f : [0,1] — R has n + 1 derivatives which are continuous on
[0, 1]. Then it is elementary to prove, using induction and the fundamental theorem
of calculus, that, for ¢ € [0, 1],

n (k) () 4k
s -y P
k=0 )

t T T2 Tn
_ / / / .. / FO(s)dsday, - - dwadry,
0 Jo 0 0

tn+1

n+1)

and therefore

n (k) (\k
0 -3 50 <

k=0

! sup{|f"**(s)| : s € [0,1]}.

Now for z,  in the statement let y* € Y™ be such that ||y*|| = 1 and
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and, for ¢ € [0, 1], let

f(t) =Re {y* (F((tz + (1 - t)z0)) }.
Then in the statement of the theorem,
| Rae = zo)ll = v (F(x) -3 e Flal o~ 20))
®)(0 1 .
I = A R

|z — x0||”Jrl n
BT [d" T E[(1 — )z + ta] |,

because
FOD () = Re {y* (d”“F[(l —t)x + tzg](z — xo)”H) }.
This completes the proof. O

DEFINITION 3.3.2  Suppose that X and Y are Banach spaces and U C X is
open. If F' : U — Y has Fréchet derivatives of all orders up ton at xog € U, then
the nt"* order Taylor polynomial of F at xg is

1
Flg, (z) = Zk_ o] (z — x0)".
k=0

When it is defined the infinite series

— 1 .
Z EdkF[xo](x — x0)",
k=0 """

whether it converges or not, is called the Taylor series of F' at x.

When it does converge, there is no a priori reason for its limit to be F'(x); in general
it is not.

3.4 GRADIENT OPERATORS

Before the general case, we consider the real Banach space R™ where it is common
to speak of gradient vectors and Jacobian matrices in the context of differentiation.

Let (-,-) denote an inner product on R™. If g : R™ — R is Fréchet differen-
tiable at xg its derivative is an element of £L(R™,R) = R"*. Hence, by the Riesz
representation theorem, there exists a unique yo in R” such that

dglzolz = (yo, x) for all z € R".
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We say that yo € R™ is the gradient of g at x¢ with respect to the inner product
(-, ). However there are many inner products on R™. For example, if {e1,- - ,e,}
is a basis for R” then

n n n
(z,y) = Z «;8; where x = Z a;e;and y = Zﬂiei
i=1 i=1 i=1

defines a different inner product for each choice of basis. Clearly the gradient
depends on the choice of inner product. With the above inner product,

(Yo, ) = dg[wo]r = dg[ﬂ?o](zai@i) = Z a;dglzole;

n

= < i i, Z(dg[l'o]ei)ei>a
i=1

i=1
and hence the gradient of g at x is given by

n

Z(dg[$0]€i)€i c R".

i=1

If the standard basis and standard inner product on R™ have been chosen, then the
directional derivative dg[xo]e; is given by the classical partial derivative dg/dx; |I0
and so the gradient of g is given by the familiar formula
Vg(:vo) = (ag/axlv T aag/axn”xov

where it is understood that g(x) is given as a function of the components of x with
respect to the standard basis.

Now we consider the second derivative d2g[zo]. This is a symmetric bilinear
form on R™. Therefore, for each x € R™, the Riesz representation theorem implies
the existence of a unique point y, such that

d*glzo](2,y) = (Ys,y), forally € R”

and y, depends linearly on x. Hence there exists a linear transformation L on R"
such that Lz = y,. Since d?g[zo] is symmetric and F = R in this example,

(Lz,y) = d*glao)(z,y) = d°glzo](y, x) = (Ly,x) = (x, Ly).

Hence L, the Jacobian transformation of g at z(, is a symmetric operator. The
matrix which represents L with respect to the basis used in the definition of the
inner product is called the Jacobian matrix. As before, when the standard basis
and inner product are chosen, we find a familiar formula for the components of the
Jacobian matrix

Li; = (0*g(x0)/0:0x;)|

z0? 7’7.]:17"' y 1.
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Now suppose that X is a Hilbert space over I with inner product (-, -) and suppose
that U C X is open. If g : U — T is Fréchet differentiable at zg € U then
dg[xo] € X* and, by the Riesz representation theorem, there exists Vg(zg) € X
such that

dglaoly = (Vg(wo),y) forall y € X.

The element Vg(xg) is called the gradient of ¢ at x (where the role of X is un-
derstood). If G : U — X coincides with Vg on U we say that GG is a gradient
operator. More generally we have the following definition.

DEFINITION 3.4.1 Suppose that Y is a Banach space over F which is continu-
ously embedded in a Hilbert space (X, (-,-)), letU CY beopenandletg:U — F
be Fréchet differentiable at yo € U. Then dglyo] € L(Y,F) = Y*. Suppose that
there exists x4, € X such that

dglyoly = (wg,y), forally €Y,

then we say that x4 is the gradient in X of g at yo and write x5 = Vxg(yo).
Therefore, when it exists,

dglyoly = (Vxg(yo), y) forally € Y.
(When X is clear from the context, we use V instead of V x for the gradient.)

Now suppose that g : U — F has a gradient in X, and that Vxg : U — X has
a derivative d(V x g)[yo], which we denote by D?glyo] € L(Y, X), at every point
yo € U. Since, fory € Y, D?g[yoly € X and Y is continuously embedded in X,
we can define £,y € Y* by

Ly y(2) = (D?glyoly, 2) forall z € Y
where

[40y(2)| < 1D glyolll cev.x) lylly [l 2[ly for all 2 € Y-

Since Y is continuously embedded in X, for h € Y such that yg + h € U,

(dg[yo + h] — dg[yo] — Kyoh)
2]
— <ng(yo +h) = Vxg(yo) — D*glyolh
17l

,z> — 0as ||hlly — 0,

uniformly for z € Y with |||y < 1. Therefore

d*glyo)(y, ) = Ly,y(x) = (D?glyoly, z).
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DEFINITION 3.4.2 [fG : R x Y — X has the property that
G(/\7 ) = VXQ()\, )

where g : R x Y — R is C?, then the equation G(\,y) = 0 is said to be the
Euler-Lagrange equation of the functional g. Equivalently we say that the equation
has gradient structure.

In the theory of nonlinear equations, those with gradient structure have important
special properties. We return to this in §11.3.

3.5 INVERSE AND IMPLICIT FUNCTION THEOREMS

The inverse function theorem says that if the Fréchet derivative of a nonlinear op-
erator F' at x is invertible, then the nonlinear operator itself is a bijection from an
open neighbourhood of x( onto an open neighbourhood of F'(z(). Before giving
its precise statement we prove a technical result.

LEMMA 3.5.1 Let X and Y be Banach spaces, U C X a convex open set, and
let F': U — Y be Fréchet differentiable at each point of U. Suppose that there
exists A € L(X,Y) such that ||dF[z] — A|| < M for all x € U. Then for all
X1, T € U,

| F(z1) — F(z2) — dF[z2](71 — 22)[| < 2M||z1 — 22||.

Proof. Let xo € U be arbitrary, but fixed. We apply the Lemma 3.1.4 to G defined
onU by G(x) = F(z) — dF[xz2|x, x € U. Then

|dGz]|| = [|[dF[z] — dF[zs]|| < [[dF[z] — Al + [|A — dF[2][| < 2M.
Therefore, by Lemma 3.1.4,

[ F(z1) — F(z2) — dF[x2](x1 — 22)||
= [|G(21) — G(z2)|| < 2M|z1 — z2]|.

This proves the lemma. O

THEOREM 3.5.2 (Inverse Function Theorem) Let oy € U, an open subset of a
Banach space X, and let F € CY(U, Z) where Z is also a Banach space. Suppose
that dF'[xo) € L(X, Z) is a homeomorphism.

Then there exists a connected open set Uy C U with x¢ € Uy and an open ball
W C Z with F(zo) € W, such that F : Uy — W is a bijection and F~! €
CY(W, X).

If, in addition, F € C*(U, Z), k € N, then F~! € C*¥(W, X).

REMARK 3.5.3 We say that F|U0 is a diffeomorphism onto W. O
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Proof. By considering the mapping « — dF[zo] ™ (F(zo + ) — F (o)) in place
of F, there is no loss of generality in supposing that X = Z, that xg = F(z) =
0 € X, and that dF'[0] = I € L(X, X), the identity operator. From this special
case the general result follows.

In the new setting, let r € (0, 1) be chosen so that if ||z]|| < rthenz € U
and ||dF(z) — I]| < 1/4. There is no further loss of generality in supposing that
U = {xz: ||z|| < r}. We will now show that, if y € X is sufficiently close to zero,
a sequence {z,} C U can be defined inductively by the recipe

20 =0, Tpy1 =y + 2z, — F(zp),

and the sequence so defined converges to a solution z of the equation F'(x) = y.
Now, provided that z,, € U for all n € N with n < k, the definition of z,, and
Lemma 3.1.4 give that ||z1]| = ||y|| and,

st = @all = [(Flenor) = 2ar) — (Flan) — 20)]

[0 = zn—1l| sup [[dF[zp—1 +t(xy — 2n—1)] = I||
0<t<1

IN

A

> ZHxn = Zn—1]];

foralll <n <k.
Now choose y with ||y|| < 3r/4. It can be seen, by induction, that for all n > 0,

[#nt1 = znl <47yl and [z | < 4fly[l/3 <.

Moreover, for all m > n

m—1

e — el < 3 i — aull < 4~y

k=n

which converges to 0 as n — oo . Therefore {x,} is a Cauchy sequence which
converges in the Banach space X, to x, say, and ||z|| < 4||y||/3 < r. By continuity,
x =y +x — F(z), whence F(z) = y. Let

W={yeX:|yl|l <3r/4}, Up={z:|z| <rand F(z) € W}.

Then Uy is open, W is an open ball, and F' : Uy — W is a bijection. Suppose that
Y1, Y2 € W, xq, 22 € Up, F(21) = y1 and F(x2) = yo. Then

2 — yall = [|[F'(z2) — F(z1)||

= |[(z2 — 21) + (dF[z2] — I)(z2 — 21) (3.3)
+ (F(x2) = F(x1) — dF[22](x2 — 21)) |

> [[(w2 — z1)|| = [[(dF [z2] — I)(22 — 1)

= [(F(22) = F(21) — dF[2)(z2 — 21)|| > i||332 -z, (3.4)
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because of the choice of 7 and Lemma 3.5.1. This shows that F~! is Lipschitz
continuous on W. Hence Uy = F~Y(W) C U is connected.

Now we show that F'~! is differentiable at each point 4 € W and that the
derivative d(F~1)[y] depends continuously ony € W. Lety € W and letk € Y
be such that y + k € W. Suppose that F'(x) = y and F(z + h) = y + k,
where z, z + h € Up. Since ||z|| < r it follows that dF[z] = dF[F~!(y)] is a
homeomorphism (Lemma 2.5.1) . Therefore

IF~Y(y + k) — F~(y) — (dF[F~(y)]) " K|

%]
_l@+h) —a— (@dF@) " (Fz+h) - F@)]
k]
_ (@Fla)) " {F(x+h) - F(a) — dFla]h} ] [n]
4] k]
~1[[F'(z +h) — F(z) — dF[z]h| ||h]| ~
<erD Tl I

as ||k|| — 0 Dby the definition of dF'[x] and the fact that 4| k|| > ||A|, which follows
from (3.4). This shows that, for ally € W, F~1is differentiable at y with

d(F~ Yyl = (dF[F~ ()])

The continuity of d(F ') is immediate from Lemma 2.5.1.
Finally, from the formula for d(F~!)[y] and the chain rule it follows that if
F € C*(U, X) then F~1 € CK(W, X). O

—1

The next result is a corollary of the inverse function theorem.

THEOREM 3.5.4 (Implicit Function Theorem) Ler X, Y and Z be Banach
spaces and suppose that U C X X Y is open. Let (xo,yo) € U. Suppose also
that, for some k € N, F € C*¥(U, Z), that F(z0,v0) = 2o, and that the partial
derivative 0, F[(x0,v0)] € L(X, Z) is a homeomorphism.

Then there exists an open ball V' C 'Y with centre yg € Y, a connected open set
W C U and a mapping ¢ € C*(V, X) such that

(z0,y0) € W and F~'(20) N W = {(¢(y),) 1y € V'}.
Proof. Define a new function G € C*(U,Z x Y') by
G(z,y) = (F(z,9).y)-
Clearly G(z¢, y0) = (20, yo) and
dG[(xo, yo)l(z,y) = (0:F[(z0,y0)]x + 0y F[(x0,y0)]y, v)

for (z,y) € X x Y. Therefore dG|(z0, yo)] has a bounded inverse dG[(xo,%0)] " :
Z xY — X x Y given by

(dG[(w0,50)) ™" (2,) = ((0:Fl(x0,50)) ™" (2 = 3y F [(z0, %0)]y), )
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for (z,y) € X x Y, and one may apply the inverse function theorem 3.5.2 to G
to obtain an open connected set W C U and an open ball R C Z x Y such that
(x0,Y0) € W, (z0,y0) is the centre of R, and G : W — R is a diffeomorphism of
class C*(W, R) for the same k as in the statement of the theorem.

It suffices now to put V = {y : (20,y) € R} and to say that ¢(y) = x fory € V
if and only if G=!(z0,y) = (z,y) € W . Then (z,y) € W and F(z,y) = z if
and only if (z9,y) € Rand G™1(29,y) = (z,y) € W. Now G~ is of class C* on
R implies that y +— G~(zp,y) is of class C* on V. Let P denote the projection
of X x Y onto X x {0}. Then, since (¢(y),0) = P(G~*(20,y)), it follows that ¢
is of class C* on V. This completes the proof. O

DEFINITION 3.5.5 A set M C F" is called an m-dimensional manifold of class
C*, or a C*-manifold, k > 1, if. for all points x € M, there is an open neigh-
bourhood U, of 0 € F™ and a function f : U, — M such that f(0) = z, df|0]
is a finite-dimensional linear transformation of rank m and f maps open sets in U
onto relatively open sets in M.

REMARK 3.5.6 Suppose that a mapping F' : F* x F — F” is of class C*
with F(xg, yo) = 2o and that 0, F'[(xo, yo)] is a bijection on F™. Then the implicit
function theorem 3.5.4 defines a C'*-manifold of dimension m by the equation
F(x,y) = 2z for (z,y) in a neighbourhood of (xo, yo). O

3.6 PERTURBATION OF A SIMPLE EIGENVALUE

The following corollary of the implicit function theorem is often useful even in
finite-dimensional linear algebra. The notation is that of Definition 2.7.8 and Lemma
2.7.9.

PROPOSITION 3.6.1 Let X C Y be Banach spaces and let the embedding op-
erator 1 € L(X,Y). Let s — L(s) be a mapping of class C*, k > 1, from (—1,1)
into L(X,Y).

Suppose that 1 is a simple eigenvalue of L(0) with eigenvector §y € X where
|ltéolly = 1. Then there exists € > 0 and a C*-curve

{(u(s),€(5)) s s € (me,6)} CRX X
such that (11(0),£(0)) = (po, o),
L()&(s) = u(s)e&(s) and &(s) = o +n(s),

where 11)(s) € range (L(0) — pot). Moreover, () is a simple eigenvalue of L(s)
and if |s| < € and p is an eigenvalue of L(s) with |uo — p| < € then pn = u(s).

Proof. Define a mapping G : R x X x (—1,1) = Y x Rby

Gu,z,s) = (,ubx — L(s)z,y" (tx) — 1),
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where y* € Y™ is chosen using Corollary 2.3.1 (b) so that y*(¢&) = 1 and
y* (range (1o ¢ — L(0))) = 0. Then G(po, &o,0) = (0,0) and

D (pu,2) G0, €0, 0)] (1, ) = (e &0 + pove — L(0)z, y* ()

for (11, z) € R x X. Suppose that 9, ) G[(t0, &0, 0)] (11, ©) = (0,0). Then pue &y €
range (ot — L(0)) and, since p is a simple eigenvalue of L(0), i = 0. Therefore
(L(0) — pot)x = 0. Since g is simple, z € span {{y} and, since y*(1x) = 0
it follows that = 0. Thus J(,, ) G[(xo,&o,0)] is injective. The surjectivity of
O(,2)G[(10, 0, 0)] follows immediately from the fact that, since p is a simple
eigenvalue of L(0),

Y = range (pot — L(0)) @ span {¢&o}.

Since 0.,y G (10, €0, 0)] is therefore a bijection, it is a homeomorphism by Corol-
lary 2.4.3 and the implicit function theorem 3.5.4 gives the existence of a C*
curve {(u(s),&(s)) : s € (—€,6)} C R x X of solutions of G(u,z,s) = (0,0)
with (1(0),4(0))) = (uo,&o). Since y*(:£(s)) = 1, the choice of y* gives that
&(s) = & + n(s) where tn)(s) € range (ot — L(0)). The result of the proposition
will have been proven once it is shown that each u(s) is a simple eigenvalue of
L(s).

It follows from Proposition 2.7.7 that, for s sufficiently small, u(s)e — L(s) is
a Fredholm operator of index zero. Suppose that for s € (—¢, €) there exists x(s)
such that

(n(s)e — L(s))x(s) = 0, |lz(s)lx = 1.

Let z(s) = a(s)&+2(s) where, asin Lemma 2.7.9, z(s) € X1 = ¢! (range (pot—
L(0))) and without loss of generality suppose «(s) > 0. Then

(ot = L(0))2(s) = (01— L(0))ar(s)
= (o1 = ps))e = (L(0) = L(5)) ) ()

—0inY ass — 0.

Therefore z(s) — 0in X, and so a(s) — ||&l|x", as s — 0. Now let #(s) =
x(s)/a(s). Then (u(s),Z(s)) — (uo,&) in R x X and G(pu(s), Z(s),s) = 0. The
implicit function theorem 3.5.4 implies that, for s sufficiently small, z(s) is a scalar
multiple of £(s). This shows that ker(u(s)e — L(s)) = span {£(s)}.

Since £(s) — & in X and & ¢ X1 = ¢~ 1(Y1), which is closed in X, it follows
that £(s) ¢ X for all s sufficiently small. Therefore X = X & span {£(s)} for s
sufficiently small.

Finally suppose that for s € (—¢, €) there exists p(s) € X such that

(n(s)e — L(s))p(s) = 1£(s).
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By the preceding paragraph there is no loss in assuming that p(s) € X;. If
lp(sn)||x — oo for a sequence s, — 0, it is immediate that

p(sn)

) - 0in Y
||P(5n)||X)

(1ot — L(0)) (

as n — oo. Therefore p(s,)/||lp(sn)||lx — 0in X, by Lemma 2.7.9. But this is
false. Hence ||p(s)|| x is bounded for s sufficiently small. Therefore

(ot — LO)p(s) = (0 — 1(s))1 — (L(0)  L(s)) )p(s) + 16(5) — ey
inY. Since Y7 = range (ot — L(0)) is closed in Y, 1£p € Y;. This contradiction
proves that x(s) is a simple eigenvalue of L(s). O
3.7 NOTES ON SOURCES

Calculus in Banach spaces is covered in many textbooks, for example Cartan [16],
Dieudonné [28] and Schwartz [52].
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Chapter Four

Multilinear and Analytic Operators

The theory of higher order Fréchet derivatives leads to the notion of multilinear
operators. The question of whether the Taylor polynomials of F' (see Definition
3.3.2) converge to F'(x) for some 2z € X as n — oo leads to the theory of analytic
functions.

4.1 BOUNDED MULTILINEAR OPERATORS

Suppose that Y and X,--- , X, p € N, are Banach spaces over F. A mapping

m : X1 X --- x X, — Y is said to be a multilinear operator, in this case p-
linear, if it is linear in each variable separately, that is, for all k € {1,--- ,p} and
r; € Xj, j#Fk,

x = m(x1, - ,Tk_1, T, Tht1," - ,Tp) is linear in z over F.

It is said to be a bounded multilinear operator if, in addition,

sup{[[m(z1,z2, -+, zp)|| : [[21l], -+, [|2p)| £ 1} =M < o0 4.1
If m is multilinear and z; = 0 for some j, then m(z1,--- ,z,) = 0. Otherwise,
if z; = 0 for all j and m is bounded, we find that
Hm<x1 ) x2a"'7 xp )HSMa
1|l [|z=|| 2yl
whence
[m(z1, - 2p)l| < Mllzaf[|z2 - [|lzpll-

The proofs of the next few propositions are so similar to those for £(X,Y") that
we omit them.

PROPOSITION 4.1.1  Suppose that m : Xy X --- x X, — Y is a multilinear
operator. Then the following are equivalent statements.

m: X1 X --- x X, — Y is continuous;
m is continuous at (0,--- ,0) € X1 X -+ x Xp;

m is bounded.
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A bounded multilinear operator is called symmetric if
m(l.la e a‘rp) = m(‘rﬂ'(l)7 e 7$7'r(p))
for all 7 € .S, the symmetric group.

PROPOSITION 4.1.2  The set M(Xq,--- , X,;Y) of bounded multilinear oper-
ators endowed with the norm

[ml| = sup{[lm(z1,z2, - xp)l| : [2all, - [Jap] < 1}

is a Banach space in which the symmetric operators form a closed subspace. When
Xr =X, 1 <k <p, weabbreviate M(X1,--- ,Xp;Y) as MP(X,Y).

EXAMPLE 4.1.3 Fréchet derivatives give an important class of multilinear op-
erators. If F : U C X — Y has a k'” Fréchet derivative at zy € U, it is clear

(Proposition 3.2.3) that (z1,--- , %) — d*F|xg](x1,- - ,x) is a bounded, sym-
metric k-linear operator. That d*F : U — MF¥(X,Y’) is continuous is equivalent
to saying that F' € C*(U,Y). O

EXAMPLE 4.1.4 When X =Y = F, it follows from the Riesz representation
theorem 2.3.3 that every element m,, of M?(X,Y’) is given by

mp(@1, -+ @p) = Ap w1 T
——
product
for some A, € IF, and therefore all m,, are symmetric in this case. O
EXAMPLE 4.1.5 (Determinants) An n X n matrix A has rows (a;1, - , @) €

F™ 1 <i < n.Its determinant det A, defined by

n
det A = Z o () Hai,,(,-), 4.2)
TES, i=1

where o (7) denotes the signature of = € S,, (the symmetric group), is therefore an
n-linear function on (IF”)". Since interchanging two rows of A changes the sign
of det A, the determinant is not a symmetric operator on the rows of A. Instead we
say that it is skew-symmetric. As a consequence, the determinant of a matrix with
two equal rows is zero.

A function h on a Banach space X is called p-homogeneous if f(ax) = of f(x)
forall « € F and z € X. Thus A — det A is n-homogeneous on the space of
n X n matrices. U

Let X7 denote the product of j copies of the same space X. When m €
MP(X,Y) is symmetric, define a mapping on X7 by

(xl"' ,l']) '—>m(m1,-~- y L1y L2yt 3 L2y Ly 7'1:])
———— ——— ~——a——
k1 times ko times k; times
k.
:mm]fl ~-~xjj, 4.3)

where j € Nand k; + - - - + k; = p. (This defines the notation on the second line.)
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PROPOSITION 4.1.6 (a) Suppose m € M(Xq,---,X,;Y). Then m is in-
Sfinitely differentiable on the product space X1 x --- x X, and its first derivative at

a point (x1,--- ,xp) € X1 X --- X X,, is given by
dm[(zla"' 7$P)](Z17"' 72;0)
- Zm(xlv"' sy Ll—15 Rk, Th41, """ axp)7
k=1

forall (z1,--- ,zp) € X1 X -+ x X). _
(b) Ifm € MP(X,Y) is symmetric then the mapping, h say, from X? to'Y defined
by (4.3) is infinitely differentiable and for (y1,--- ,y;) € X7,

dh[(gjlv e ;zj)](yh t 7yj)

J
_ k1 ka-1) kj—1_ka+1) kj

—E kymayt -z ) Ty ey Y
1=1

Proof. The proof, which is almost obvious and complicated only by notation, is
left as an exercise. O

REMARKS 4.1.7 The mapping

k1 ka—n k=1 kot ok

up = mayteexy eyt 5w

ky ka-1) k=1, Fatr) ki ‘denti
belongs to £(X,Y) and so may* -+ -2 ") Vapt T a7 - - )’ may be identified

with an element of £(X,Y"), which yields a shorthand notation for the partial
derivative of h in part (b),

_ k1 ka-1y ki—1_ka+n kj
Oz, h[(w1, -+ x5)] = kymay* -2V g Lipgr 0Ty

O
PROPOSITION 4.1.8  Suppose that m € MP(X,Y) and define F : X — Y by
F(z)=m(x,---,z), v€X.

Then d* F|0] = 0 except when k = p and

dpF[O](.I‘l’JZ%- o 71‘12) = Z m('rﬂ'(l)?xﬂ‘(Q)?. e axﬂ'(p))a

TESy

where S, is the symmetric group.

Proof. This is an elementary exercise using induction on the order of differentia-
tion. O
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4.2 FAA DE BRUNO FORMULA

Although the formula for the k" derivative of the composition of two C*-functions
looks intimidating, its derivation is straightforward except that the notation is elab-
orate. Let X, Y and Z be Banach spaces with U C X and V' C Y open sets.
Suppose that ' € C*(U,Y) maps U into V, G € C*(V, Z) and H € C*(U, Z) is
defined by

H(z)=G(F(x)), z€U.

The formula for d* H is most easily expressed in terms of some auxiliary notation.
Let (n+) denote the set of n-tuples of positive integers. For 5 = (51, -+, ) €

(n+),let B! = B1!Be! - - Byland |B] = By + - - + Bn.
For zo € U, B3 € (n+), (z1,---,x) € XF, let DE(F,G)[xo] : X¥ — Y be
defined by

Dﬁ(F’G)[wo](wlf" wE) =
3 @d"G[F(xo)] (@7 Flool (@), To(an);

g€Sk
BE(n+)
|B|=Fk
dﬁzF[xO] (xa(ﬁri-l)’ T ’xa(ﬁﬁ‘ﬁ?))’ o

, AP Fl0] (T8, 4Bt tfu s 41y xo(k')))v
where Sy, is the symmetric group.

THEOREM 4.2.1 (Faa de Bruno Formula) For zo € U and k € N,
P
d*H — DF(F,G)| , .
[3?0}(3317 » L z:: ol n 330](331, 7$k)

Proof. Since both F and G have k*" Fréchet derivatives, so has H. From the Chain
rule 3.1.3, it is obvious that the k" derivative of H at x( depends only on the first
k derivatives of F' at o and of G at F'(x(). Therefore it suffices to replace F' by
its k*" order Taylor polynomial at zy and G by its k" order Taylor polynomial at
F(z), and without loss of generality we may assume that zg = 0 € X, F(zg) =
F(0) =0 €Y and G(0) = 0 € Z. Thus henceforth

k k
1 1
Fz) =Y —fma™ and G(y) =) —gay

m=1 ’ n=1

where f,,, = d™F[0] and g,, = d"G[0] are bounded symmetric m-linear operators.
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Therefore
ko1 o n
Hz) =Y = n( . m)
(z) ;n,g mglm,f x
1 o1 o1 k
= - — B — B2 ..
_Z;n!gn(ﬁzlﬁl!fm LY e Y o )
n= 1= B2=1 Bn=1

By Proposition 4.1.8, in this expression for H () the k-linear term

1
|8]= k
k
:Z”i( Z EdnG[ (@ )](dﬁlF[mo]xﬁlw“7d5"F[xo]a:ﬁ")),
e

is a function of x € X whose k' derivative everywhere coincides with the k"
derivative of H at 0. A further application of Proposition 4.1.8 now leads to the
Faa de Bruno formula. This completes the proof. O

4.3 ANALYTIC OPERATORS

Now we embark on a study of power series and F- analytic functions in Banach
spaces. Let X and Y be Banach spaces over . Let U be an open subset of X.

DEFINITION 4.3.1 A mapping F : U — Y is F- analytic at x¢ € U if, for all
x € U with ||x — xo|| sufficiently small,

x) = Z my(z — x0)* (4.4)
where F(xg) = mo(z — 29)° = mo € Y, my, € MF(X,Y) is symmetric and
there exists r > 0 such that

suprk||mkH =M < 0. 4.5)
k>0

The series on the right in (4.4) is a power series in x — xqg. The function F is said
to be F-analytic on U if it is F-analytic at every point of U. (When it does not
matter we will omit F and speak of analytic functions.) The expressions analytic
mapping, analytic operator and analytic function will be used interchangeably in
what follows.
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Because of (4.5), for all x € X with ||z — x| < 7,

53] s3] k
— M

S il — o) < pr o MEm Tl My

k=0 = r =z = ol

and therefore the sequence { " _ my(z — z9)*} of partial sums is summable
in norm. For an open set U C X let C*°(U,Y) denote the set of all functions
F : U — Y which have derivatives of all orders at every point of U,

C>®(U,Y) =N, CHU,Y).

If F € C*°(U,Y) and zo, * € U then we have seen in the proof of Taylor’s
theorem 3.3.1 that

"1
F(z)-> Hcz’uw[gg()](gg — x0)* = Ry (x, x0) (4.6)
k=0

where
| n+1

|z = o] sup ||d"TIF[(1 - t)zo + ta] .

R, (z,x <
[ R (2, 20) | RS

Here R, (-, x¢) is called the remainder after n terms in the Taylor expansion of F at
. Since dF*[zg] € MF(X,Y) is symmetric for all k € N when F' € C>(U,Y),
its analyticity at ¢ € U is equivalent (Proposition 4.3.4) to the convergence to zero
of the remainder at every point z in a neighbourhood of x.

THEOREM 4.3.2  Suppose that U C X is open and F € C*(U,Y). Suppose
also that for each xy € U there exist constants r, C, R > 0, all depending on x,
such that

Ck! ,
HdkF[:E]H < ﬁforallz € U with ||z — zo|| < r. (4.7)

Then F' is analytic on U.

REMARK 4.3.3 Since Stirling’s formula says that

2 n
lim YT (4.8)

n—oo e"nl

(4.7) is equivalent to
CkF .
HdkF[x}H < N forall z € U with ||a — zo|| < r,

for different constants C' and R. (The inequality e™ > n"/n! is sufficient for this
observation.) O
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Proof. Letxzg, x € U. Then in (4.6),

_ n+1
|z = o] sup ||d" I F[(1 — t)zo + ta] |

R,(z,x <
([ R (2, 20) | RS

< gl = 2o = 0asn — oo

if ||z — zo|| < min{r, R}. This proves the result. O

We aim to prove a converse of Theorem 4.3.2, but first some observations. Differ-
entiating the identity

1 oo
——=> " ol <1,
k=0

p times yields the new identity

(1ix)p+1—2< k;p )xkv [z <1, peN. (4.9)

k=0

Suppose that > 0 and {my, } is a sequence of symmetric k-linear operators on X
with 7¥|lmy|| < M forall k € N. Let x, 21, -+, 2, € X with ||z]| < (1 — ¢€)r,
€ (0,1), and note that, by (4.9),

Z( pp > ||mk+p$kzl"'zp”

k=0

SZ( Mmmmmam%u
k=0 p

Izl llzpll o= (k42 Y (Ll
< azzn  A#Pi o
=M rP kz—o p ( r )

gl sl g

e r— |l

< enr(lallaly
€P rp

Hence, when ||z|| < (1 — €)r, a symmetric operator M € MP(X,Y’) may be
defined at (21, -+ ,2p,) € XP by

o0

k+

My (21, ,Zp)—z< pp >mk+p:ckzl~-~zp€Y
k=0

and

M

rpep+1 ’

M| < (4.10)
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Also, if ||z|| < (1 — €)r and ||z|| < er, then

o~ ((ktp M o (ll2lly?
Z( p )|mk+pxkzp||<?p2_:(?) < o9, (4.11)

k,p=0
and so the series
oo
k+
S (PP eyt
k,p=0 p

is summable in norm, and therefore convergent to a sum which is independent of
the order in which summation is done. This leads to the following result in which
(4.13) is a converse of Theorem 4.3.2.

PROPOSITION 4.3.4 Let (4.5) hold and let F' be defined by (4.4). Then F is
analytic at every point x of the set Uy = {x € U : ||z — zo|| < 1},

d*F
F e C®Uy,Y)and my = kExO] , forallk > 0.
Also the p*"* derivative, dPF, is analytic at z for all p € N and ||z — zo|| < 7,
— (k+p)!
dPFz)(zq,- - ,2p) = Z ( k'p) Mptp (T — zo)*xias - - - Tp, 4.12)
k=0 ’

and there exists C > 1, R € (0,1) such that if ||x — zo|| < ir,
|
|dPF ]| < C%for allp € N. 4.13)

If K C U is a compact set, then there exists C and R such that (4.13) holds for all
z e K.

Proof. We will show first that if || £ — x¢|| < r then F' is analytic at Z. This follows
from (4.11) since

F(z) =Y my(z — o)l = > m((x — &) + (& — )’
=0 =0

— S MIE () e Y. (4.14)
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Since (4.10) holds, this shows that F' is analytic at & provided ||Z — xo|| < r.
Next, observe that when ||z — x| < 7,

o

1F (x) = F(20) — ma(e — xo)ll = || Y mu(e —wo)'|| = o(||z — woll)
1=2

as ||z — zo|| — 0, by (4.5). Therefore F' is Fréchet differentiable at ;o and
dF[zolz = myzx forallx € X.

By the same token it follows from (4.14) that when ||Z—xq|| < r, F is differentiable
at £ and

dF[ile = M~z =3 (k + mps (& — x0) .
k=0
Thus dF is analytic at zq since, for x with ||z — x¢|| sufficiently small,

o0

dF[z] = Z(k: + Dmpya (z — 20)"
k=0

where the right-hand side is regarded as an element of £(X,Y") expressed as a
power series. (To confirm that (4.5) holds here note that
(k + Dllmpsa || < M(k+1)rHt < {M/r(2/r).

Now replace r with r/2 and M with M /r.)

It now follows by induction that all the derivatives of F' exist at every point of x
with ||z — || < r and are given by a power series in  — x¢. The formula (4.12)
also follows by induction. Therefore for p € N and x € X with ||z — ]| < 37,

= (k+p)!
jaFlall < 3 EE P
k=0 ’

~(k+p)! M ek pl o (k4 p)! 1k
;;J k! rk+p(§) _Mr_pg:; k! p! (5)

92 p!
— oMY vy 4.9).
rp

IN

Finally, if K C U is compact then (4.13) holds uniformly for z € K, since
every open cover of K has a finite sub-cover. This completes the proof. O

Here are important, non-trivial examples of analytic operators.

EXAMPLE 4.3.5 (Operator Inverses) Suppose T € L(X,Y) is a bijection.
Then, by Lemma 2.5.1, there exists € > O such thatif L € £(X,Y) and ||L—-T| <
e, then L~! € £(Y, X) and

L= -7NT-L) 'T" = i (T~1(T - L))'7".
k=0
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Let a symmetric my, € M*(L(X,Y), L(Y, X)) be defined by

mpg(L1,---, L)
1
=g 2 T oLeyoT o Lagyo 0T o LngyoT .
’ TESk
Then
L7 =Y " m(T - L),
k=0

which shows that L — L' from £(X,Y) to £(Y, X) is F-analytic on the open
set where it is defined. |

EXAMPLE 4.3.6 (Analytic Nemytskii Operators) Let f : FV — FM be FF-
analytic. Then the Nemytskii operator F' defined in Example 3.1.9 is F-analytic on
X :=C ([O, 1],FN ) (Note that this is not the same as saying that the composition
of two analytic functions is analytic.) To see that F' is [F-analytic at ug € X we
proceed as follows. Let M = sup{|ug(t)| : t € [0,1]}. Let C > 1and R € (0, 1),
given by the last part of Proposition 4.3.4, be such that

Ck!
I£1Ell < o for& € BY with ¢ < M+ 1. (4.15)

Now for u € X with |lul] < M +1,¢ € [0,1] and n € N let
" ofk)
futu(e)) = 30 T ) gy
k=0

By Taylor’s theorem,
f(u(®)) = fu(u(®)) = Rn(u(t), uo(t))
where
HRn(u(t)? U()(t)) ”

u —u k+1
<l (t)(k +01(§!)” sup D = s)uo(t) + su®)]l

It follows from (4.15) that f,,(u) — f(u) in the Banach space X as n — oo
provided that ||u — ug|| < R. It remains to define symmetric m; € M*(X, X) by

_ d¥ fluo(t)]

mg(vy, -+ vg) () T(Ul(t),vg(t), e ,vk(t))
so that
Fu) = mp(u—up)¥,
k=0
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where the series on the right converges in C'([0, 1], F*). Therefore the Nemytskii
operator is F-analytic on X. A similar argument leads to the same conclusion for
the same Nemytskii operator regarded as a mapping on C’”([O7 1],FN ), and on
other Banach spaces of functions as well. O

REMARK 4.3.7 (Analytic Operators on Lebesgue Spaces) Suppose P is a poly-
nomial of degree p and P o u € L4[0, 1] for all w € L,.[0, 1]. It is easy to see that
pq <.

Consider the mapping f(u) = u? where p € N and pg < r. It follows that the
kth-derivative, k < p, of f atug € L,[0,1] is given by

!
dkf[uo](uh .. ’uk) _ (p f.k)!ugikul Ceeug,
which, by Hélder’s inequality, is a bounded k-linear operator on L,.[0,1]. All
higher derivatives of f are zero. The Nemytskii operator from L, [0, 1] to L,[0, 1]
so defined is then F-analytic. For example u — u? is analytic from L3[0,1] to
L1[0,1]. (However there are no non-trivial F-analytic operators from L,[0, 1] to
itself, 1 < p < oo, as Example 3.1.10 shows.) O

It is well known that if U C C is open and connected, and f : U — C is a non-
constant C-analytic function, then the zero set of f has no limit points in U. This
is clearly false for C-analytic functions from C? into C2, as the following example
shows.

EXAMPLE 4.3.8 Let F': C? — C? be defined by

F(z,y) = (zy,zy)

for all (z,y) € C2. Then F is C-analytic because its Taylor series has one term:
F(z,y) = ma(z,y)* where, for (z1,41), (x2,2) € C?,

ma((z1,91), (T2, 92)) = $(T1y2 + Toy1, T1y2 + T2y1).

However F(x,y) = (0,0) when 2y = 0. Thus every point of the zero set of F' is a
limit point of the zero set. O

However we have the following result.

THEOREM 4.3.9 Suppose that X and Y are Banach spaces, that U C X is an
open connected set and that F' : U — Y is F-analytic. Suppose also that there is a
non-empty open set W C U on which F is identically 0. Then F' is identically zero
onU.

Proof. Let V C U be the set of points x € U at which all the derivatives of F' are
zero. The set V' is non-empty since, by hypothesis, W C V. Since F' € C>(U,Y),
V' is an intersection of sets which are closed in U and so V is closed in U. Since
Fis an F-analytic function, Proposition 4.3.4 implies that V' is open, and therefore
open in U. But U is connected, so U = V. This completes the proof. O
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4.4 ANALYTIC FUNCTIONS OF TWO VARIABLES

Let X, Y and Z be Banach spaces and U an open subset of X x Y. Let (zq, y0) €
Uandlet F': U — Z be analytic at (x0, o). In other words, for (x, y) sufficiently
close to (zo, o),

o0

F(z,y) =Y mi(x -0,y — %) (4.16)
k=0

where m;, € MF*(X x Y, Z) is symmetric with sup,~q 7*||my|| < oo for some
r > 0. Now let

MP,CI(X’Y;Z) :M(X7 aXax"' 7Y7Z)7
—_——— ——

p times q times

and define m, € MP9(X,Y; Z) by
mp-ﬂ(xlv s Tpy Y1, 7yq)

= mp+q((x1,0), T 7(xp30)7 (Ovyl)v T a(Oqu))'

It follows that ||m,, 4|| < ||mp44l| and, since (z,y) = (z,0) + (0, y), an argument
similar to that for (4.14) now yields that

p+q) ,
F(z,y)= Y ( : ,) Mp (= 20)", (y — ¥0)*), 4.17)
pazo DT
sup {||mp7q|\rp+q} < 0, (4.18)
p,q=>0

where r > 0. Note that m,, , is symmetric separately in the first p, and in the last g,
variables. The series

is summable in norm for ||z — zo|| + ||y — yol| < 7. It follows that

)
i (P+q)
where 9507 F[(w0, y0)] € MP(X,Y’; Z), and hence

R0y F (0, yo)]

Flzy)= Y o (@ e)l v —w)?), @19)
p,q>0 o
P H9 p+q
10208 F'[(wo, yo)]|Ir < oo, 4.20)
p,q>0 (p+q)

for some > 0. Conversely, (4.17) and (4.18) defines an F-analytic mapping, in
the sense of Definition 4.3.1, which satisfies (4.19) and (4.20).
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4.5 ANALYTIC INVERSE AND IMPLICIT
FUNCTION THEOREMS

We begin by proving the analytic version of the inverse function theorem. Note
that the proof here does not assume that the composition of two analytic functions
is analytic; instead this emerges as a corollary of the theorem.

Let X be a Banach space and let B,.(X), € (0, 1), denote the ball of radius r
centred at 0 € X. Forr € (0,1), let B, = B,2(X) x B,(X) C X x X and let
(Er, | ||-) denote the Banach space of functions u which are analytic from B, into
X with

u(x,y): Z um,nwmyn, (CC,y) GXXX,

m,n>0

where
l[ull = Z ”um,n”rzm—m < 0.
m, n>0
Note that the norm || - ||, uses different weights for the = and y dependence of

functions in E,. However, since (4.16) implies (4.17) and (4.18), any function F'
which maps a neighbourhood of the origin in X x X analytically into X belongs to
E,. for all » > 0 sufficiently small. That E,. is a Banach space follows by a proof,
almost identical to that of Proposition 5.1.3 (below), in which the completeness
of F is replaced with the completeness (Proposition 4.1.2) of the space of k-linear
operators on X forall k € Ny. Let F;. denote the closed subspace of E). of functions
u € F, with

wa,y) = Y. umar™y"

m>0,n>1

Define L € L(F,, F,) by

Lu(z,y) = Z umT’nxm y", (x,y) € By, u€ Fy.

m>0,n>1
Clearly | L|| = 1. Now for w € FE,. arbitrary but fixed define L,,u for u € F,. by
Lo (2,y) = Oyl ) w(w, y) - 0yul(@,0))u(z,0), (2,y) € By,
LEMMA 4.5.1 (a) The operator L, o L € L(F,,F,) and || Ly, o L|| < ||wl|,/7-

(b) Let wy € E, be defined by wo(z,y) = vy, (z,y) € By. Then Ly, o L is the
identity on Fi..
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Proof. Letw(z,y) = . <oWp,qr?y?. Then foru € F,,

P, q=>(
Ly o Lu(z,y)
m, n m
— E U nt1ZY ( E wpvqxpyq)— g U 1T (g wpvomp)
m,n>0 P, 920 m=>0 p=0

= Z Z um,n+1mmyn (wp,qxpyq)7

M>0, N>1m+p=M
n+q=N

from which it follows that

ILwoLuly < 3 2N (ST fum il )

M>0,N>1 m+p=M
n+q=N

1
== > (X T ) (P )

M>0,N>1 m+p=M

ntq=N
1
< (3 ) (32 P )
" m>0 p=0
n>0 q=0
_ bl _
T

It now follows that L,, o L € L(F,,E,) and || L,, o L|| < |lw||,./r. Since L,, o
Lu(xz,0)=0€ X, L, o L € L(F,, F,) and part (a) is proven.

(b) It is immediate from the definitions that L,,, o L is the identity operator on
F.. O

PROPOSITION 4.5.2  Suppose that F' maps a neighbourhood of the origin in X
analytically into X with F(0) = 0 and dF'[0] = I. Then there exist open neigh-
bourhoods V., U of the origin in X and an F-analytic function G : V. — X such
that the following statements are equivalent:

Fly)=z,yeU and G(z) =y, z € V.
Proof. Suppose that F' is analytic from a neighbourhood of 0 € X into X with
F(0) = 0 and dF[0] = I. For r > 0 sufficiently small let v, w € E, be defined
for (z,y) € B, by
U(l’,y) - F(y) —x and U}(IZ’,y) - ’U(.’E,y) - U}O(I’vy) - F(y) —Tr—Y.

Then

n>2
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and
2 " FO]| n _ 2
Jwllr <77+ Z g =T C(F),
n>2
where C(F) is a constant determined by F'. From the definitions
LyoL—T=(Ly—Ly)oL=LyolL,

and hence, by the preceding lemma, ||L, o L — I|| < rC(F) for r > 0 sufficiently
small. Therefore, for r > 0 sufficiently small, L,, o L is a homeomorphism on F}.
by Lemma 2.5.1. So there exists ug € F;. such that L, o Luy = wq and, for all
(z,y) € B,

Ly o Lug (z,y) = Oy(Luo)[(z, y)]v(z, y) — Oy(Luo)[(z,0)]v(z,0) = y.
In particular, when y € X and ¢ € (0, 1] is sufficiently small,
ty = Ly o Lug (0, ty) = 8, (Luo)[(0, ty)] (F (ty) — F(0)),

which (dividing by ¢ and letting ¢ — 0) gives that 9, (Luo)[(0,0)] = I, the iden-
tity on X. Hence there exists € with 0 < € < r such that if (x,y) € B, then
Oy (Luo)[(z, y)] is a bijection on X. Moreover, for (z,y) € B,

0y (Luo) (x, y)|(F(y) — x) =y — G(2), 4.21)
where G is defined on B.2(X) by
G(x) = =0y (Luo)[(x,0)]v(x,0) = 9y(Luo)[(x, 0)]x.

It is clear that G is F-analytic. Let V = B (X)NG~}(B(X))and U = B.(X)N
F~Y(B2(X)), open neighbourhoods of 0 € X. Since 9, (Lug)[(x,y)] in (4.21) is
a bijection, this completes the proof. O

This result has four important corollaries.

THEOREM 4.5.3 (Analytic Inverse Function Theorem) Suppose that X, Y
are Banach spaces, that xo € U C X, where U is open. Suppose also that
F : U — Y is analytic and that dF |xg) € L(X,Y) is a homeomorphism. Then
there exist opens sets Uy and Vy with xg € Uy C U, F(xg) € Vo C Y and an
analytic map G : Viy — X such that

forx €Uy, F(x)€Vy and G(F(x)) = =,
and

fory e Vo, G(y) €Uy and F(G(y)) =y.
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Proof. Let U = U — g, replace F : U — Y with F : U — X defined by

~ -1
£10) = (@) (Fly+ 20) = F(0),
and apply the preceding proposition. O

THEOREM 4.5.4 (Analytic Implicit Function Theorem) Let X, Y and Z be
Banach spaces and suppose that U C X XY is open. Let (xo,y0) € U and suppose
that F : U — Z is analytic where the partial derivative 0, F[(xo,yo)] € L(X, Z)
is a homeomorphism.

Then there exists an open neighbourhoodVC'Y of yo, an open set W C U and
an F-analytic mapping ¢ : V. — X such that

(z0,50) € Wand F~'(z0) N W = {(¢(y),y) :y € V}.

Proof. In the light of Theorem 4.5.3 the proof is the same as that of Theorem
3.54. O

DEFINITION 4.5.5 A set M C F" is called an m-dimensional F-analytic man-
ifold fif, for all points a € M, there is an open neighbourhood U, of 0 € F™ and
an analytic function f : U, — M such that f(0) = a, df[0] is a finite-dimensional
linear transformation of rank m, and f maps open sets of U onto relatively open
sets of M.

REMARK 4.5.6 Suppose that F' : F" x F™ — F” is an F-analytic mapping
with F(zg, y0) = 20 and that 9, F[(zo, yo)] is a bijection on F". Then the analytic
implicit function theorem 4.5.4 defines an F-analytic manifold of dimension m by
the equation F'(xz,y) = 2o for (x,y) in a neighbourhood of (z¢, yo). O

THEOREM 4.5.7 (Composition of Analytic Functions) Suppose X, Y and Z
are Banach spaces and that U C X and V' C Y are open. Suppose that F' : U —
Vand G :V — Z are F-analytic. Then G o F : U — Z is F-analytic.

Proof. Let W =U x V x Z and define an analytic function H : W — Y X Z by

Let zg € U, yo = F(x0) € V and z9g = G(yo). Then H(zo, yo,20) = (0,0) €
Y x Z and

8(y’z)H[($0, Yo, ZO)}(:U? Z) = (_y7 dG[yO}y - Z) = (?:77 2)
if and only if
y=—y and z=—2—dGyoly.

Thus 0y, ) H[(0, Yo, 20)] is a homeomorphism. By the analytic implicit function
theorem 4.5.4 the solution set, in a neighbourhood of (xg, yo, z0), of the equation

H(z,y,z) = (0,0) is described by (y, z) = (Y (z), Z(z)), where (Y, Z) denotes
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aY x Z-valued, F-analytic function defined on a neighbourhood of zy in X. But
H(z,y,z) = 0, (z,y,2) € W implies that G(F(z)) = z. Hence G(F(z)) =

Z(z) for x in a neighbourhood of xg € X. Since xg € U was chosen arbitrarily, it
is immediate that G o F' is analytic. O

The following is the F-analytic version of Proposition 3.6.1 (in the same notation).

PROPOSITION 4.5.8 (Analytic Perturbation of a Simple Eigenvalue)

Let X and'Y be Banach spaces with X continuously embedded in'Y and let s —
L(s) be F-analytic from (—1,1) into L(X,Y). Suppose also that ug is a simple
eigenvalue of L(0) with normalized eigenvector &;. Then there exists € > 0 and an
F-analytic curve {(u(s),€(s)) : s € (—¢,€)} C R x X such that (u(0),£(0)) =

(1o, o),
L(s)§(s) = pu(s)e&(s) and &(s) =& +n(s),

where 11)(s) € range (L(0) — pot). Moreover, ji(s) is a simple eigenvalue of L(s)
and if |s| < € and v is an eigenvalue of L(s) with |y — | < € then 1 = p(s).

Proof. The proof is identical to that of Proposition 3.6.1, using the analytic implicit
function theorem 4.5.4. O

4.6 NOTES ON SOURCES

The theory of analytic functions is covered in books by Dieudonné [28], Federer
[29] and Narasimhan [46]. The proofs of the inverse and implicit function theo-
rems, and the demonstration that the composition of analytic functions is analytic,
are based on an approach to the Weierstrass preparation theorem in Narasimhan
[46]. The treatment of the Faa de Bruno formula is taken from Fraenkel [30].
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Chapter Five

Analytic Functions on F”

We now present some fundamental results about F-analytic functions in finite di-
mensions.

5.1 PRELIMINARIES

Unless otherwise stated F denotes R or C. Consider F™ as an [F-linear space
the points of which are described by coordinates using the standard basis of real

vectors of the form (0,---,1,---0) € F". For z = (x1, -+ ,x,) € F" and
b= (pla' o vpn) € Ng let

n
o2 = > o
j=1
n
|p‘:ij, xplefl._.xfln’ p!:pl!pQ!"'pn!
j=1

and

ﬁ _ aflpl

o P1 5,.p2 Pn *
OxP  Oxi'0x5® - - Oxy"

Forn € N, let U C F” be an open neighbourhood of 0 € F" and f : U — F an
F-analytic function. Then an induction argument starting with the case n = 2 in
(4.19) and (4.20) leads to

f(z) = Z fpa®

pENY
where
10°f p!
fp=—===(0) € Fand sup —|f,|r’?l < oo
p p| 8I‘p( ) pENg |p‘|‘ p‘

for some r > 0. This in turn leads to

Z 7Pl f,| < oo for some > 0.
pENY
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A function so defined is analytic on the open neighbourhood (BT(]F))n of 0 in F".
(Here B,.(F) is the open disc with radius r centred at 0 in FF.)

DEFINITION 5.1.1 [fU C C" is open and f : U — C is C-analytic with
the property that f(x) € R for all x € U N R"™ we say that f is real-on-real.
Equivalently f is real-on-real if and only if for all xo € U NR™ all the terms f, in
the expansion of f at xq are real-on-real multilinear forms on C".

We use “real-on-real”, instead of “real”, to emphasis the complex setting.

REMARK 5.1.2 Suppose that f : C* — C is real-on-real. If the basis of C" is
changed to another real basis (a basis of vectors each of which has real coordinates
with respect to the standard basis) and points of C™ are now described by coordi-
nates ({1, - ,(,) with respect to that basis, then the function f is a real-on-real
function of (1,---,¢,) € C™. Therefore a real-on-real C-analytic function re-
mains real-on-real after a real coordinate change of the independent variables. [

Now we introduce linear spaces of F-analytic functions as follows. For ¢ € N
and 7 > 0, let BY = (BTqul(IF))n_l x B,(F), an open neighbourhood of 0 in
F”, and let C'? denote the space of F-valued F-analytic functions w on BZ with
u(0) = 0 of the form

u(z) = Z up ¥

peNy, p#0
where
Z |up|r(q+1)\p\*qpn = [ttf|q < 0.
peNg, p#0
PROPOSITION 5.1.3  (CZ,|| - ||;.q) is a Banach space. In fact it is a Banach

algebra since it is closed under multiplication and ||uv||r,q < ||tlr.ql|v]|r.q-

Proof. Suppose that {u*},cny C C4is a Cauchy sequence. Then the corresponding

sequence {u’;}keN, p # 0, of Taylor coefficients of u at 0 is Cauchy in F. Let

u’; — 1y, in . Since Cauchy sequences are bounded there exists a constant M

such that for all P, k € N,

Z |u§|r(q+1)\p\*qpn < M.
pENG, 0<|p|<P
In the limit as k¥ — oo with P fixed this yields
Z |up |t DIPI=apn < pf,
pENG, 0<|p|<P

Since this is true for all P € N

E |up‘r(q+1)|p|—qpn < co.
peNg, p#0
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Let u denote the function in C{ the Taylor coefficients of which are u,,, p # 0, and
ug = 0. Let € > 0 be given and, using the fact that {u*} is Cauchy in C¥, choose
N € N such that forall P € N,

n _ ket Dpl—apn
g |uyy — |7 <e

peENG, p#0
[p|<P

if k, n > N. With P arbitrary (but fixed) let n — oo to obtain

k1p.(a+1)|p|—gqpn
E \up—up|r( )lpl <e.

pENy, p#0
[p|<P

Since this is true for any P, it follows that ||ug — u||, 4 < € for all £ > N. Thus
C? is a Banach space.

Now to prove that it is an algebra, let {u,} and {v,}, p # 0, be the Taylor
coefficients of v, v € C'¢ where uy = vo = 0. Let w be the product of v and v on
the open set BZ. Then, by Cauchy’s product formula,

wy, = E UgVs .

s, teN{

s, t#0
s+t=p

Therefore

E (¢+1)|p|—gpn
|wp\r
pENY, p#0

< Z Z (r(q+1)|8|—qsn|us|) (r(q+1)\t|—qtn|vt|)

pENG, p#0 s, teNy

s, t#0
s+t=p
:< 3 |us‘r<q+1>|s|—qsn)x( S |vp|r<q+1>|t\—qtn)
seNg, s7#0 teNy, t£0
= llullrgllvllr.q-

This proves that w € C? and ||w||,,q4 < ||ullrql|v]rq When w = wv, and the proof
is complete. O
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Now we define linear operators A, L and B on C¢ by

Au(x) = Z up ¥,

peNg,
Pn<q
Lu(z) = Z up - ah ek T = g (1 — A)u(z),
peNG,
Pn>q
Bu(z) = > upa?,  x € BI, ue CL
pENG,

p1t-+pn—1>0,
LEMMA 5.1.4
A€ L(CE,CH) with || A]| = 1;
L e L(CLCH with | L|| <r~%
| Bullyq < C(u)r't9, where C(u) is a constant determined by u.

Proof. A and B are projections and the results about them are obvious from their
definitions and that of the norm on C¢. Note that for p € Njj, p # 0, the coefficient
(Lu), coincides with w(p, ... ;| q44p,) and hence

ILulrg = 3 [(Lu)y| D@t tpas)ipn

peNg, p#0
_ (q¢+1)(p1+++Pn—-1)+Pn
= E : |u(p1’---pn71,q+pn) r
peNG, p#0
_ —q (g+1)(pr+-+pPn—1)+q+p
=r E |u(p17---pn_1,q+pn)|T " "
peENg, p#0

<7 ullr.q-

Therefore L € £L(CZ,C%) and || L] < r~7. O

5.2 WEIERSTRASS DIVISION THEOREM

THEOREM 5.2.1 Suppose 0 € U (open) C F™, f : U — F is analytic, {(0) =
0 and, for (0,---,0,z,) € U,

£, ,0,2,) = 2dv(z,) where v(0) # 0 and ¢ > 1.

Let g : U — F be any F-analytic function with g(0) = 0.
Then for some r > 0,

g(@1, -+ xp)

= h(x17"' axn)f(xla"' axn)+zhk(xla 7In—1)xf;

printed on 2/10/2023 3:28 PMvia . All use subject to https://ww.ebsco.conterns-of-use



EBSCOhost -

ANALYTIC FUNCTIONS ON F¥ 65

Sorall (x1,--- ) € Uy = BY, where h is analytic on Uy and hy, is analytic on
V= (qu+1 (F))nfl. The functions hy, and h are uniquely determined by f and g.
IfF" = C™ and f and g are real-on-real, then hy, and h are real-on-real.

Proof. Without loss of generality suppose that v(0) = 1. Choose 7 such that f, g €
C? for all r with 0 < r < 7, where ¢ is given by the hypothesis on f. We will
prove the theorem by showing that the linear operator I' : C? — C¢ defined, in the
notation of Lemma 5.1.4, by

T'u(z) = f(z)Lu(z) + Au(z), = € B,

is a bijection on C¥ provided r > 0 is sufficiently small. Let vg(z) = 2%, x € U.
Then ||vg]|r,q = 79,

f@0,-+-,0,2,) = v(xy)ve(0,- -+ ,x,) and hence f — vvy = B,

where v is in the statement of the theorem. Therefore by Proposition 5.1.3 and
Lemma 5.1.4,

If —vollrg < |f —vvo rg T [vo(1 —v) r.q
< ||Bfllr,q + llvollrglll = vllrq
<C(Hr T+ 11 = vl g

From the definition of L, (I' — I)u = (f — vo)Lu for v € C4, and hence

(T = Dullrg = [I(f = vo) Lullrg < [ Lullrql(f = vo)
<17 fullrg (CUH + 791 = v]lrg).

4

Since v(0) =1, ||1 — v||;,q — Oasr — 0, and it follows that I' — I € L(CZ, C?)
with norm less that 1 if » > 0 is sufficiently small. Hence I is a bijection on C{.
Hence for g € C! there is a unique v € C'? with I'u = ¢. The uniqueness of h and
hi. now follow from the definition of L and A.

If F = C and f and g are real-on-real, then the theorem restricted to R™ N U
yields R-analytic functions h and hy. By uniqueness when F = C it follows that i
and hy, are real-on-real. The proof is complete. O

REMARK 5.2.2 The division theorem can be interpreted as saying that f divides
¢ with a remainder that is a polynomial of degree at most (¢ — 1) in z,, with
coefficients that are analytic functions of (1, -« , Ty—1). O

5.3 WEIERSTRASS PREPARATION THEOREM

The next result is a special case of the division theorem.
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THEOREM 5.3.1 Suppose 0 € U (open) C F™, f : U — F is analytic, f(0) =
0 and, for (0,---,0,2,) € U,

£, ,0,2,) = 2dv(x,) where v(0) # 0 and ¢ > 1.

Then for r > 0 sufficiently small,
qg—1
h(xl’ T ;xn)f(l'l, to vxn) = x?L + Zak(xla T ,:Cn_l)(ﬂ’:”
k=0

forall (x1,--+ ,x,) € Uy = B, where h(0) # 0, h and 1/h are analytic on Uy,
and ay, is analytic on V- = (Bya+: (F))nfl with ai(0) = 0. The functions ay, and
h are uniquely determined by f. If U C C" and f is real-on-real, then h and ay,
are real-on-real.

Proof. In the Weierstrass division theorem 5.2.1, choose g(z) = 2. Then

q—1

ZC% - th($17 e 71:7’7,71)1::, = h(xla e ?wﬂ)f($17 e 71/'7’7,)
k=0

in the neighbourhood Uy of 0 € F™. In particular,
qg—1
xd — Z hi(0, -, 0)zF = h(0,---,0,2,)v(x,)2l.
k=0

Thus hy(0,---,0) =0,0 < k < g—1andh(0,---,0) # 0, since v(0) # 0. Since
the composition of analytic functions is analytic, 1/h is analytic in a neighbourhood
of 0. Let ay, = —hy, to complete the proof. O

REMARK 5.3.2 The preparation theorem has a corollary that in a neighbourhood
of 0 € F™ the solution set of f(xy,---,x,) = 0 coincides with the zero set of a
polynomial in z,, (the coefficients of which are analytic functions on V') of the form

q—1
2+ Y ar(wr, o wpo1)ak where a(0,---,0) =0, (5.1)

k=0
The question of how the roots x,, depend on (z1,- - ,x,—_1) is the basis of the
theory to follow. O

5.4 RIEMANN EXTENSION THEOREM

We begin our study of the level sets of F-analytic functions with a general observa-
tion on metric spaces.
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LEMMA 5.4.1 (a) Suppose that a metric space U has a subset G1 that is dense
and connected. If Gy C G C U, then G is connected.

(b) Suppose that G is a closed subset of a non-empty connected metric space
U such that U \ G is dense in U. Suppose also that each x € G has an open
neighbourhood Vy, such that V,, \ G is connected. Then U \ G is connected.

Proof. (a) Suppose that GG is not connected. Then there exist non-empty, closed
subsets F; and F5 of U such that

GCFhUF, FEINEBNG=0and GNE;, #0, :=1, 2.

Since G is connected, (G is a subset of one of them, say G; C Fj. Hence
U = G C Fy, which is a contradiction. This proves (a).

(b) Suppose that U \ G is not connected. Then there exist non-empty, open,
disjoint sets O; and Oy whose union is U \ G. Let z € G. Since V, \ G is
connected, it is a subset of O; or of O, but not of both.

LetG; = {2 € G:V,\G C O;},i € {1, 2}, so that G = G1 U G. Suppose
that x, € G, (i fixed) and z, — x € G, j € {1, 2} (recall that G is closed). Then
Vi, \ G is a subset of O7 or of Os. Since U \ G is dense, (V, \ G) N (V, \G) # 0
for all k sufficiently large. Hence V;, \ G C O; for k sufficiently large. Therefore
j =+iand G, is closed, i € {1, 2}.

Now let U; = O; U G;. Clearly U;, i € {1, 2} are non-empty disjoint subsets
of U whose union is U. Suppose that {2} is a convergent sequence in U;, with
limit . If, for infinitely many k, x; € G, then x € G,; C U,. Suppose instead
that 2, € O; and @ ¢ O;. Then z € G and x, € V,, \ G for all k sufficiently
large. Therefore V, \ G C O;. Hence « € G;. This shows that U; is closed in U,
i € {1, 2}, and hence U is not connected, a contradiction that proves (b). O

PROPOSITION 5.4.2 Suppose that U C F™ is open, connected and g, : U — F
is F-analytic, 1 <k <m.Let E={x €U :gx(x) =0€F, 1 <k <m}
(a)If E # U, then U \ E is dense in U.

(b) If; in addition, F = C, then U \ E is connected.

Proof. (a) If U \ E is not dense then FE contains an open subset of U on which
all the functions gj, are zero. Hence they are all identically zero on U, by Lemma
4.3.9. Since E # U, this is a contradiction which proves (a).

(b) First we observe from Lemma 5.4.1(a) and part (a) above that it suffices to
treat the case m = 1. Let E = {z € U : g(z) = 0} where U C C" is open and
g : U — Cis C-analytic. By Lemma 5.4.1 (b) it will suffice, for every x € E,
to find an open neighbourhood V,, C U such that V, \ E is connected. Without
loss of generality suppose that z = 0 € U and that g(0) = 0. Suppose moreover
that g # 0 on U. Then we can choose the coordinates (x1,--- , ;) such that
g(0,---,0,z,) # 0. Since z,, — ¢(0,---,0,z,) is a C-analytic function on a
neighbourhood of 0 € C, its zeros are isolated and therefore there exists € > 0
such that g(0,---,0,z,) # 0if 0 < |z,| < e. Hence, by continuity, there exists
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0 > O such that g(zq, -+ ,x,) # Oifzz;% |z| < d and Le < |x,| < €. Let
n—1
Vo={(z1,-+ ,an): Z lzk| <6, |@,] <€}
k=1
Now in C™ (but not in R"™) the set
B n—1
Vo={(z1, - ,zn): Z|xk| <0, 1€ <|zy| < €}
k=1

is a path-connected subset of V;; on which g is nowhere zero. Moreover, for

each fixed (&1, -+ ,4p—1) with 22;11 |#x| < 9, the analytic function z, +—
g(Z1,++ ,Zn—1,2y) has at most a finite number of zeros with |z,| < 3¢/4 and
the set

{zeU:x= (&1, ,&n-1,%n), |xn| <3¢/4,9(x) A0} CC"

is path-connected. Since V is path-connected, V \ E is path-connected, and hence
connected. Since Vj is an open neighbourhood of 0, where 0 represents an arbitrary
point of F, this completes the proof. O

The following is a particular case of a classical theorem which holds more gener-
ally.

THEOREM 5.4.3 (Riemann Extension Theorem) Suppose that U C C" is
open and gy, : U — Cis C-analytic, 1 < k < m. Let

E={zeU:gg(z)=0forallk, 1 <k <m}
and suppose that f is C-analytic on U \ E with
sup{|f(z)| : x € U\ E} < 0.
Then there exists a function f which is C-analytic on U and f = f onU\ E.
Proof. Since
U\ E=U,(U\ Ey) where Ej, = {z € U : gi(z) = 0}

it suffices to prove the required result when m = 1. Since analyticity is defined

locally it will suffice to choose x € E and to show that the result is true when U

is replaced by some open neighbourhood of x. Without loss of generality suppose

that 0 € E is the point in question. Let €, § > 0 and Vj, a neighbourhood of

0 € U N E, be as defined in the proof of part (b) of the last proposition. Then for
. n—1

any fixed (@1, -+ ,xp—1) wWith Y~ "o || <, the set

{z€C:|z| <3¢/4and (z1, - ,Tn-1,2) € E}
C{zeC:|z] <3¢/4and gi(x1, -+ ,xpn_1,2) = 0}
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is finite and therefore z — f(x1,-+-,2,-1,2) is C-analytic except at finitely
many points and bounded on {z € C : |z| < 3e¢/4}. Note also that z —
f(z1, -+ ,xp_1, z) is analytic in a neighbourhood of the circle |z| = 3¢/4 for
any such fixed (z1,--- ,2,_1), since then (z1,--- ,&,_1,2) € V; and g does not
vanish on V{. Therefore the singularities of this function of z must be removable
and, by Cauchy’s integral formula, the function

” it it
flay,-- ,xn)zi/_ f@r, oy, See /4)(366 )dt (5.2)

3ee /4 — xp, 4
extends f to all of V. For fixed (21, -+ ,2,_1) as above, z,, f(xl, c X)) s
C-analytic. However it is clear, from the definition of f given in (5.2) that f is C-
analytic on V[, C C". This completes the proof. O

The function f is called an analytic extension of f.

5.5 NOTES ON SOURCES

These classical results are in the books by Chow and Hale [19], Dieudonné [28],
Federer [29], Golubitsky and Guillemin [34]. For results on functions of a complex
variable, see Ahlfors [1], Cartan [15], Chatterji [17].
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Chapter Six

Polynomials

6.1 CONSTANT COEFFICIENTS

A polynomial of the form
A(Z)=apZP + ...+ a1 Z + ap, p € Ny, a, # 0,

with complex coefficients is said to have degree p and a complex number z such
that A(z) = 0 is called a root of A(Z). The fundamental theorem of algebra says
that A(Z) has at most p roots, z1, - - , 2k, say, and that

AZ)=ap(Z —21)"™ -+ - (Z — z)"™, wheremq +---+mp=p (6.1
and the z; s are distinct. In this factorization of A(Z) over C, the number m; is
called the multiplicity of the root z;. If m; = 1 then z; is called a simple root of
A(Z), otherwise it is a multiple root. The coefficient of Z? is called the principal
coefficient of A(Z).

Continuous Dependence of Roots
PROPOSITION 6.1.1 Letp > 1. (a) If z € C is a simple root of a polynomial
ZP 4+ 1 ZP7 -+

with complex coefficients, then there is a C-analytic function f, defined in a neigh-

bourhood of (G, - - - , Ap—1), such that z = f(ao,-- - , ap—1) is a simple root of the
polynomial ZP + a,_1ZP~' + -+ ag and Z = f(ao, -+ ,dp—1). If, in addition,
Ao, 5 Ap—1, 2,00, ,ap—1 € R, then f(ag, -+ ,ap—1) € R.

(b) Suppose that Z € C is a root of multiplicity ¢ > 1 of the polynomial in part
(a), and the distance of all the other roots from Z is at least € > 0. Then, for all €
with 0 < € < € there exists § > 0 such that the polynomial

ZP +a, 1 2P+ +ag
has exactly q complex roots, counted according to their multiplicities, in the set
{zeC:|z—%| <e€}

provided that |ag — G|, ... , |ap—1 — Gp—1| < 4.
(c) For all € > 0, there exist § > 0 such that |z| < € for all z € C with

2P+ a, 12"+ +ag = 0when |agl, -, |ap—1] < .
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Similarly, if |ao| + - - - |ap—1| < M then |z| < m(M), where m(M) depends only
on M.

Proof. (a) Since Z is a simple root of the polynomial,

d
—(ZP + @y 1 2P 4 ..+ Qo) #0.
dz P P

Therefore the analytic implicit function theorem 4.5.4 ensures the existence of a

C-analytic function f such that, for all (ao, ... ,ap—1) close to (do, ... ,ap—1) in
Cr,
—1 —
(ZP +ap 1 2P+ 4 aO}’Z:f(ao,m ay =0
and
d -1
—(Z° 4+ ap—1Z°"" + ...+ ap) # 0.

dz Z=f(ao,... ,ap—1)

The same reasoning in the case of a polynomial with real coefficients completes the
proof of the first part.

(b) Part (b) is immediate from Rouché’s theorem. (c) If part (c) is false, then
there exist sequences

{a07n}, Ty {ap—lﬂl}? {ZTL} cC

such that

lim a;, =0for0<j<p—1, lim |z,| € (0,c0]

n—oo

and, forall n € N,
2Pt ap_ 1,22 4 4 ag, = 0.

Thus we obtain the contradiction that
ap—2.n ao,n

Zpn = —Qp—1mn — —_ — " p—1 — 0,
Zn Zn

and the proof is complete. O

Greatest Common Divisors

Consider two polynomials of the complex variable Z, with constant coefficients in
C, given by
AZ)=apZP +---+a1Z+ag, p>1, ap, #0,
B(Z)=byZ%4---+01Z + by, ¢ > 1, by # 0.

We will say that their greatest common divisor is the polynomial with largest degree
m € Ny of the form Z™ + ¢,,,_1 Z™ ! + - - - 4 ¢, with coefficients ¢; € C, which
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divides both A(Z) and B(Z). Then A(Z) and B(Z) are said to be co-prime if the
constant polynomial 1 of degree 0 is their greatest common divisor. An elementary
criterion says that A(Z) and B(Z) are not co-prime if and only if there exist two
polynomials P(Z) and Q(Z) such that

A(Z)P(Z) + B(Z)Q(Z) = 0,
P(Z) #0, Q(Z) #0,
deg(P(Z)) < q, deg(Q(Z)) < p.

Equivalently, if P(Z) = ¢, 129 ' + -+ 1 Z + cop and Q(Z) = dp—1 2771 +
-+ diZ + do, p > g, the equation Ax = 0 has a solution

x = (co, - ,Cq—1,do, - ’dp_l)T?éo

if and only if A(Z) and B(Z) are not co-prime, where the square matrix A is given
by

ai—j, 0<i—j<p, 1<j<gq
Ajy=19 bytij, 0<j—i<gq, q+1<j<p+gq
0, otherwise

The complex (p + q) x (p+ ¢) matrix A is called the resultant matrix of A(Z) and
B(Z). Its determinant, R(ag, -+ , ap;bo, ... ,by), is called the resultant of A(Z)
and B(Z). The resultant is a polynomial in the coefficients ag, - - - , ap, bo, - , bq
which is zero if and only if A(Z) and B(Z) are not co-prime.

LEMMA 6.1.2 Let A(Z) be a polynomial of degree p > 1 and let A'(Z) denote
its derivative. Denote by C(Z) the greatest common divisor of A(Z) and A'(Z)
and let A(Z) = C(Z)E(Z) for some polynomial E(Z). Then E(Z) and E'(Z)

are co-prime and E(Z) has the same roots as A(Z).

Proof. Suppose A(Z) is given by (6.1). Then A'(Z) = P(Z)C(Z) where

and {Z; : k=1,---m}, Z; of multiplicity 77; > 1, denotes the set of multiple
roots of A(Z), and no root of A(Z) is a root of P(Z). Hence C(Z) is the greatest
common divisor of A(Z) and A’(Z), and A(Z) = C(Z)E(Z) where all the roots
of E(Z) are simple and the roots of E(Z) coincide with those of A(Z). O

printed on 2/10/2023 3:28 PMvia . All use subject to https://ww.ebsco.conterns-of-use



POLYNOMIALS 73

For future reference, note that when p = ¢ the matrix A has the form

ao 0 0 bo 0 0
aq ag 0 by bo 0
ap—1 Qap—2 ... ag bp,1 bp,Q ‘e b() . (62)
ap Ap—1 ... a1 by, b1 ... b
0 ap ... as 0 by ... by
00 a 0 0 b, |

Discriminant of a Polynomial

Consider the polynomial
AZ)=apZP +...4a1Z+ag, p>1, ap, #0,

the coefficients of which are complex. It is clear from (6.1) that z; € Cis a multiple
root of A(Z) if and only if (Z — z;) is a common factor of A(Z) and A’(Z), where
A'(Z) denotes the polynomial obtained by differentiating A with respect to Z.
Indeed A(Z) has no multiple roots if and only if A(Z) and A’(Z) are co-prime.

For (ag, -+ ,a,) € CP*! define D(ao,...,a,) € C to be the resultant of A(Z)
and A’(Z). This is called the discriminant of A(Z). Notice that D is a polynomial
in the p + 1 variables ag, . .. , a, which vanishes exactly when A(Z) has at least

one multiple root.

EXAMPLE 6.1.3 (Quadratic polynomials)
p=2 AZ) = axZ? + a1 Z + ap, A'(Z) = 2a2Z + a; = B(Z) and, with

az # 0,
Qg bo 0
D(ag,a1,az) = R(ag,a1,a2;b9,b1) = | a1 by bo
a9 0 b1
Qg ai 0
=| a1 2ay a |=—as(a?—4apas),
a9 0 2&2
which vanishes exactly when the usual discriminant a% — 4agas = 0. Ol
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6.2 VARIABLE COEFFICIENTS

In the Weierstrass preparation theorem 5.3.1, we saw polynomials in z,, of the form

q—1

E k
l’%+ ak(l'l,"' a'rn—l)'rnv

k=0

in which the coefficients a; are F-analytic functions of n — 1 variables. In this
section we consider such polynomials in the special case when F = C. Let V' C
C™, m > 1 be given by

V= {1y m) €C™ i 5] <6, 1< < m),
for some ¢ > 0 and consider polynomials of the form
Clp(Zl, T ’Z"”)Zp +ot a‘l(217 to 7Z7rL)Z + aO(Zh e )Z'rﬂ)7

where the coefficients a, : V' — C are C-analytic functions and a, # 0. (The
case m = 0 will correspond to polynomials in Z with constant coefficients.) This

polynomial, which we denote by A(Z; z1, - , zm), has degree p. The coefficients
of the polynomial B(Z;zy, - ,2y) are functions by : V' — C, where it is un-
derstood that A(Z; 21, -+ , 2y ) and B(Z; 21, - - , 2 ) may have different degrees.

(When the meaning is clear we refer simply to polynomials A or B on V'.) We say
that a polynomial is real-on-real if and only if all its coefficients are real-on-real
analytic functions. The discriminant D = D(aq, - - ,a,) of the polynomial A is
an analytic function defined on V' C C™ by

D<a07' o ,Clp)(f) = D(ao(f), o 7a,’0(€))7 §= (Zlﬂ T 7Zm) ev. (6.3)

Greatest Common Divisors

From the previous viewpoint, { A(Z; 21, ,zm) : (21, , 2m) € V} is a family
of polynomials parameterized by (21, - ,2m,) € V. The notion of the greatest
common divisor of two polynomials A and B is therefore more subtle in this case.

DEFINITION 6.2.1 Let W C V. The greatest common divisor of A and B on
W is a polynomial C(Z;z1,- -+ , zm) of degree d, say, where the coefficients cy,
are C-analytic on 'V, cq = 1 on' V and, for every (z1,-+- ,2m) € W, the poly-
nomial C(Z; z1,- -+ , z;m) is the greatest common divisor of A(Z; 21, -+ , zmm ) and
B(Z;z1, -+, 2m) in the sense of §6.1.

The first question is whether in this general setting two polynomials have a great-
est common divisor.

THEOREM 6.2.2 (Euclid’s Algorithm) Let polynomials

A(Z’ 21yt 7Zm) andB(Z;Zlv"' ,Zm)
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have degree p and q, respectively, where at least one of a, and b, is identically
equalto lonV.

Then there exists a polynomial C(Z; z1, - -+ , zym ) of degree r on' V and a C-analytic
function g, such that C' is the greatest common divisor of A and B on the set
W =V \G, where G = {(z1,*+ ,2m) : g(#1,+* , 2m) = 0} # V. Note that W
is a dense connected subset of V, by Proposition 5.4.2.

Suppose that a, = 1. Then there is a polynomial E(Z;z1,--- , zy) such that
A=CFEforall (Z;z, - ,2m) ECXV.Ifr =0thenC =10nV.

Proof. Let

Pr=A my=pand P, =B, mg=gq, ifp>gq,
Po=A mo=pand PP =B, m =gq, ifp<gq.
Suppose for j € N that P, 1 < k < j + 1, are given polynomials of degree my,

such that the coefficient of Z™* is g, # 0 and that my, is a non-increasing function
of k. Now let

QZs 21, y2m) = Z™ 74 gi(21, - 2m) Pjp1(Z5 21, -+, 2m)
79]'—0—1(21,"' 7Zm)Pj(Z;Zla"' 7Zm)'

The crucial observation is that, on the set

Wi ={(21,"-,2m) €V :gjr1(21, -+, 2m) # 0},

the greatest common divisor of P; and P;; is also the greatest common divisor
of @ and Pj;,. Obviously the degree of () is smaller than the degree of P;. If
the degree of () is not larger than that of P; 1 let Pj;o = (; otherwise rename
Pj11 as Pjyo and replace the old P;y; by (). This defines a set of polynomials
Py, -+, Pjyo withmy > my,o forall £ < j. Clearly this process terminates after
a finite number of steps when

0=gs1Py—gsZ™ "™+ Py, say, forsome J € N.

Hence, at every point (z1,- - ,2,,) € V at which the product ¢ = g1 - gj+1
of the highest order coefficients of the P; s is non-zero, c=r j+1/GJ+1 1s the
greatest common divisor of P, and P, . This defines g and consequently G in the
statement of the theorem. By definition, g # 0, and so G # V.

Now suppose that a, = 1. Then at every point (21, -, 2m,) € V' \ G the roots
of C(Z; 2, -+, zm,) form a subset of those of A(Z; 21, , z,,,) and are therefore
bounded when (z1, - - - , z,,) lies in a compact subset of V', by Proposition 6.1.1 (c).

Since the coefficients of C' are polynomial functions of the roots of C, it follows
that these coefficients are bounded on subsets of V' \ G that are compact in V.
Therefore, by the Riemann extension theorem 5.4.3, they have anal)Ltic extension
to all of V. We denote by C' the polynomial with the coefficients of C' extended to
V. To obtain the existence of E, note first that a polynomial E is defined on V/ \G
by writing A = C EonV \ G. The argument for extending Easa polynomial on
V is the same as that for C. O
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REMARKS 6.2.3 If A and B have coefficients that are real-on-real, then Euclid’s
algorithm obviously leads to a greatest common divisor C' and a polynomial E, both
of which are real-on-real.

Ifa, =1,by =1, and R(ag, - ,ap—1,1;b0, -+ ,bq—1,1) # 0 (in which case
it is non-zero on a connected open dense set in V'), we may take

g = R(ao, - ,ap_1,1;b0, -+ ,bg—1,1), =0 and ¢y = C = L.
If r > 1, then R(ag, -+ ,ap—1,1;b0, -+ ,bq—1,1) = 0. O

THEOREM 6.2.4 (Simplifying a Polynomial) Let A(Z; 21, - , zn) be a poly-
nomial of degree p with discriminant D(ag,--- ,ap—1,1) = 0 and a, = 1 on
V. Then there exists another polynomial E(Z;zy,- - , zm) of degree q, say, with
eq = lsuch that E(Z;z1,- - , zm) has the same roots as A(Z; z1,- -+ , Zm,), pos-
sibly with smaller multiplicities, and D(eq, - -+ ,€m—1,1) Z 00n V. (In particular,
for (z1,- -, zm) in an open dense connected subset W of V, E(Z; z1,- - , 2z ) has
no multiple roots.) If A is real-on-real, then so is E. (E is called the simplification

of A.)

Proof. For (z1,-+ ,zm) € V, the polynomial A(Z;z1,- -, z,,) has a multiple
root if and only if its discriminant is zero. It therefore suffices to let E be the
polynomial given by Euclid’s algorithm for which A = C'E where C is the greatest
common divisor of A and A’ on W, an open dense connected subset of V. An
appeal to Lemma 6.1.2 completes the proof. O

THEOREM 6.2.5 (Projection Lemma) Let A (Z; 21, -+ , zm) be a polynomial
of degree pwitha, = lonV andlet A;j(Z;z1,- -+ , zm) be a polynomial of degree
atmostp—1,2 < j <k Let

A={(z1,"+,2m) €V : there exists z € C
with Aj(z;21,-++ ,2m) =0forall j € {1,--- ,k}}

Then there exists a finite family {R,, : o € ¥} of analytic functions on' V' such that
A= {(217' e 7zm) eV: Ra(zla T 7Z'rn) =0foralla € E}
If the polynomials Aj are real-on-real, then the functions in A are real-on-real.

REMARK 6.2.6 It is worth noting that this result is false in the setting of real-
analytic functions. For example let m = 1 and V = (—¢,¢), k = 2, A;(X,21) =
X? — 7 and Ay = 0. Then p = 2 and A = [0, €) which is not the zero-set of any
real-analytic function defined on (—e, €), because of Lemma 4.3.9. O

Proof. For any to,--- ,t € C, let R(tg, -+ ,tx;21, - ,2m) denote the resul-
tant of two polynomials, A; and A; + Z?:z t;A;, of the same degree. Let the

coefficients of A; be denoted by ag, 1 < j <k, and in (6.2) let a; = a} and
b, = a; + 2?22 tjal. The resultant R may now be obtained from formula (4.2)
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for the determinant of the matrix (6.2) with these coefficients. By subtracting the
4" column from the p+ j ** column, the coefficients a; can be eliminated from the
right half of the matrix without changing its determinant and the non-zero entries
in the right half of the resulting matrix are all of the form Z?:z t; af . Therefore

R<t27"',tk;217"',zm): Z taRa(Zh"'»Zm)
aEN371
la|=p

where t = (to--- ,tx) and R,, : V' — C is analytic and independent of ¢.
Suppose that (21, - , zmm) € A. Then, for some z € C,

Aj(z,21, -+ ,2m) =0forallj € {1,--- ,k}.

Therefore, for all ¢5, - - - , tg, z is a common root of the polynomials A; and A; +

Z?:z t;A;. Therefore R(ta, - -+ ,tg; 21, zm) = Oforall (t2,--- ,t) € Cm~!

and so Ro (21, ,2y) = Oforalla € ¥ where X = {a € Ni 71 : |a| = p}.
Conversely, suppose (21, ,2m) € V and Ry(21,- -+ ,2m) = 0 for a € 3.

It follows that R(to,- -« ,tg; 21, ,2m) = 0 for (ta,--- ,tx) € CF~1. Therefore
the polynomials A; and A; + Z§:2 t;A; have a common root (possibly depending

on (tg,---ty)) for all (ta,--- ,t) € CF=1. Let (1,---, ¢y, v < p, be the distinct
roots of Ay (Z; 21, ,zm) and for 1 < ¢ < v let

k
Vi ={(ta, -+ tx) €CF1 Y 45A5(C 2, 2m) = 0

=2

Each Y; is a linear subspace of C¥~! and their union is C*~!. Hence Y;, = CF~!

for some 7y € {1,--- ,v} andso A;((iy; 21, ,2m) =0forall j € {1,--- ,k}.
It is clear from the construction that if the polynomials A; are real-on-real, then

the functions R,, are real-on-real. This completes the proof. O

6.3 NOTES ON SOURCES

The theory of polynomials with constant coefficients used here is extensively treated
in Van der Waerden’s classic [65]. The non-constant coefficient theory is to be
found in Mumford [45] and Narasimhan [46].
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Analytic Varieties

Once again the field F is either C or R. Let a € F™, n € N. Two subsets S and T’
of F™ are said to be equivalent at a if there is an open neighbourhood O of a such
that O NS = O N'T. We note that this is an equivalence relation on 2F" and write
S~ T.

The corresponding equivalence class, denoted by v,(S) for S C F", is called
the germ of S at a and if S € 7,(S) we say that S is a representative of 7,(S).
Since {a} NU = {a} and P N U =  for all open sets U containing a, we write
va({a}) = {a} and v,(0) = 0. If a ¢ S, 7,(S) = (). The finite unions, intersec-
tions and complements of germs of sets at a are defined by the same operations on
representatives. (It is easy to check that these are well-defined operations on germs,
and independent of the chosen representatives.)

7.1 F-ANALYTIC VARIETIES

DEFINITION 7.1.1 Suppose that U C F" is a non-empty open set and that G
denotes a finite collection of functions g : U — F which are F-analytic on U. Let

var (U,G) = {x € U : g(x) = 0forall g € G}.

This is called the F-analytic variety generated by G on U. If U C C™ and the
elements of G are real-on-real, we say that var (U, G) is real-on-real provided that
UNR™ £ 0.

A point © € var (U, G) is said to be m-regular if there is a neighbourhood O
of x in " such that O N var (U, G) is an F-analytic manifold of dimension m (see
Definition 4.5.5). Note that

var (U, G1) Nvar (U, G) = var (U, G1 U Ga)
var (U, G1) U var (U, Gg) = var (U, G3)

where Gs = {9192 : g; € G;, i =1, 2}.

The germ at a of an F-analytic variety is referred to as an F-analytic germ and
the germ of a real-on-real C-analytic variety in C" is called a real-on-real germ.
The set of all F-analytic germs at a € F™ is denoted by V,(F"). If a € V,(F"),
its dimension, dimp o, is the largest integer m such that every representative of o
contains an m-regular point (the point a itself need not be m-regular.) If no such
integer exists, we say that dimp oo = —1.
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REMARKS 7.1.2 For a € F*, F", {a} and @ are elements of V,(F") with
dimp @ = —1, dimp{a} = 0 and dimp 7, (F™) = n.

Theorem 6.2.5 says that vy (A) € Vo(C™).

If o, B € V,(F"), then both &« N B and a U 3 are in V,(F™), but in general

a\ B ¢ Va(F") O

LEMMA 7.1.3  Suppose that M C F" is an F-analytic manifold (Definition 4.5.5)
and a € M. Then vo(M) € V,(F"). Ifa € UNM and var (U, G) is an F-analytic
variety, there is an open neighbourhood W of a in M such that W \ var (U, G) is
either empty or dense in W.

Proof. First we show that v, (M) is in V, (F™). Without loss of generality suppose
that 0 = a € M and, in the notation of Definition 4.5.5, let Z; = range df[0],
F* = Z{ & Zs, and write

f(x) = fi(z) + fa(x) € Z1 ® Zy, x €Uy CF™,

where Uy is a neighbourhood of 0 € F™. By hypothesis, df[0] has rank m and
df1[0] : F™ — Z is a bijection. By the analytic inverse function theorem 4.5.3, Uy
in Definition 4.5.5 can be chosen so that f;, from Uy C F™ onto a neighbourhood
Wo of f1(0) = 0 € Zy, is a bijection with an analytic inverse. Now {f(z) : z €
Uy} is a representative of o(M) in F™ and

{f(x):z e Up} = {(fi(z), fo(x)) : z € Uy}
={(y. fao fi '(y) 1 y € Wo}
={(y,2) EWo X Za:z— fao fi '(y) =0}

Since fy o f; ! is analytic this shows that yo(M) € Vo (F™).

Now suppose that var (U, ) is an F-analytic variety in F™, let 0 € M and let
Uy as above. Suppose that B C U is a ball centred at 0 € F™™ and let W = f(B).
Then 0 € W, which is a relatively open connected subset of M.

Suppose that W'\ var (U, &) is not dense in W. Then there is an open set Wcw
such that W C var (U, G). Let B= f~'(W). Thengo f =0 on B forall g € G.
Hence go f = 0 on B for all g € G, by Theorem 4.3.9. Hence W C var (U, G), in
other words, W \ var (U, G) is empty. This proves the result. O

LEMMA 7.1.4 Let var (U,G) be an F-analytic variety in F* and M C U a

connected F-analytic manifold such that M N var (U, G) has non-empty interior
relative to M. Then M C var (U, G).

Proof. Let N° denote the relative interior in M of N = M N var(U,G). By
definition, N° is open in M, and non-empty by hypothesis. Suppose that = belongs
to the boundary in M of N°. By Lemma 7.1.3 there is an open neighbourhood W
of z in M such that W\ var (U, G) is either empty or dense in W. Now W N N° #£
() since x is on the boundary of N° and, since N° C M N var (U, G) is open,
W\ var (U, G) is not dense in W. Hence it is empty, which implies that z € N°.
Thus N? is closed in M. By connectedness, N° = M and M C var (U,G). O
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DEFINITION 7.1.5 A germ o € V,(F™) is said to be irreducible if « = oy U ag
for germs a1, ag € V,(F™) implies that & = a or @ = Qa.

For example, () and {a} and are irreducible elements of V, (F").

LEMMA 7.1.6 If M is an m-dimensional F-analytic manifold and a € M, then
Ya(M) € Vo (F™) is irreducible.

Proof. By Lemma 7.1.3, v, (M) € V,(F"). To see that it is irreducible suppose
that £y and Fs are F-analytic varieties in IF” such that

’ya(M) = ’Va(El U E2) and ’ya(El) a ’Ya(M) e ’Ya(E2)'

It follows also from Lemma 7.1.3 that for ¢ = 1, 2 there exists an open neighbour-
hood W of @ in M such that (M \ E;) "W is either empty or dense in W. Note M
and F4 U E5 coincide in a neighbourhood U of a in F™. Hence if (M \ E1) N W is
empty, it follows that E5 C E; in a neighbourhood of a and that -y, (M) = v, (E1),
which is assumed to be false. If (M \ E2) N W is empty we reach a similar contra-
diction.

Therefore (M \ E;) N W is dense, i = 1, 2 and so (M \ (E; U E3)) N W is
dense in V. But this contradicts the fact that v, (M) = ~,(E1 U E3) and proves
that 7, (M) is an irreducible germ. O

We will see another important example of irreducible germs in Lemma 7.2.9. The
most elementary non-trivial example of an analytic variety is one which is defined
as the zeros in an open set U C F™*, n > 2, of a single F-analytic function f : U —
F. Suppose, without loss of generality, that 0 € U, that f(0) = 0 and that f % 0 on
U. Then the Weierstrass preparation theorem 5.3.1 gives that there exists a choice
of coordinates (z1,- - ,2,) € F*, r > 0 and an open set V' C Fr—1 containing 0
such that, with Uy = V x B,.(F),

var (U(), {f}) = var (U(), {h}),

h(xlv e ,zn) = A(zn;xla T 7xn—1),
where A(X; 21, ,x,—1) is a polynomial with coefficients that are analytic func-
tions of (z1,- -+ ,xp—1) € V of the form

A(X51,- -+ 20 1)
q—1
=X+ Za’k(xlv"' axn—l)Xk7 (.’17]_,"' ,l‘n_l) € ‘/’
k=0

with ax(0) = 0,0 < k < ¢ — 1. Since real polynomials need not have real roots,
we need special structure to take this idea any further when ' = R. However when
F = C polynomials do have roots in C and we have the following.

THEOREM 7.1.7 When F = C the polynomial A above can be chosen with the
following additional properties:
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(a) Its discriminant (see (6.3)) D = D(ag, - ,a4-1,1) Z0o0n V.

(b) Every point of var (Ug, {f})\ (var (V,{D}) x C) is an (n— 1)-regular point
of var (Uo, {f}).

(¢) dimc o =n — 1 where a is the germ of var (U, { f}).
(d) If f is real-on-real, then A is real-on-real.

Proof. (a) We simplify the polynomial obtained from the Weierstrass preparation
theorem using Theorem 6.2.4. This may change the value of ¢ and the coefficients
ay, but we retain the original notation for the simplified polynomial. Since, after
simplification, A(Z; z1,- - - , z,—1) has no multiple zeros for (21, -+ ,2,—1) in an
open dense connected subset of V' (see Proposition 5.4.2), this proves (a).

(b) Since, for every (21, ,z,) € var (Uo, {f}) \ var (V. {D})), Z = z, is
a simple zero of A(Z; z1,--- , z,—1), the analytic implicit function theorem 4.5.4
gives (b).

(c) Since a(0) = 0 and ay is continuous on V, 0 < k < ¢ — 1, we know
from Proposition 5.4.2 and Proposition 6.1.1 that there are points of var (Ug, {h})\
(var (V,{D}) x C) arbitrarily close to zero. Therefore there are (n — 1)-regular
points of var (Uy, { f}) arbitrarily close to 0. Thus dim¢ oo = n — 1.

(d) This is guaranteed by the Weierstrass preparation theorem 5.3.1 and Theorem
6.2.4. O

REMARK 7.1.8 Of course, yo(var (U, {f})) = ~vo(var (Up,{f})). O

Now we will develop the ideas involved in the proof of this result to obtain some-
thing much more general.

7.2 WEIERSTRASS ANALYTIC VARIETIES

Throughout F = C, m € Ny and, form € N, V. C C™ is given by
V={(z1,"",2m) €EC™: |z| <8, 1 <k <m}.
In the case m = 0, V = {0}.

DEFINITION 7.2.1 When m € N, a Weierstrass polynomial on V' is a polyno-
mial A(Z; 21, yzm), (21, , 2m) € V, of the form

-1
Z”erZak(zl,m c2m)ZF, pEN, (7.1)
k=0
where
ap(0) =--- =ap—1(0) =0and D(ao,--- ,ap—1,1) #0on V.
(By Proposition 5.4.2, D(ag, - - - ,ap—1, 1) # 0 on a connected, open, dense subset

of V.) When m = 0 Weierstrass polynomials are of the form ZP?, p € N.
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REMARK 7.2.2 Suppose that the coefficients a; in a polynomial of the form
(7.1) vanish at 0 € V and the discriminant is identically zero on V. Then its sim-
plification, Theorem 6.2.4, is a Weierstrass polynomial on V. (All its coefficients,
apart from the principal coefficient, are zero at 0 € V')

If A, B are Weierstrass polynomials on V' and C is any (non-constant in Z)

polynomial on V' with AC' = B, then C' is a Weierstrass polynomial. O
Let n > m € Ny and consider a family {A,, 1, -, A, } of Weierstrass poly-
nomials on V. Foreachk € {m +1,--- ,n} let
hk:(217 e 7277,) = Ak-(Zk;, 21, 7Zm)'

Let H denote the family of n — m functions hj, defined in this way. (Each hy € H
is a polynomial in z; with coefficients that are analytic functions on V' C C™.
Thus hy, is independent of all z; for j € {m +1,--- ,n} \ {k}.)

DEFINITION 7.2.3 A Weierstrass analytic variety is a set in C™ of the form
var (V xCr~—™ H ) 0 < m < n. For our purposes, a Weierstrass analytic variety
is identified with the set H of Weierstrass analytic polynomials which define it and,
if m € N, its discriminant D(H) : V' — C is the product of the discriminants of
the polynomials Ay, used in the definition.

For m € N, the branches of a Weierstrass analytic variety var (V x Cn=m, H)
are the components of

var (V x C*™"™ H) \ (var(V,D(H)) x C"~™).

REMARKS 7.2.4 All points on a branch of a Weierstrass analytic variety var (V X
cr—m™ H ), forn € Nand 0 < m < n, are m-regular because, by the analytic
implicit function theorem 4.5.4, in a neighbourhood of such a point each of the co-
ordinates z,, 41, - , 2, depends locally analytically on (21, - ,2,) € V. Thus
each branch is a connected C-analytic manifold of dimension m and by Proposition
5.4.2 it projects onto the connected set V' \ var (V, {D(H)}). But it is not possible
in general to define any one of the coordinates z,,+1, - , 2, as an analytic func-
tion on V' \ var (V, { D(H)}) when the latter set is multiply connected. In the proof
of Corollary 7.4.4 we will see that E = var (V xCr—™ H ) contains no manifold
of dimension strictly greater that m and hence dim¢ vo(E) = m.

When m = 0, the only Weierstrass analytic variety in C™ is {0} since all Weier-
strass polynomials are of the form ZP, p € N. O

The following are a few elementary examples.

EXAMPLES 7.2.5 In Definition 7.2.1 withm = 1, n = 2 and V = C, the poly-
nomial A(Z;21) = Z 2 — 21, z1 € C, defines a Weierstrass analytic variety which
has exactly one branch, B = {(z1, 22) : 23 = z1, 21 # 0}. This illustrates both
that a branch is connected, but not in general simply connected, and that “above”
each point of V' there is usually more than one point of B. Note also that A is
real-on-real and B N R? is a real parabola with the origin removed.
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Let E = var (C x C,{h}), h(21,22) = A(29;21) and A(Z; 2) = Z? + 22. Note
that D({h}) is zero only at 0 € C, that F has two branches, By = {(z, £iz) : z €
C} and that neither of them is closed under complex conjugation even though E is
real-on-real. The next result addresses this issue. |

LEMMA 7.2.6 Suppose that B is a branch of a real-on-real C-analytic variety
var (V x C"~™ H) and that B NR" # (. Then

B* ::{(Ela"' azn):(zla"' 7Zn)€B}:B

Proof. Since functions in [ have Taylor expansions at 0 with real coefficients and
B is a maximal connected set (in (V' \ var (V,{D(H)})) x C"~™) of solutions
of the equations h = 0, h € H, the set B* is a maximal in the same sense. By
hypothesis, B N B* # (). Hence B* = B and the result is proved. O

The next result shows that the closure of a branch is an analytic variety in a neigh-
bourhood of 0, even though the branch, itself a manifold, need not be. For a branch
B’

B denotes BN (V x C"~™), the relative closure of Bin V x C"~".

By Proposition 5.4.2, a Weierstrass analytic variety is the union of the closures (in
this sense) of its branches.

THEOREM 7.2.7 Suppose that B is a branch of a Weierstrass analytic variety
E = var (V x C* "™, H) with discriminant D = D(H). Then

B=var(VxC" ™ Q)

for some finite collection of analytic functions g : V- x C"~™ — C.

Suppose in addition that H is real-on-real and B N R™ # (. Then G is real-on-
real, B is a real-on-real C-analytic variety and B N R™ is an R-analytic variety
with dimg 7o (R™ N B) = m.

Proof. Let& = (21, ,2m) € V \ var(V,{D}). Then there are K, say, points
of B above £. In other words, there are K elements (;(§) € C™™, such that
(£,¢i(§)) € B,1 < j < K. By Remarks 7.2.4 the dependence of (;(€) on & is
C-analytic locally and therefore, by connectedness, K is independent of £ € V' \
var (V,{D}). Note also that (¢, ¢) € Bifandonlyif, forall o = (041, - ,0n) €
Cnfm

K

[Ile.¢-¢©)=o.

j=1

Since this product, as a function of (£,¢) € (V' \ var(V,{D})) x C"~™, is in-
dependent of permutations of j € {1,2,--- , K}, it is a continuous single-valued
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function of (&,¢) € (V' \ var (V,{D})) x C"~™ and therefore is C-analytic there.
Therefore

K
[T(e¢-¢G©)= > 5(&9Q), (72)
Jj=1 geNgT™

lo|=K

where the functions §, are analytic on (V' \ var (V, {D})) x C"~™. Moreover, for
€€V \var (V, (D)),

(21, 2n) = (€,€) € Bif and only if Gy (21, , ) = 0

forallo € N7 with |o| = K
Finally observe that, for all compact sets W C V,

sup{[¢;(£)| : £ € W\ var (V,{D}), 1 <j < K} < o0.

Therefore g, is bounded on (W x C™~™) \ var (V' x C" ™ {D}) and, by the
Riemann extension theorem 5.4.3, can be extended as an analytic function g, on
all of V- x C"~™. To complete the proof of the first part let G = {g, : 0 €
Ng™™, |o| = K} and recall that V' \ var (V, {D}) is open, dense and connected in
v

Now suppose that H is real-on-real and BNR"™ = (). From the implicit function
theorem 3.5.4 with F = R, B N R™ is an R-analytic manifold of dimension m. By
Lemma 7.2.6, for each j, {;(§) = (x(§) for some k. Therefore the left side of (7.2)
is real when g, £ and ( are real vectors. Therefore g, (&, () is real when £ and ¢
are real vectors. This shows that GG is real-on-real. Therefore E is a real-on-real
C-analytic variety and dimg B N R" = m. O

REMARK 7.2.8 Suppose that m = n — 1 in the preceding theorem. From (7.2)
it follows that G has only one element, g say, where g is a polynomial in z,, with
coefficients analytic on V/, its principal coefficient is 1, all the others vanish at
0 € V and its discriminant is not identically zero. Therefore in Theorem 7.2.7
B = var (V x C"!, ) is a Weierstrass analytic variety on V.

The following example of a Weierstrass analytic variety in C3 with m = n — 2
shows that this observation may be false when m # n — 1. Let V = C and let
E = var (V x C% {h, k}) where

3

h(z,y) =y* —a®, k(z,z)=2"—2% (x,y,2) €C

Note that E has two branches B,
By = var (V x C% {h, k,1F}), where [T = yz + 23, (z,y,2) € C3.  (7.3)

We now show that neither is a Weierstrass analytic variety on V. Suppose that this
is false and that B_ is a Weierstrass analytic variety defined by

— q—1
Y+ Y Ar(z)yt =0and 2/ + ) Bi(x)2! =0, (7.4)
= =0
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where the discriminant of the polynomials is non-zero almost everywhere. There-
fore, for almost all = in a neighbourhood of 0 in C, there are exactly pq solutions of
(7.4). However, for the same x there are two points (z,y, z) on B_. Hence pq = 2.
Suppose p = 1 and ¢ = 2. Then the system

y = Ag(x) and 22 = By (z)z + Bo(x)

is equivalent to (7.3) with a minus sign. But this is false since (7.3) does not deter-
mine y as a function of . A similar contradiction is reached if ¢ = 1 and p = 2,
and for B. O

We have seen in Definition 7.2.3, Remark 7.2.4 and Lemma 7.1.6 that v,(B) is
irreducible when a € B and B is a branch of a Weierstrass analytic variety. More
is true.

LEMMA 7.2.9 Let B be a branch of a Weierstrass analytic variety var (V x
C"=™, H). Then vo(B) € Vo(C") is irreducible.

Proof. The case m = 0 is trivial since B = {0}. Suppose m € N. Suppose that
Y0(B) = a1 Uag, ai, as € Vo(C"). Let Ey, E5 be analytic varieties, defined in a
neighbourhood of 0 € C™, which represents «; and ao. Then there exists an open
set O in C™ with 0 € O such that BN O = O N (E; U Ey).

Now for any z € BN O, v,(B) € V(C") is irreducible, by Lemma 7.1.6.
Therefore for every point z € BNO there is an open set O, in C" with O,NB C E;
or O, N B C Es. Since B is a connected analytic manifold it follows from Lemma
7.14 that B C Ey or B C E5. Since E; isclosedin V x C* ™, B C E; or
B C Es. Hence 70(B) = v0(E1) = a1 or %(B) = 70(E2) = az, and yo(B) is
irreducible. This completes the proof. O

In Remark 7.2.8, the Weierstrass analytic variety E is defined in terms of Weier-
strass polynomials h, k neither of which is the product of two Weierstrass polyno-
mials on V, yet E is not irreducible. The following shows that this does not happen
whenm =n — 1.

LEMMA 7.2.10 Let E denote a Weierstrass analytic variety
var (V x C, {h})v h(zla s ,Zn) = A(zn; FARR 7Zn71)‘

Then ~o(FE) is irreducible if and only if A is not the product of two Weierstrass
polynomials on V.

Proof. Suppose that v (E) is not irreducible. By Lemma 7.2.9, E has at least two
branches and by Remark 7.2.8 the closure of each of these branches is a Weierstrass
analytic variety. Suppose one such branch B has closure defined by a Weierstrass
polynomial A on V, where A and A are distinct t polynomials on V. Then the great-
est common divisor of A and A is A and A = AF for some non-trivial Weierstrass
polynomial E on V (see the last sentence of Remark 7.2.2). Therefore A is the
product of two Weierstrass polynomials.
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When A is the product A; As of two Weierstrass polynomials, it is easy to see
that yo (E) = v0(E1) Uvo(E2), where E; are the varieties defined using A;. Since
A is a Weierstrass polynomial, A; # As and therefore vo(FE) is not irreducible.
This completes the proof. U

7.3 ANALYTIC GERMS AND SUBSPACES

Suppose that « is a C-analytic germ at a with y,(C™) # «. Suppose that var (U, G)
is a representative of . Then there is at least one C-analytic function g € G, such
that g # 0 on U. Hence there is a complex line segment L through a in U such that
g # 0 on L. Since g restricted to L is a complex-analytic function of one complex
variable, its zeros are isolated. This shows that there exists a one-dimensional
complex linear space Y such that y,(a +Y) N = {a}.

For the case of real-on-real varieties var (U, G), suppose that 0 € U and that
g € G is real-on-real. Then the coefficients in the Taylor expansion of g at 0 are all
real and not all zero. Hence there exists a real linear space Y = {tb : t € R}, for
some b € R™, such that 7o (Y) N o = {0}. Moreover, g is not identically zero on
the complex linear space T = {zb : z € C} and hence o (T") N o = {0}. We will
say that a complex linear subspace T of C” is a complexified subspace if it has a
real basis (see Remark 5.1.2). Equivalently 7" is complexified if it is closed under
complex conjugation of the coordinates of its vectors with respect to the standard
real basis. Clearly T = {zb : z € C}, b € R", is a complexified space of one
complex dimension. Any complexified subspace Z; of C™ has a (in fact many)
complementary complexified subspace Z5 of C™ such that C" = Z; @& Zs. This
ensures that the choice of basis in the last part of the next lemma is possible.

LEMMA 7.3.1 Suppose that « € Vo(C™), n > 2, and Y is a linear subspace of
C™ such that o« N vy (Y') = {0}. Choose a basis of C™ such that

Y = {(07 e 707 Zm+41,""" 72’”) : (Zm+17 e 7zn) S Cnim} (75)
and let P denote the projection onto C™ given by first m coordinates, so that
P(E) ={(21,-- ,2m) : (21,---2a) € E}, (7.6)

where E is a representative of a. Then vo(P(E)) € V(C™).
If Y is a complexified subspace, « is real-on-real and we choose a real basis of
C™ such that (7.5) holds. Then o (P(E)) is real-on-real.

Proof. The casesm =0 (o« = v(C"),Y ={0pand m = n (a« = {0}, Y =C™)
are trivial and we suppose throughout that 0 < m < n. In the coordinates (7.5), let
o =g (var (W x Bs(C)),{g1,-- ,9}), v € N, for a small positive § where

W={(21,-++,2n-1) €EC" 1 i |z;] <6, 1 <j<n—1}.
Since

{(03 ,O,Z) EC“ZGC}CY&Hd’Y@(Y)ﬂa:{O}7
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9x(0,---,0,2,) # 0 for some k when z, € Bs(C). Relabelling {g1,---,9,} if
necessary, suppose that £ = 1. By the Weierstrass preparation theorem 5.3.1, there
is no loss of generality in supposing that ¢; is given by a polynomial A; of the form
5.D.

If A; has degree p, say, then, by the Weierstrass division theorem 5.2.1, we may
suppose without loss of generality that each of the other gy, £ > 2, in the definition
of «, has the form

gk(Zl,"' azn) = Ak‘(zn;zla"' 7Zn—1)

where Ap(Z; 21, - ,2n—1) is a polynomial on W of degree at most p — 1. Thus
var (W xB;(C),{g1,--- , g, }) is arepresentative of o and the family {g1,--- , g, }
of analytic functions satisfies the hypotheses of the projection lemma, Theorem
6.2.5.

Therefore the projection of var (W x Bs(C), {g1,--- , g, }) onto C*~! x {0} is
an analytic variety in C" 1. Let 3 € 40(C"~1) denote its germ and let

Y = {(0, 0, Zmg1, o 7Zn—1) . (Zm+1,"' aZn—l) c (Cnfmfl}'

Since e N0 (Y) = {0} in C™, 4o(Y) N B = {0} in C*~'. We can now repeat the
argument n. — m times to prove the first part of the lemma.

In the case when Y is a complexified subspace, choose a real basis for C™ such
that (7.5) holds. Then the projection lemma at each step gives a real-on-real variety.
This completes the proof. O

LEMMA 7.3.2  LetY be a linear subspace which is maximal with respect to o €
Vo(C™) in the sense that for any linear subspace Y of C™

Y (Y)Na={0}yandY #Y CY implies that vo(Y) N # {0}. 7.7

Letn >2,m=n—dimY € {1,--- ,n — 1}, and choose coordinates (1.5). Let
E be any representative of a. Then vo(P(E)) = v(C™), where P(E) is defined
in (7.6).

Proof. We have seen in the previous lemma that P(F) is an analytic variety in C™.

Suppose that at 0 its germ 3 # 7o (C™ ). Then there exists a non-trivial linear space
L C C™ such that 3N (L) = {0}. LetY = L x Y. Then v(Y) N 04*{0}
which violates the maximality of Y. This proves the lemma.

This is false for real analytic germs as the real germ of {(z,y) € R? : y — 2% = 0}
illustrates.

LEMMA 7.3.3 Suppose that « € Vo(C") is real-on-real, n > 2, and T is a
complexified subspace of C" such that o N vo(T') = {0}. Suppose that T is a
maximal complexified subspace in the sense that if T is a complexified space then

Yo(T)Na = {0} and T C T # T implies that vo(T) N« # {0}. (7.8)
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With respect to a real basis such that
T={00,,0,zma1, " »2n) : (Zme1, -+ ,2,) €C"} (7.9)
Y0(P(E)) = 7(C™).

Proof. We have seen in Lemma 7.3.1 that in this case P(FE) is a real-on-real ana-
lytic variety in C™. Suppose that its germ at 0, 5 # ~o(C™). Then, by the remarks
at the beginning of the section, there exists a non-trivial complexified subspace
L c C™ such that 8 N ~o(L) = {0}. Let T = L x T. Then vo(T) N = {0}
which violates the maximality of T". This proves the lemma. O

EXAMPLE 7.3.4 The following is an illustration of (7.7) and (7.8). Let g, h :
C* — C be defined by

g(w7 x’y7 Z) = y2 + 227 h(w7x7 y’ Z) = x’ (w7$7 y’ Z) E (C4.
Then E is real-on-real and E N R* = spang{(1,0,0,0)} where
E = var (C* {g,h}) = {(w,0,y,2) € C* : y* + 2* = 0},

and o N ({0} x R?) = {0}, where o = ~o(E). However the three-dimensional
complexified space T = {0} x C? is not maximal in the sense of (7.8); it is too big.
It is easy to see that each of the two-dimensional complexified spaces {0} x C x
{0} x Cand {0} x C x C x {0} are maximal in the sense of (7.7) and (7.8). O

7.4 GERMS OF C-ANALYTIC VARIETIES

We are now in a position to show that if « is a C-analytic germ at 0 there exists
a Weierstrass analytic variety F, a subset C' and a branch B of E such that o =
Y(C) and yo(B) C a.

Suppose that a € Vo(C™). If n = 1 then a € {0,{0},70(C)}. If {0} C a but
o ¢ {{0}, 7(C™)} then n > 2. Moreover, since o # 7o(C"), §7.3 ensures the
existence of a non-trivial linear subspace Y of C" such that

70(Y)na = {0} (7.10)
and, since « # {0}, we infer that Y # C”. Let Y be such a linear subspace, n > 2,
m=n—dimY € {1,--- ,n—1} (7.11)

and choose coordinates such that
Y ={00,---,0,2mt1, " ,2n) : (Zmt1,- " ,2n) ECPTH (7.12)

THEOREM 7.4.1 Let v € Vo(C™) \ {{0},70(C™)}, n > 2, and choose coor-
dinates such that (7.10), (7.11) and (7.12) hold. Then there exists a Weierstrass
analytic variety var (V x Cn—m H), 1 < 'm < n, such that

o Co(var (V x C*™™, H)).
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Proof. As in the proof of Lemma 7.3.1, the Weierstrass preparation 5.3.1 and di-
vision 5.2.1 theorems, and Proposition 6.2.4 can be used to reduce the problem to
the case when o = g (var(W x C, G)), where G = {¢g1, - , 9.}, v € N, and

91(217“' 7ZTL)

=2 +ap_1(z1, - ,anl)zg_l + - Faop(z1, 5 Zn—1),

a;(0)=0, 0<j<p—1, D(g1)Z0onW,

and each gy, k > 2, is a polynomial in the same variable z,,, with coefficients that
are C-analytic functions of the other variables; ¢; is the only polynomial in G with
highest degree p.

First let v = 1 and G = {g¢1} where 2 < n € N is arbitrary. Since g; is a
Weierstrass polynomial in z,,, Proposition 6.1.1 gives that

o= ’YO({(Zla"' 7Zn—1) S Cn71
: (217. .. ;Zn> S Var(W x C, {gl}>}> — ’Y()((C"_l)_

By (7.10) and (7.12), m = n — 1 and the theorem holds with H = {g;} and
V = W. (In fact we get & = g (Var (V xC, H)) in this case.)

For the general case when G = {g1,--- , g, } we argue by induction on n > 2.
The inductive hypothesis is that for all n > 3 and all & € Vy(C"), 2 < A < n, the
conclusion of the theorem holds with m, n, Y replaced with m, n, Y satisfying

wY)na={0}, A>2m=n—dimY e{l,---,a—1}
(07 7Oazﬁ1+17"' ;Zﬁ) . (z'r”n+17"' 7Zﬁ) E(Cﬁ_’m}.

This hypothesis has been verified when n = 3 because then 7 = 2, m = 1. We no
longer need to consider the case o = g (var (W x C, {gl}). So suppose n > 3
and, for some v > 2,

a = (var(W x C,{g1, - ,9.})),

where the set G = {g1,--- , g, } satisfies the hypotheses of the projection lemma,
Theorem 6.2.5. Let & = 70(.A), where A C W C C"~! denotes the set given by
the projection lemma, and note that & € Vo(C"~!) by Remark 7.1.2.

Suppose that & = {0}. Then in a sufficiently small neighbourhood of the origin
in C™,

(21, ,2n) € var (W x C,G) only if 22 = ¢1(0,0,--- ,z,) = 0.

It now follows that « = {0} which contradicts the hypothesis of the theorem.
Hence & # {0}. Now suppose that & = ~o(C"~1). It follows from (7.10) and

(7.12)thatn — 1 =m. Let H = {¢g1}, V = W. Since o C 7p(var(V x C, H)),
the theorem holds in this case.
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Finally we come to the case & ¢ {{0},70(C""*)},n >3, m <n—1.Let

Y:{(zlv"'7Zn—1):21:"':Z7n:O}7

where m is defined in (7.10) and (7.12). It follows from the definition of A and
(7.12) that vo(Y) N'& = {0}. With 2 = n — 1, 7 = m, the inductive hypothesis
gives that the theorem holds in C"~ 1, n > 3. Thus, in the same coordinates, there

exists (a possibly smaller) § > 0, a set
V=A{(z1,"",2m) €C™: |z1], -, |zm| <},

and a collection H = {A7,L+17 e ,121”_1} of Weierstrass polynomials on V' with
discriminant D = D(H) not identically zero and

Yo(A) C 7oV x C*™1 ).
Let
T(Zl, - 7z;m) = {(2m+17 - 727171) C cn—m-1.

Aj(3pi21, 0 2m) =0, m+1<j<n—1}.

Since D # 0, the dependence of the 2,1 on (21, -+ ,2m,m) € V \ var (V, 15), an
open, dense, connected subset of V, is locally C-analytic, by the analytic implicit
function theorem 4.5.4. Now define a polynomial on V' \ var (V, D) by

An(Z; 21y 7Zm)
= H A Z5z1, 3 Zmy Bl 5 Zne1)-

(2m+17”' ,2”,1)
EY (21, y2m)

By choosing a smaller value of ¢§ in the definition of V' if necessary we see that the
coefficients of fln are bounded and hence, by the Riemann extension theorem 5.4.3,
can be extended as C-analytic functions to all of V. Note that in A,, the coefficient
of the highest power of Z is 1 and that all the other coefficients vanish at 0 € V.
After simplification (Remark 7.2.2) A,, becomes a Weierstrass polynomial on V.

Let H = H U {A,}, a collection of n — m Weierstrass polynomials on V. Let

D(z1,- - , zm) denote the product of their discriminants, which is non-zero on an
open dense connected subset of V.
Now var (V x C*"~™, H) is a Weierstrass analytic variety. Suppose (21, , zn)

belongs to a representative of « in a sufficiently small neighbourhood of 0. Then
(21,0, 2n—1) €A, (21,7 ,2m) €V,
(Zm-&-la R 7Zn—1) c T(Z1, R 7Zm),
g1(z1,- ,2n) = 0.
Thus
o C yo(var (V x C*™™, H)).

This completes the proof. o
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THEOREM 7.4.2 Let « = ~o(FE) in the preceding theorem and with P as in
Lemma 7.3.1 suppose vo(P(E)) = v0(C™). Then vo(B) C « for some branch B
of the Weierstrass analytic variety var (V x C*~™ H) in Theorem 7.4.1.

Proof. Without loss of generality suppose that E = var (V x C™~" @), where G
is a finite collection of analytic functions and V' x C™~"" is as in Theorem 7.4.1.
With H as in the conclusion of this theorem, let O C V' \ var (V,(D(H))) be a
non-empty open ball on which the discriminant D(H) is nowhere zero. For any
& € O, we may write

({&r xCm ™) Nvar (V x C*7™ H) = {(£,;(8)) : 1 < j < p},

where p is the product of the degrees of the Weierstrass analytic polynomials in f,
and the ; are analytic functions from O into C"~™, as in Remark 7.2.4. According
to Lemma 7.1.3, every openset O; = {{ € O : (§,(;(§)) ¢ E} is either empty or
dense in O. However, by hypothesis, ﬂ?lej is empty. Therefore at least one of

these sets, O;,, is empty. In other words the analytic manifold

Mjo = {(gagjo(g)) €€ Ojo}

isa subset of . By Lemma 7.1.4, (B NV x (Cnfm)) C FE, where B is the branch
which contains M, and the proof is complete. O

COROLLARY 7.4.3  From the maximality hypotheses of Lemmas 7.3.2 and 7.3.3,
the conclusion on Theorem 7.4.2 holds.

Proof. This follows by combining the lemmas and the theorem cited. O

COROLLARY 7.4.4 (Dimension of «) (a) Suppose n > 2, the hypotheses of

Lemma 7.3.2 hold, and consequently, in the notation of Theorem 7.4.2,
Y(B) C a C yo(var (V x C*™™, H)). (7.13)

Also, var (V x Cr—™ H ) contains no manifold of dimension larger than m =
dimc¢ «, and

n—m =max{dimY : v (Y)Na = {0}, Y C C"a linear space}. (7.14)

The right hand side of (7.14) is called the codimension of the analytic germ o.

Moreover var (V x C*~™ H U {D(H)}) contains no manifold of dimension
equal to or greater that m.

(b) If the hypotheses of Lemma 7.3.3 hold and m is defined there instead, then
m = dim¢ « and the conclusion of part (a) is valid. In this case the dimension of
« is equal to m whether defined in terms of maximal complex subspaces as in part
(a), or of maximal complexified spaces as in part (b).
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Proof. 1t is clear from (7.13) that dim¢ B = m < dimc «. If D(H) is nowhere
zero, or zero only at 0 € V/, it is easy to see that £ = var (V x C"~™, H) contains
no manifold of dimension larger than m and hence dim¢c @ = m. Suppose that
{0} C yo(var (V,{D(H)})) ¢ {{0},7(C™)} and let N be a manifold of dimen-
sion strictly greater than m which is a subset of E. If z € B N N for some branch
B then a neighbourhood of z in NV is a subset of a neighbourhood of x in B, which
is impossible since B is an m-dimensional manifold. Therefore B N N = () for all
branches B of E. In other words N C var (V x C*~™ H U D(H)).

Let P;(&) denote the j " coordinate of ¢ € C™ or C™. Then P; is an analytic
function and §7.3 gives the existence of coordinates on V' such that

WO(K{D(H)MPD amel}) = {0}7
so that

Yo (var (V x C"™™ HU {D(H)})> N(Y) = {0}
where

Y:{(zlr",Zn)EC":m:"':Zm_l:O},

Therefore Theorem 7.4.1 yields the existence of a Weierstrass analytic variety
var (V x C"~™ H)), m < m, such that

N Cvar (V xC*™ HU{D(H)}) C var (V x C"™™ H).

Repeated finitely often we find that this holds with m = 1, which is impossible.
Hence var (V' x C"~™, H) contains no analytic manifold of dimension larger than
m, dimc o = m and var(V x C"~™, H U {D(H)}) contains no manifold of
dimension m or more. That (7.14) holds follows from Corollary 7.4.3.

The proof of (b) is the same once Lemma 7.3.3 is taken into account. ]

Now we improve slightly on the observation in Lemma 7.2.9 that o (B) is irre-
ducible when B is a branch of a Weierstrass analytic variety.

LEMMA 7.4.5 Let B be a branch of a Weierstrass analytic variety
var (V' x C*~™ H) and suppose that o« € Vo(C™) is such that vo(B) # a C

Yo(B). Then dim¢ o < m.

Proof. Suppose that 7o(B) # a C yo(B), and let E = var (U,G) C BN (V x
C"~™), where U is an open set with B U {0} C U and such that & = ~¢(E). Let
D(H) denote the discriminant of H on V" and suppose that dim¢ o > m. We will
infer that yo(B) = a, a contradiction which will prove the lemma.

Define an analytic manifold M C E as consisting of all (dim¢ «/)-regular points
of E. If M C var(V x C*~™, HU{D(H)}), then dim¢ o < dim¢c B = m, by
Lemma 7.4.4. Since this is false, by assumption, M N B # () and dim¢c o =
dimc M = m. Therefore there exists a point z € M N B which has a neighbour-
hood O, in B which is a subset of M. From Lemma 7.1.4 and the fact that B is
connected it follows that B C E. This contradiction proves the result. U
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COROLLARY 7.4.6 Suppose that m = 1 in Theorem 7.4.1. Then

a =0 ({0} Uso(B)Ca B),

where the union is over all branches B of var (V x C"~1 H) with germ contained
in o.

Proof. Since m =1, V C C and there is no loss of generality in assuming that the
discriminant D(H)) is non-zero on V'\ {0} and that B = BU{0} for all branches B.
Now suppose that B is a branch of var (V x C"~!, H) such that a N vo(B) # {0}
and that 7o(B) ¢ a. Then vo(B) ¢ a and o N vo(B) is an analytic germ in C™
with

Y0(B) # aNo(B) C yo(B).

Therefore, by Lemma 7.4.5, dim¢ ( N y9(B)) = 0. Hence v N vo(B) = {0}.
Since this is false we conclude that vo(B) C « for every branch B of var (V x
C, H) with vo(B) N« ¢ {0}. This proves the corollary. O
We are now in a position to say something, but not everything, about the structure
of C-analytic varieties. The following extension of the preceding corollary is more
than sufficient for our purposes.

THEOREM 7.4.7 (A Structure Theorem) Let n > 2 and o € Vo(C™) \ {0} be
such that {0} C a # vo(C™). Then there exist sets By, - - , By, such that

(a) Oz:’}/o(Bl U-~-UBNU{0}>.

(b) Each B;, 1 < j < N, after a linear change of coordinates (depending on
1), is a branch of a Weierstrass analytic variety (depending, including its
dimension, on j).

(c) dimc o = maxi<;<n{dimc B;}.

(d) If L C C", v(L) # 0, is a connected C-analytic manifold of dimension

l € {1, -+ ,n} the points of which are l-regular points of a representative
of o, then there exists j € {l,---,N} such that vo(L) C vo(B;) and
dime Bj = 1.

(e) If « is real-on-real, then it can be arranged that each branch B; with B; N
R™ =£ () is real-on-real.

() anNyo(R™) = vo(B1U- - -UBKU{0}) where the B; denotes those branches
which intersect R™ non-trivially.

(g) dimR(a n Rn) = maxi<;j<kg dimR(Bj n Rn)
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Proof. We use induction on the dimension of «.. Suppose that var (V' x C"~"™ H)
and the coordinate system are given by Theorem 7.4.2. Consider first all the
branches of var (V' x C"~™, H) such that yo(B) C «a. If m = 1, Corollary 7.4.6
shows that these are all the branches that we need for the result to hold.

Suppose m > 2 and make the inductive hypothesis that the results (a)-(d) of the
theorem hold for all smaller values of m.

(a)-(c) According to Theorem 7.4.1,

o Cyo(var(V xC"™™ H)) = UB,

where the union is over all branches B of var (V x C"~™, H). In addition to the

branches B with v(B) C a, consider branches B of var (V x C*~™, H) such that
0 # v0(B) Na # 0(B).

Since, by Lemma 7.4.5, the germ a N ~o(B) has dimension strictly smaller than

m, we can apply the inductive hypothesis to each of these branches to complete the

proof of (a)-(c).

(d) Note that dim¢ L < m = dim¢ « and that we may suppose L C V x C*™™,
If vo(L) C yo(var (V x C*~™ HU{D(H)})), we apply the inductive hypothesis
to obtain the required result.

If vo(L) ¢ o (var (V x C"=™ HU{D(H)})), then LN B % () for at least one
branch B of var (V x C*~™ H). Forall z € LN B, L and B coincide locally, in a
neighbourhood of z and dim¢ L = dim¢ B. By Theorem 7.2.7 BN (V x C"™™)
is an analytic variety. That (L) C vo(B) now follows from Lemma 7.1.4.

(e) It is clear that if « is real-on-real, and maximal complexified spaces are used,
as in Lemma 7.3.3, to choose coordinates, then the branches B; which emerge are
real-on-real. Parts (f) and (g) follow from the second part of Theorem 7.2.7. ]

COROLLARY 7.4.8 Let a € Vo(C™) \ {0,{0},7(C™)} be irreducible. Then
(possibly after a linear change of coordinates) o = ~vo(B) where B is a branch of
some Weierstrass analytic variety. If o is real-on-real and o N o (R™) # {0}, then
B is a branch of a real-on-real variety.

Proof. In the notation of Theorem 7.4.7, v = o(B1) U - - U~o(Bx), and since o
is irreducible the result follows. O

The following example shows that when « is an irreducible C-analytic variety it
does not necessarily follow that o N o (IR™) is an irreducible real analytic variety.

EXAMPLE 7.4.9 LetV = C2?and E = var (V x C, {h}) where
h(z,y,2) = 2° + 2®y*(2® +9?), (2,9,2) €V x C.
Clearly E C C3 is a Weierstrass analytic variety defined by the polynomial

A(Z;z,y) = Z° + 2*y* (2> + 47), (z,y,2) €V x C.
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If A is a product of two Weierstrass polynomials then each has order one, and it
is easily checked that this is impossible. Hence, by Lemma 7.2.10, vo(E) is an
irreducible C-analytic variety. However E N R coincides with

{(z,9,2) eR®:2 =0, 2=0} U {(z,y,2) €ER®:y =0, 2 =0}

Therefore 7 (F N R™) is not a real irreducible variety. O

7.5 ONE-DIMENSIONAL BRANCHES

The following results are aspects of the theory of Puiseux series sufficient for our
later needs.

THEOREM 7.5.1 Suppose that m = 1, 2 < n € N and that B is a branch of the
Weierstrass analytic variety E = var (V x C"~' H) where V is chosen so that
D(H) is non-zero on V' \ {0}. Then there exist K € N, 6 > 0 and a C-analytic
function

p:{zeC:|z|f <5} -»C!
such that the mapping z — (2% ,1(2)) is injective, 1)(0) = 0 and
{0JUB=Bn((VxC" 1) ={(z5,9(2)) : |2|¥ < 6}.

REMARK 7.5.2 A function v satisfying the conclusion of the theorem is not
unique. Indeed, if v/ satisfies the theorem and ¢ # 1 is a K*" root of unity then
¥(z) := (Cz) defines another function which also satisfies the conclusion of the
theorem. O

Proof. Let H = {ho,--- ,h,} where hy(z1, -+ ,2n) = Ar(2k; 21), and each Ay,
is a Weierstrass polynomial of degree py, say, 2 < k < n. If the discriminant
D(H) is not zero at z; = 0, then, forall k € {2,--- ,n}, Ax(Z;21) = Z —ar(z1)
where ag, is an analytic function on V' C C. In this case the theorem holds with
K =1and

P(z1) = (az(z1),a3(z1), -+, an(21)), z1 € V.

Now suppose that D(H) is zero at 0. Note that for z; € V' \ {0} each of the
polynomials A (Z;21) has only simple roots. Let V' denote the half-plane in C
defined by

V:{ZG(C:z:p—i—i@, — 00 < p<logd, 6 € R},
where ¢ is given in the definition of V', and let

hi(z, 2) = Ax(zi;€%), 2 €V, 2, € C.
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Let
H = {hy,-- ,hy}and E = var (V x C""', H).
It is clear that B is a branch of F if and only if B is a branch of E, where
B={(¢",€): (¢ € B}, ¢eC".

Since D(H) is nowhere zero on V' \ {0}, D(H) is nowhere zero on V and every
point of E is 1-regular (Definition 7.1.1). We can therefore write

({2} xC" N NE ={(2,4(2): 1 < ¢ < p},

where p = [[;_, px. By the analytic implicit function Theorem 4.5.4, each &, is
defined locally on Vasa C-analytic function with values in C"~ and, since Vis
simply connected, they define analytic functions on V. Thus E is the union of the
disjoint graphs of the functions &, : VoCrl1<qg<p.

Recall that, for z € V, each component of £,(z) € Crlisa simple root of a
polynomial Ay (Z;e*), 2 < k < n. Therefore the set-valued map

z = {(%,&(2) 1 1< q <p}
is 2mi-periodic on V. Moreover if, for some Z € V and some m € A
£ (2) = &g, (2 +2mmi), a1, ¢2 € {1, p},
then
g1 (2) = €, (2 + 2mi) forall z € V,

by the analytic implicit function theorem 4.5.4 and analytic continuation. There-
fore, for each ¢ € {1,--- , p}, the mapping

2 (e%,6,(2) €EE, 2€V, (7.15)

is periodic with period 27 K¢ and is injective on the set V, = {z = p +i0 € Vo
0 < 6 < 2K}, for some K, € {1,---,p}. Itis easy to see that its image on V,
is both open and closed in E and hence is a branch of E.

For a given branch B, choose ¢ such that the image of (7.15) on V, coincides
with B. We have seen that an injective parameterization of B is given by

B = {(¢%,&(2) : 2 € V).

Since z — &,(K,z) has period (not necessarily minimal) 27¢, we can define an
analytic function ) : {2 : 0 < |2| < §Y/%«} — C by

12}(21) = §q(Kqlogz1)
where it does not matter which branch of log is chosen. Thus

£,(K 2) = (e?), KzeV.
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This gives a new injective parameterization of B, namely
B={(2{",9(21)) : 0 < |z] < §V/Ka},

where 1) is analytic and lim,, ¢ 1/;(21) = 0. The Riemann extension theorem 5.4.3
means that ¢) has an analytic extension 1 defined on the ball {z; € C : |z]| <
§1/Ka} with 4(0) = 0. Let K = K, to complete the proof. O

COROLLARY 7.5.3 In Theorem 7.5.1 suppose vo(B NR™) & {0,{0}}. Then
there exists k € No with 0 < k < 2K — 1 such that

R"NB = {((-1) %, ¢(rexp(kri/K))) : =YK <r < Y5} (7.16)
and this parameterization is injective.

Proof. Since vo(B NR™) ¢ {{0},0} there exists, by Theorem 7.5.1, a sequence
{z;} € Cwith z; — 0 such that 2/ € R and ¢(z;) € R"~! forall j € N. There-
fore, without loss of generality we may assume, for some k& € {0,1,--- ,2K — 1},
that z; = |2;| exp(kmi/K) and

U(|zj| exp(kri/K)) € R" ! forall j € N.
Since 1) is a C-analytic function of one complex variable we can infer that
Y(rexp(kri/K)) € R forall r € R with — /5 < < §V/K,

If there exists [ € {0,1,--- ,2K — 1} different from k£ and a sequence p; > 0
such that ¥(p; exp(Imi/K)) is real and p; — 0 as j — oo, then, by the preceding
argument, we may assume that (7 exp(lmi/K)) is real for all r with —6%/% <
r < 65 We will now show that | — k € KZ.

Suppose that this is false. For p € N,

dPep ‘
e (rexp(kmi/K)) Y
= exp(pmi(k — l)/K)ﬂ (rexp(lmi/K)) ’
d’l"p 7":07
and the derivatives are real. Therefore, for all p with p(I — k) ¢ KZ, it follows that

drap

—(0) =0.

7 0

Let po € N be the generator of the ideal {p € Z : p(l — k) € KZ}. Then the power
series expansion of ¢(z) at z = 0 involves only powers of zP° and it follows that

Y(z1) = Y(22)

for all 21, 2o € C such that 2/° = 25°. Since py divides K, 2z = 2 for all such

21, z2. Therefore if 21° = 28°,

(ZlKv 1/’(21)) = (ZQK7 7/’(22)) .
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Now the injectivity in the theorem above gives that pg = 1 and k — [ € KZ. This
completes the proof. O

LEMMA 7.5.4 Suppose the Weierstrass polynomials which define the Weierstrass
analytic variety var (V x C"~Y H) in Theorem 7.5.1 are real-on-real and that the
discriminant D(H) is non-zero on V '\ {0} C C. Then BNR"™ ¢ {0, {0}} implies
that 7o(B N R"1) ¢ {0, {0}}.

Proof. Suppose that (%1, &2, , &) € (R" N B) \ {0}. Then each &, k > 2, is
a simple root, when z; = #; € R, of a polynomial whose coefficients (C-analytic
functions of z7) are real when z; = x; € R, and are zero when z; = 0. From the
real implicit function theorem 3.5.4 it follows that each of the polynomials in H has
areal root ry, € R, 2 < k < m, which is a real-valued analytic function of x; when
Z1x1 > 0 and z; is sufficiently small. Moreover, x; — 0 as x; — 0 by Lemma
6.1.1. It follows from Theorem 7.5.1 that there exists k € {0,1,--+ ,2K — 1} such
that

Y(rexp(kri/K)) € R for — /5 < p < §V/K,
O

EXAMPLE 7.5.5 Consider the collection H of three Weierstrass analytic poly-
nomials

2 32 4 _ .3
4% =z, 4° =21, Z° =2,

and let V be the disc of radius 2 with centre 0 in C. Then the corresponding
Weierstrass analytic variety,

var (V x C3, H)
={(21,22,23,24) 1 |21| <2, 25 — 21 = 25 — 2] = 2§ — 2} = 0},

has two branches. To see this note that the branch which contains (1,1,1,1) also
contains the closed Jordan curve

Ty = {(e', /D) 2it/3) | Git/Y . ¢ [0, 24n] }.

I’y projects onto the unit circle in V' and contains 12 points above 1 € C. Similarly
the branch Bj containing (1, —1, 1, 1) contains the closed Jordan curve

Ty = {(eit7 ei(””/z), e(2z’t/3)) e(3it/4)) S te [O,247r] }

I's also has 12 points above 1 € C and projects onto the unit circle in V. Since the
equations

t=s mod 2m, m+t/2=s/2 mod 2m,
2t/3 =2s/3 mod 2, 3t/4 =3s/4 mod 2,
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imply that
2k =41 — 2 =3m = 8n/3 forsome k, I, m, n €Z,

they have no solutions. Therefore I'yNI's = (. Since there are at most 2x3x4 = 24
points of var (V x C3, H) above 1 € V there are at most two branches of this
variety. Thus the variety has exactly two branches and K = 12 in Theorem 7.5.1.
Moreover candidates for the function ) (remember it is not unique) corresponding
to these branches, are

P1(2) = (2%, 28, 2%) and ¢y = (20,28, —i2?).
Moreover
BiNR™ = {(r'2, 7% 48 +%) .1 € (—21/12,21/12)}
By NR™ = {(r'2, =% 8 19) 1 € (—21/12 21/12)1

which correspond to £ = 0 and k£ = 6, respectively, in Corollary 7.5.3.

Note that Lemma 7.5.4 is false if the coefficients of elements of I are complex
when their argument is real. For example, when n = 2 let h(Z, z1) = Z? — (1 +
i)z1 —iz%. Then var (V, {h}) NR? = {(0,0), (1,1), (1,-1)}. O

7.6 NOTES ON SOURCES
This material is to be found in the books Chirka [18], Federer [29], Mumford [45]

and Narasimhan [46]. For the theory of analytic varieties far beyond our needs, see
Lojasiewicz [43].
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Chapter Eight

Local Bifurcation Theory

In this chapter we consider the existence of solutions to nonlinear equations of the
form F(A\,z) = Owhere FF : Fx X — Y, F(\,0) =0 € Y forall A\ € F
and X and Y are Banach spaces. A solution is a pair (A, z) and the parameter is
not prescribed a priori. For the moment we treat the cases of differentiable F' and
analytic F' simultaneously.

Local bifurcation theory addresses the question: for which Ay € TF is there a
sequence {(An,Z,)} C Fx (X \{0}) of solutions converging to (Ag, 0) in F x X ?
Such (Ao, 0) are called bifurcation points on the line of trivial solutions {(},0) :
A € F}. For obvious reasons, A\g € T is sometimes referred to as the bifurcation
point.

8.1 A NECESSARY CONDITION

Suppose that F' is continuously differentiable from a neighbourhood of (A, 0) in
Fx X into Y. If 9, F[(\o, 0)] is a homeomorphism, the implicit function Theorem
3.5.4 says that in a neighbourhood of (Ag, 0) in F x X all the solutions to F/(\, z) =
0 lie on a unique curve { (A, z) : £ = ¢(A), A € (Ao — €, Ag + €)}, for some € > 0.
Since the line of trivial solutions passes through (Ao, 0), we conclude that ¢(A) = 0
forall A € (Ao — €, Ag + €).

Hence, when F is continuously differentiable at (A\g, 0), a necessary condition
for (Ao, 0) to be a bifurcation point is that 9, F[(\g,0)] : X — Y should not be
a homeomorphism. Note that, because X and Y are Banach spaces and since, by
definition, 0, F[(X\,0)] : X — Y is bounded, this is equivalent to the weaker
statement that 9, F[(X\,0)] : X — Y should not be a bijection (see Corollary
2.4.3). This latter condition is often much easier to verify in particular situations.

EXAMPLE 8.1.1 Suppose X = Y and that the C'-function F has the form
F(\z) = x — G(\ ), where G()\,+) : X — Y is a compact nonlinear oper-
ator with G(X,0) = 0 for all A € F. Now

9:F[(X0,0)] = I — 8,G[(Xo, 0)],

where 9, G[(Ao, 0)] is a compact linear operator on X by Lemma 3.1.12. Therefore,
by the Fredholm alternative 2.7.5, 9, F[(\g, 0)] is a homeomorphism if and only if
ker 0, F[(Ao,0)] = {0} and a necessary condition for (\g,0) to be a bifurcation
point is that the linear equation 9, F[(Ag, 0)]x = 0 should have at least one non-
trivial solution.
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More generally, when 9, F[(\o, 0)] is Fredholm with index zero (see §2.7),
{0} #ker 0, F[(X,0)] : X =Y
is a necessary condition for (Ag, 0) to be a bifurcation point. O
The following example shows that this condition is not sufficient.

EXAMPLE 8.1.2 Let X = Y = C, regarded as Banach spaces over R, and
let F(\,2) = z — Az — i]z|?2. Then 8,F[(\,0)]z = (1 — Xg)z and hence
Ao = 1 satisfies the condition which is necessary for (Ag,0) to be a bifurcation
point. However, FI()\,z) = 0 € C implies that (1 — \)|z|?> = i|z|*, and hence
there are no non-trivial solutions (A, z) € R x C of the equation F(\,z) = 0.
In particular, there are no bifurcation points. In this example, ker 9, F[(Ag, 0)] is
two-dimensional over R. O

8.2 LYAPUNOV-SCHMIDT REDUCTION

The Lyapunov-Schmidt procedure is a method for reducing the question of exis-
tence of solutions to an infinite-dimensional equation, locally in a neighbourhood
of a known solution, to an equivalent one involving an equation in finite dimen-
sions, quite commonly (though not always) in just two dimensions. Our setting is,
as usual, the Banach spaces X and Y with a mapping I’ € C*(U,Y") for some
k € N, where U isopenin F x X.

THEOREM 8.2.1 (Lyapunov-Schmidt Reduction) Suppose
F(Xo, o) =0 €Y where (Ao, xo) € U,

the partial Fréchet derivative L = 0, F[(X\o, x0)| : X — Y is a Fredholm operator,
ker(L) # {0} and q € N is the codimension of range (L).

Then there exist two open sets, Uy C U and V C F x ker(L), and two mappings,
Y € C*(V,X) and h € C*(V,F?), such that (Ao, z0) € Uy, (N,0) € V and
(X, 0) = zo with F(\,z) = 0 and (A, z) € Uy if and only if (N, &) = x for
some (X, §) € V with h()\, &) = 0.

REMARKS 8.2.2 The infinite-dimensional problem F'(\, z) = 0 is “reduced” to
the equivalent finite-dimensional problem “find (A, §) € V' C F x ker(L) such that
h(X, &) = 0.” In the event that F is F-analytic it will be clear from the proof and the
analytic implicit function theorem 4.5.4 that & and 1 will also be F-analytic. =~ [

Proof. Since L is a Fredholm operator there exists a finite-dimensional (and there-
fore closed) subspace Z C Y and a closed subspace W C X such that

X =ker(L)®W and Y = Z ®range (L)

with dimension Z = q (the codimension of the range of L). Hence there exists (see
§2.6) a (bounded) projection P : Y — Y such that ker P is the range of L and
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the range of P is Z. In particular, (I — P)Lx = Lz for all x € X. Since X =
ker(L) @ W it follows that (I — P)L is a bijection, and hence a homeomorphism,
from W onto range (L).

For & € ker(L),n € W and A € F such that (A\,zg + £ +1n) € U, let

Note that

G()\(), 0, O) = (I - P)F()\o, Io) =0 and
317G[()\0a070)]77 = (I = P)0,F[(Ao,w0)]n
= (I — P)Lnforallp e W.

Hence 0,,G[()o, 0,0)], is a homeomorphism from W onto the range of L and, by
the implicit function theorem 3.5.4 (4.5.4 when F' is analytic), there exist open sets
Uy Cc U,V CF x ker(L),

amapping ¢ € C*(V, W) such that (Ao,0) € V, (X, z0) € U,
¢()‘07 0) = 0and G(Av 57 ¢(>‘, E)) = 0 for all ()‘7 5) € ‘/7

and such that
{Nzo+E+n)€eUy: (I —P)F(\zo+&+n) =0}
={Azo+&+n): (A € Vandn =¢(X, )} B.1)
It therefore suffices to put
YN, &) =x0+ €+ O\, ) and h(A, &) = PF (N (N, €)) € Z. (8.2)
Then for all (), &) € V,

(X, &) = 0if and only if PF(\, 29 + £ + ¢(A\,€)) =0
if and only if F(A\,zo + £ + ¢(\, €)) =0,

because (I — P)F(\, zg + & + ¢(A\,€)) = 0. Finally choose a basis for the g-
dimensional space Z and thereby identify Z with F9. O

REMARKS 8.2.3 In what follows we use the notation in (8.1) and (8.2), where
P is the projection from Z @ range (L) onto Z =~ F9. O

8.3 CRANDALL-RABINOWITZ TRANSVERSALITY

In this section we present an important condition sufficient to guarantee that (Ao, 0)
is a bifurcation point on the line of trivial solutions of F'(\, z) = 0. The following
theory of bifurcation is due to Crandall and Rabinowitz [22] who were among the
first to analyse such questions systematically using implicit function theorems.
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THEOREM 8.3.1 Suppose that X and Y are Banach spaces, that F : F x X —
Y is of class C*, k > 2, and that F()\,0) = 0 € Y for all X\ € F. Suppose also
that

L = 0, F[(Xo, 0)] is a Fredholm operator of index zero;
ker(L) is one-dimensional;

ker(L) = {¢£ € X : £ = s&y for some s € F}, & € X \ {0};
the transversality condition holds:

A o F (X0, 0)](1, &) ¢ range (L). (8.3)

Then (Ao, 0) is a bifurcation point. More precisely, there exists ¢ > 0 and a branch
of solutions

{(\z) = (A(s),sx(s)): seF, |s|<e} CFx X,
such that A(0) = M\o; x(0) = &o;
F(A(s),sx(s)) = 0forall s with |s| < €

A and s +— sx(s) are of class C*~1, and x is of class C*=2, on (—¢, €);
there exists an open set Uy C F x X such that (A, 0) € Uy and

{(\z)eUy: F(A\,z) =0, z #0}
= {(A(s),5x(5)) : 0 <[s] <e};
if F is analytic, x and A\ are analytic functions on (—¢, ).
REMARKS 8.3.2 y is a function from (—e,e) — X. The notation in (8.3) is
defined in Remark 3.2.4 where

OuF[(Ao +t,0)]§0 — 92 F1(Xo, 0)]0
t

a)\»EF[()‘Ovo)}(]-ng) = tlg% cY.

O

Proof. Let Uy, V, ¢, ¥, and h be given by Lyapunov-Schmidt reduction of the
equation F'(A, z) = 0 in a neighbourhood of the point (Ao, 0) € F x X. Note that
(8.1) with zp = 0 implies that (X, 0) = 0, since F((A,0) = 0, forall A € R. Itis
now easily confirmed that

h(A,0) = PF(A, 0+ ¢(A,0)) =0forall (A,0) € V;
Och[(Xo,0)] = PL(I¢ + O:p[(A, 0)]) = 0 (I¢ is the identity on ker(L));

03 ¢hl(Xo, 0)](1, €0) = PO , Fl(Xo, 0)](1, &) # 0;
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h € C¥(V,F), k > 2, where the one-dimensional space Z has, as in §8.2,
been identified with F and V' C F x ker(L) is an open set containing (A, 0).

Now define g : V — F by

o0 E) = / Dehl(\, 1)) &0 dr.

It is immediate that g is of class C*~! (when F' (and therefore h) is analytic, g is
analytic) and that

9(X0,0) =0, 9xg(Xo,0) = 33 h[(Xo, 0)](1, &) # 0.

The implicit function theorem 3.5.4 now gives the existence of a mapping A €
C*1({s € F : |s| < €}, F) for some € > 0, such that A(0) = A and g(A(s), s&)
= 01if |s| < e. To complete the proof observe, since h(\,0) = 0, that

h, ) if s £ 0
gnE =43 F for (A,€) = (A, s&) € V.
Deh(X,0)& if s = 0,
Now put
x(5) = s p(A(s), &) for 0 < |s| < e and x(0) = &.
In fact

i x(s) = 01000, 0J'(0) + 0cw (N, )0 = o,

and so x is continuous at s = 0. Indeed, for all s with |s| < e,

X(s) =/O ONPI(A(ts), ts§o) A (ts) + Ocp[(A(ts), ts€o)l€odt,

from which it follows easily that x is of class C*~2, and F-analytic in the case that
F, and consequently A and v, are F-analytic. This completes the proof. O

EXAMPLES 8.3.3 (Concerning Transversality) (a) LetF = R, X =Y =R
and let F(\,z) = 2(A\? + 22). Clearly F : R x R — R is C?, F(\,0) = 0 for all
A € R, L = 0,F[(0,0)] is the zero operator, ker(L) = X = R and R(L) = {0},
but the transversality condition is not satisfied because 95 , F[(0,0)] is the zero
element of M?(R;R). It is easily seen that (0,0) € R x X is not a bifurcation
point.

(b) If, in example (a), F'(\,x) = x(\ + x?), then the transversality condition
holds and (of course) (0, 0) is a bifurcation point.

(c) If however F(\, z) = z(\3 + 2?), then (0, 0) is a bifurcation point although
the transversality condition fails. O
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PROPOSITION 8.3.4 (a) Let the hypotheses of Theorem 8.2.1 be satisfied and

let Uy, V, h and 1) be given by its conclusion. Then Uy and V can be chosen
sufficiently small that for all (\,§) € V

dim ker (8, F[(\, ¥(X,€))]) = dim (ker(d¢h[(X, )]).

(b) Suppose that the hypotheses of Theorem 8.3.1 are satisfied and that, in part
(a) above, U = F x X and (Mo, z9) = (Ao,0). Now let A, x, € be as in the
conclusion of Theorem 8.3.1. Then

dim ker (8, F[(A(s), sx(s))]) € {0,1}
and, for s with 0 < |s| < ¢ dim ker (0, F[(A(s),sx(s))]) = 1 if and only if
AN(s)=0
Proof. From the identity
it follows that
(I = P)0F[(X xo + &+ 6(A,€))](v + O [(A, §)]v) =0
for all v € ker(L). Therefore, if O, F[(A,x0 + & + ¢(N,€))](v + w) = 0 with
v € ker(L) and w € W, then w — 0¢¢[(A, §)]v € W and
(I = P)O,F[(A,zo + & + &(A, €)))(w — 0:9[(A, §)]v) =
Since (I —P)L : W — range (L) is bijective, (I — P)0, F[(A, o +£+ @ (X, §))] |W
is also a bijection (in particular it is injective) when the sets Uy and V' have been
chosen with sufficiently small diameters (see §2.5). Therefore w = 0:¢[(\, &)]v
and so
O F[(N, xo + €+ ¢(N, )] (v +w) = 0 for some w € W
if and only if PO, F[(A,z0 + &+ &(N, §))](v + 85¢[()\ Hv) =
if and only if O¢h[(A, &)]v =
Part (a) follows. In part (b), dim ker (9, F[(A (s),sx(s))]) € {0,1} because

O¢h[(X, €)] maps the one-dimensional space span & into itself. For the second part
of (b) note that, for s with |s| < e,
d
0= —~h(A(s), s&) = OAh[(A(s), s€0)]A'(s) + Oeh[(A(s), s0)]&o
= 50xg[(A(s), 580)IA(s) + Deh[(A(s), 580)]40

with dxg[(A(s), s&o)] # 0if € > 0 is sufficiently small. (Recall the hypothesis that
919[(X0,0)](1) = 83 ¢h[(X0, 0)](1, &0) = PR, F(Xo, 0)](1,&0) #0.)
This proves that, for any s with 0 < |s| < ¢,
dim ker (8, F[(A(s), sx(s))]) = 1 if and only if A’(s) =
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8.4 BIFURCATION FROM A SIMPLE EIGENVALUE

Here is a case where transversality is trivial to verify. Recall the definition of a
simple eigenvalue 2.7.8

THEOREM 8.4.1 (Bifurcation from a Simple Eigenvalue) Suppose that the

real Banach space X is continuously embedded in the real Banach space Y and
that {(A\,0) : A € R} € U C R x X, where U is open. Suppose that F' €
CKU,Y), k > 2andforall A € R,

F(X\,0) =0 and 0,F[(\,0)] = Av— A, (8.4)

where 1 is the continuous embedding of X in'Y. Then every simple eigenvalue \g
of A is a bifurcation point and the conclusion of Theorem 8.3.1 holds.

Proof. Because of the hypotheses, the transversality condition (8.3) demands that
Aot — A be Fredholm of index 0 with one-dimensional kernel spanned by &, say,
and that

o = 03 . F (X, 0)](1,&) ¢ range (Aot — A).

However, this is precisely the requirement that A is a simple eigenvalue of A. The
result now follows as a special case of Theorem 8.3.1. O

Suppose the hypotheses of Theorem 8.4.1 hold. Let y* € Y™ be such that
y* (&) = %oll, lly*|| = 1, where y*(range (Aot — A)) = 0 and & spans the kernel
of Agt — A, as in the proof of Proposition 3.6.1.

Let (A(s), sx(s)) be as in the conclusion of Theorem 8.4.1 and let

L(s) = 0. F[(A(s), sx(s))] € LIX,Y), s € (=€6),

L(0) = Aot — A. Then, by Theorem 3.6.1, there is a C*~*-curve {((s),£&(s)) :
s € (—e€,6)} C R x X such that (1(0),£(0)) = (0,&),

L(s)§(s) = p(s)i&(s) and y*(:4(s)) =1, s € (=€, €),

where £(s) = &+1(s), nis of class C*~1, (0) = 0 and tn(s) € X Nrange (L(0)).

The next result explains the direction in which 1(s) moves as s passes through 0,
an observation which is important when deciding the stability and the Morse index
of the bifurcating solutions, see §11.3.

PROPOSITION 8.4.2 In this notation,

, 1(s)

| = —1.

50 SN (s)
sA'(s)#0

Proof. For s € (—¢, €), in the notation of (8.2) let

2(s) = sx(s) = P(A(s), 580) = 560 + G(A(s), s€0) = €0 + p(s), say.
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(This is the definition of p.) Since F(A(s),z(s)) = 0, differentiation gives

ONF[(A(s), z(s)]A'(s) + L(s)2"(s) = 0
for all s € (—¢, €). Therefore L(s)E(s) = u(s)t&(s), s € (—e¢, ¢), implies that
L(s)(&(s) — 2'(s)) = OaF[(A(s), x(s))]A () + p(s)e (s).
Since 93, F[(Ao,0)] = 0 and 05 , F[(Xo,0)](A, 2) = Az, we find that
NF[(A(s), x(s))]
= 0 F[(Mo, 0)](A(s) = Xo)
+ 03 2 F (Mo, 0)]z(s) + o(|A(s) — Ao|) + o([lz(s)]])
= 5180 + 1p(s) + o(|A(s) = Aol) + o([lz(s)]]) = s€o + o([s])
as s — 0. Therefore, since {(s) — 2/(s) = n(s) — p'(s),
L(s)(n(s) = p'(s)) = N (s)(st€0 + o(Is])) + n(s)e(&o +1(s)),

L(0)(n(s) — p'(s)) = A (s)(st€o + o([s])) + n(s)e(€o + n(s))
+ (L(0) — L()) (n(s) = 7/ (5)). 85)
By Lemma 2.7.9, X1 = X Nrange (L(0)) is closed in X and L(0) = Aot — Aisa
homeomorphism from X; onto range (L(0)) C Y. Since n(s) — p'(s) € X3
In(s) = ($)]lx < const. (JsA(s)| + [u(s)]), s € (~€,).
Applying y* to both sides of (8.5) gives

—(sA'(s) + ()€l = o(|s)A(s) + 5™ ((L(0) = L(s))(n(s) — p'(5)))-

Therefore, for € > 0 sufficiently small,

[sA'(s) + u(s)| < ols D|A'(8)| +o(D)|u(s)l; s € (=€ ). (8.6)

Since 7 is continuous and 7)(0

)=
|(s)] < [sA'(s)] + [sA"(s) + pu(s)]
< [sA'(s)] + o(ls]) [A()] + o(1)|u(s)

| as s — 0.
Therefore

|p(s)| < comst. [sA'(s)], s € (—¢,¢).
Similarly, |sA’(s)| < const. |u(s)|. Therefore (8.6) implies that

[sA(s) + p(s)] = o(|sA'(s)]) and [sA'(s) + p(s)] = o|u(s)])

as s — 0. The result now follows.
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We now give two applications of the local-bifurcation method just explained.
The first was featured in the Introduction where a global theory was developed by
solving the equation more-or-less explicitly. Here we see that the bifurcating of

solutions observed there is a consequence of general abstract considerations and
the theory of bifurcation from a simple eigenvalue.

8.5 BENDING AN ELASTIC ROD II

We now show how local bifurcation theory applies to the boundary-value problem
(1.3):

¢"(z) + Asing(z) = 0 forz € [0, L], ¢'(0) =¢'(L) =0, (8.7)
where L is fixed and A > 0 is the parameter in the problem. Let
F=R, X ={¢€C?0,L]:¢'(0)=¢'(L) =0}, Y =C[0, L],

and define F'(\, ¢) = ¢ + Asin ¢. It is not difficult to see (as in Example 4.3.6)
that F' : R x X — Y is R-analytic. Moreover

I F[(,0)]¢ =0
if and only if

" +Xp=0¢€Y and ¢'(0) = ¢'(L) = 0.

This linear boundary-value problem has solutions (A, ¢) with A > 0 and ¢ # 0 if
and only if A € {\g = (%)2 : K € N}. Then ¢ is a multiple of ¢ 5 where
¢x (s) = cos £Z= and dim ker 9, F[( Ak, 0)] = 1. Moreover

L
range (9, F[(Ak,0)]) = {v € C[0,L] : /0 v(s)¢k (s)ds = 0}.

To see this note thatif u € X and v’ + Agu = v € Y, then an integration by parts
implies that

L L
[ en(ods = [ @) + Aals)on(s)ds
0 0
L
= /0 (9% (8) + Ak d(s))u(s)ds = 0.
That every v € Y with

L
/ v(8)pK(s)ds =0
0
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is in the range of 0, F'[(Ak,0)] can be shown using the variation of constants for-
mula.

Let A : X — Y be defined by Ap = —¢”. Then Ag, K € N, is a simple
eigenvalue of A. Therefore, for all K € N, there is a bifurcation from a simple
eigenvalue for (8.7) at every point (g, 0) on the line of trivial solutions.

8.6 BIFURCATION OF PERIODIC SOLUTIONS

This section concerns a simple example of the existence, via bifurcation from a line
of trivial solutions, of non-constant but periodic, solutions of a differential equation.

Let § > 0 and suppose that the functions A, B € C?((—6,6) x R x (—6,6); R)
are 2m-periodic in the second variable, ¢ (time). Now consider the boundary-value
problem on [0, 27]

w(t) + Mw(t) + w(t)?A(w(t), t, \) + Nw(t)B(w(t),t,\) = 0,
w(0) = w(27), w € C*0,2n],

where 1 = dw/dt. Note that for all A\ € R, w = 0 is a time-independent solution
of this problem.
To establish the existence of time-dependent solutions let

F=R, X={uecC0,27]:u(0)=u(2nr),4(0) =u'(2m)},
Y ={v e C[0,27] : v(0) = v(2m)}

and, for0 <t <2mandu € X, let
F(u)(t) = a(t) + Mu(t) +u(t)2Au(t), t, \) + XN2u(t)B(u(t), t, \).
Then F € C?(U,Y'), where
U={(\u):|A <4, Ogg};ﬂw(tﬂ <0} CRxX.

Moreover

O F(0,0)]u=1u,ue X,

ker (9, F[(0,0)]) = {u € X : wis a constant},

range (9, F[(0,0)]) = {v € Y : [7"v(t)dt = 0},

and therefore 9, F'[(0,0)] is a Fredholm operator of index zero. Let {§, = 1. It
follows that

ag\,uF[(Oa O)](la €0> = 50 ¢ range (auF[(O, 0)]

Therefore, by Theorem 8.3.1, there exists a C L_curve

{(A(s),sx(s)) €U : s € (—¢,€)}
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such that F'(A(s), sx(s)) =0, x(0) = & and A(0) = 0.

For s € (0, ¢€) sufficiently small, (A, w) = (A(s), sx(s)) is a periodic solution
of our problem for which w is positive (because x(s) = 1+ 7(s) and n(0) = 0
in X) on [0, 27]. To ensure that, for ¢ > 0 sufficiently small, this is not a constant
solution we need an extra hypothesis, such as

8tA[(0,t,0)] % 07 (88)

which ensures that constant solutions do not bifurcate from the line of trivial solu-
tions at (0, 0). Suppose that (8.8) holds and that there is a sequence {(Ay, c,)} of
solutions, where ¢,, # 0 is a constant, converging to (0, 0). Then

A+ CnA(cn, t, M) + A2 B(cpn, t, M) = 0.

After dividing by ||(A, ¢,)|| and taking the limit of a subsequence as n — oo, we
obtain a vector (\*, ¢*) with ||(\*, ¢*)|| = 1 satisfying A* 4+ ¢* A(0, ¢,0) = 0. This
contradicts (8.8).

8.7 NOTES ON SOURCES
This material is now completely standard, see Ambrosetti and Prodi [2], Chow and

Hale [19], Crandall and Rabinowitz [22, 23], Schwartz [52], Stuart [54, 55], Zeidler
[68], Toland [61], and many other references.
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Chapter Nine

Global Bifurcation Theory

Let X, Y be Banach spaces over R, let U C R x X and F' : U — Y be an
R-analytic function. Suppose that

(G1) (A\,0) € U and F(\,0) =0forall A € R.

(G2) 0 F[(A, )] is a Fredholm operator of index zero
when F(A\,z) =0, (A, z) € U.

(G3) For some \g € R,
ker (0, F[(Xo,0)]) = {s& : s € R},
03 2 F[(M0,0)](1, &) ¢ range (9:F[(Ao, 0)]).
By Theorem 8.3.1, there exists an analytic function (A, ) : (—e,e) — R x X such

that (A, z) = (A(s), k(s)) satisfies F(\,z) = 0 forall s € (—¢,€), A(0) = Ag and
k'(0) = &o. (In the notation of §8.3, x(s) = sx(s).) Let

RT = {(A(s),x(s)) : s € (0,¢)},
S={(\z)eU: F(\z) =0}
T ={(\z)eS:xz#0}.

Suppose € > 0 is sufficiently small that x'(s) # 0 for s € (—¢,¢) and Rt C 7.

9.1 GLOBAL ONE-DIMENSIONAL BRANCHES

The following result gives a global extension of the function (A, k) from (0, €)
to (0,00) in the R-analytic case. However, in proving it we develop a general
approach to the global extendability of one-parameter curves of non-singular solu-
tions to an equation F'(A,z) = 0.

THEOREM 9.1.1 Suppose (G1)—(G3) hold, A’ # 0 on (—e¢,¢) and that in R x X
all bounded closed subsets of S are compact. Then there exists a continuous curve
R which extends R as follows.

(a) R = {(A(s),k(s)) : s € [0,00)} C U where (A,r) : [0,00) — R x X is
CONtinuous.

(b) Rt CRCS.
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(c) The set {s > 0 : ker (8, F[(A(s),r(s))]) # {0}} has no accumulation
points.

(d) At each point, R has a local analytic re-parameterization in the following
sense. In a right neighbourhood of s = 0, R and RT coincide. For each
s* € (0,00) there exists p* : (—1,1) — R which is continuous, injective,
and

p*(0) =s*, t— (A(p*(t)),k(p*(t))), t € (—1,1), is analytic.

Furthermore A is injective on a right neighbourhood of 0 and for s* > 0
there exists €* > 0 such that A is injective on [s*, s*+€*| and on [s* —€*, s*].

(e) One of the following occurs.

(i) ||(A(s),k(s))]] = oo as s — oo
(ii) (A(s), k(s)) approaches the boundary of U as s tend to cc.
(iii) R is a closed loop. In other words, for some T > 0,

R={(A(s),k(s)): 0<s<T}

and (A(T), k(T)) = (X0, 0). We may suppose that T > 0 is the small-
est such T and

As+T),6(s+T)) = (A(s), k(s)) forall s > 0.

(f) If, for some s1 # s,
(A(s1), 5(s1)) = (A(sa), K(s2)) where ker 8, F[(A(s1), 5(51))] = {0},
then (e)(iii) occurs and |s1 — sa| is an integer multiple of T.
In particular, (A, k) : [0,00) — S is locally injective.

REMARKS 9.1.2 (1) There is no claim that YR is a maximal connected subset of
S. Other curves or manifolds in S may intersect fR.

(2) R may self-intersect in the sense that while s — (A(s), x(s)) is locally in-
jective, it need not be globally injective. For example, in part (e)(iii) of the theorem
it is clearly not globally injective.

(3) In part (d) it can happen that the parametrization has zero derivative, in which
case {(A(s),k(8)) : |s — s*| < §*} C 2R may not be a smooth curve even though
it has a local analytic parameterization at every point. Of course, for §* sufficiently
small, the two segments of the set {(A(s),x(s)) : 0 < |s — s*| < 0*}, with
(A(s*™), k(s*)) deleted, are smooth and can be parameterized by .

(4) Alternative (e)(i) is much stronger than the claim that R is unbounded in
R x X. O
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Proof. The proof of Theorem 9.1.1 is organized below in a few short steps. Let
N={(\z)eS:ker ((%F[()\,x)]) ={0}}

(the non-singular solutions of F'(\, z) = 0). By hypothesis A Z 0 on (—¢, €) and A
is R-analytic. Therefore A’ is nowhere zero on (—¢, €) \ {0} for € > 0 sufficiently
small and, by Proposition 8.3.4(b), we may assume that € > 0 is such that

Rt M. 9.1)

DEFINITION 9.1.3 (Distinguished Arcs) A distinguished arc is a maximal con-
nected subset of M.

Hypothesis G(2) and the analytic implicit function Theorem 4.5.4 ensure that a
distinguished arc 7 is the graph of an R-analytic function of A. More precisely, if
7 is a distinguished arc then there exists a (possibly infinite) open interval I and an
R-analytic function g : I — X such that

{Ng\):Ael}=T. 9.2)

Step 1. (Lyapunov-Schmidt Reduction) We need to connect the theory of va-
rieties with the present infinite-dimensional problem. To study the structure of &
in a neighbourhood of a point (A, z.) € S\ 91 we use the Lyapunov-Schmidt
procedure. Theorem 8.2.1 yields the existence of

a neighbourhood V of (A4, 0) in R X ker(9, F[(As, z4)]),

R-analytic maps ¢ : V — X,

h:V — R?(q = dimker(9, F[(A«, )])) with

(@) ¥(As,0) =z, and (N, (N, €)) € U for (N, &) € V.
(b) Forall (A, &) € V,h(\ &) =0ifand only if F'(\,¢(A,€)) =0.

() fF(\x)=0,(\z) € Uand||(A z)— (A, )| is sufficiently small, then
there exists € ker(9, F[(A«, z«)]) such that (A, &) € V and x = ¢(), §).

(@) dimker(9, F[(\, (), €))]) = dimker(9eh[(A,€)]), (A, €) € V.

Recall the notation of §7. The analytic function A : V' — R? may be identified
with the set of its ¢ component functions each of which maps V" into R analytically.
Therefore we may define an R-analytic variety A and a manifold M by

A =var (V. {h}) ={(X,§) € V: h(),§) = 0},
M ={(A¢) € V: (A ¥(A,€)) € N

By Proposition 8.3.4(a), the elements of M are 1-regular points of A. Let {}M; :
J € J} denote those non-empty connected components of M which have the prop-
erty that y(x, o)(M;) # 0.

Since h is an R-analytic function on the (g+ 1)-dimensional real vector space V,
the ¢ components of h()\, ) are real functions defined locally in a neighbourhood
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of (\,0) € V by a Taylor series, the n*" term of which is a sum of terms of the
form
k kqg+1
hzlw' 7kq+1x11 e xqil ’
where ky + -+ + kg1 =nandhy, ., €R.

s Rg+1

Here (21, - x411) € RIT! are the coefficients of (A., 0)— (X, £) in some linear co-
ordinate system. Replacing (21, ,2g41) € R¥M with (21, -+, z441) € CIT!
leads to a real-on-real C-analytic extension A€ of h in a complex neighbourhood
V¢ of (A, 0) and a corresponding C-analytic variety. Let

A = var (V4 {h°}) = {(X,§) e VF: h°(A,€) = 0},
Me = {(X€) € V°: ker(9:h7[(A,€)]) = {0}},

and let {M Py ed } be the non-empty connected components of M€ with

Yr.,0) (RITE N M) # . Note that for each j € J there exists j € J° such that
M C M.

Step 2. (Application of the Structure Theorem) Theorem 7.4.7 (d)—(f) on the
structure of complex analytic varieties, when applied to A° gives, for each j € J¢,
the existence of a real-on-real branch B; with

'Y()\*,O)(M;) - ’)/(>\*70)(Bj), dlmBJ =1 and Bj C A°.

By making the neighbourhood V¢ smaller if necessary, we may suppose that B; \
{(A+,0)} € Mg. By Theorem 7.4.7 there are finitely many branches and hence
finitely many M7 and M;. By Theorem 7.5.1 each of these one-dimensional
branches B; admits a C-analytic parameterization in a neighbourhood of (A, 0).

We now return to the setting of R”. From Corollary 7.5.3, we obtain that M,
locally near (A, 0), is the union of a finite number of curves which pass through
(A«,0) in V, intersect one another only at (A, 0) and are given by the parameteri-
zation (7.16). Thus, in our previous notation, each M, j € J, is paired, in a unique
way with another M, j € J, so that their union with the point (), 0) forms one
of these curves in V.

This observation can be lifted to infinite dimensions as follows. Suppose that 7
in (9.2) is a distinguished arc where I = (a,b) with (b, g(b)) € S \ M. Then the
germ 7, 0y(Z) coincides with the germ of the image under the mapping (A, §) —
(A, ¥(X€)) of M; for some j € J. Hence 7 has a unique extension beyond
(b, (b)) given by the image of M; under the same mapping.

DEFINITION 9.1.4 (Routes of Length IN) A route of length N € NU {0} is a
set {A, : 0 <n < N} of distinguished arcs and a set {(A\,,z,) : 0 <n < N} C
R x X such that

(a) (Mo, z0) = (Mo, 0) is the bifurcation point;

(b) RT C Aop;
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(c) For N >1and0<n<N —1,

(Ant1,@Tny1) € (8./4” N 8An+1) \{(An, 70)}

and there exists an injective R-analytic map p : (=1,1) — A, U A,,11 U
{(An+1, Tnt1)} with p(0) = (Ap41, Tnt1). Hence A, 1 is uniquely deter-
mined by A,, and vice versa.

(d) The mapping n — A, is injective.

Step 3. (Existence of a Maximal Route) That { Ao}, {(Xo,0)} is a route of length
1 with (A\g, 0) € d.Ag is obvious from the discussion leading to (9.1). Parts (c) and
(d) of the definition of a route imply that A,,; # A,, and that A,,;1 is uniquely
determined by A,,. Therefore if

{A7,0<n<N;}, {(M,2]):0<n<N;}, je{l,2},

n’ n

are two routes with N; < N, it follows that

A =22zl =22 forall n with0 < n < Ny.
Hence, under the hypotheses of Theorem 9.1.1, there exists a maximal route of
length N € NU {oco} which we denote by

{Anv (Anaxn)} :0<n< N}

Step 4. (Parameterization of a Maximal Route) Because of the remark following
Definition 9.1.3,

Ap = {(An(8),6n(8)), s€ (n,n+1)}, 0<n<N,

where (A, k5,) is an R-analytic function. There are three cases: N = oco; N < 00
when Ay _; is not a compact subset of U; and N < oo when Ax_; is a compact
subset of U.

Suppose that A,, is a bounded closed subset of U for some 0 < n < N —1. Then
the parameterization of A,, by s € (n,n+1) can be extended as a parameterization
of A, by s € [n,n+ 1] with (A, (m), k,(m)) = (Am, ) When m = n and m =
n+ 1. Since n < N — 1, Definition 9.1.4 implies that .4,, 1 can be parameterized,
in a neighbourhood of (A, z,) by s € [n +1,n + 1 + €), for some € > 0, and so,
in the first two cases above,

(A(n)vli(n)) - (/\THITL)v n=01,--,N—1,
(A(s),5(5)) = (An(8), Kn(s)) for s € (n,n + 1),

defines a continuous parameterization

{(A(s),k(s)): 0< s < N} 9.3)
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of
R = Up<nen (An U{(An,2,)}) C T
Suppose that neither

SILII}V II(A(s), k(s)|| = oo nor SILH}V dist((A(s), k(s)),0U) =0 9.4

is true. Then there exists a sequence t, — N with {(A(¢x), k(tx))} both bounded
in R x X and bounded away from the boundary of U. Hence, from the compactness
hypothesis of Theorem 9.1.1, {(A(¢x), k(tx))} is relatively compact and, without
loss of generality, we may suppose that it converges to (A*, z*) € S, say.

If N = oo then every neighbourhood of (A*, x*) intersects infinitely many dis-
tinct distinguished arcs, and this contradicts the fact that in a neighbourhood of
(A\*, z*) the solution set is an R-analytic variety. Now suppose that N < oo and
Apx_1 is not compact. Since t, — N, (A\*,z*) € 0Ax_1 \ {(An_1,2Nn_1)}.
Using Lyapunov-Schmidt reduction we find that Ay _; in a neighbourhood of
(\*, z*) corresponds to a manifold of 1-regular points from a real-analytic one-
dimensional branch of an analytic variety in a neighbourhood of (\*,0) in R?+!,
By Corollary 7.5.3, as in the discussion preceding Definition 9.1.4, this contradicts
the maximality of the route under consideration. Hence one of the alternatives in
(9.4) occurs.

It is now straightforward to map [0, V) to [0, 00) to obtain a parameterization of
‘R satisfying parts (a)—(d), and either (e)(i) or (e)(ii), in these two cases.

Next we consider the third case, when N < oo and Apy_; is compact. Let
(An_1,2n_1) and (Ax, x ) be the end points of Ay _;. The unique continuation
of Ax_1, as a distinguished arc Ay distinct from Ay _; with an end point in
common with Ay _; at (Ay, zy), is ensured by Corollary 7.5.3 on the structure of
one-dimensional varieties at a singular point. Since our route is maximal it follows
from Definition 9.1.4 (d) that Ay = A,, for some m € {0,--- , N —2}.

Suppose that m € {1,---,N — 3}. Since A,,_; and A,,;1 are the only
continuations of A,,,, and since Ax_1 is a continuation of A, it follows that
An_1 = Ay where m’ € {0,--- , N — 2}. But this violates Definition 9.1.4
(d). Hence Ay = Ag or Ay = An_2. In the latter case, it follows by induction
that Ay, = Ag and Aggy1 = A;. Hence N = 1 and Ay U A; forms a loop. On
the other hand, when Ay = Ay, there are two possibilities, (An,zn) = (Ao, 0)
or (An,zn) = (A1, z1). In the second of these cases it follows that Ay_; = Ay
which contradicts Definition 9.1.4 (d). The only remaining possibility is that Ay =
Ao, (An,zn) = (Ao, 0) and R is a loop in R x X parameterized by (9.3). Once
again we can parameterize R by s € [0, 00) so that parts (a)—(d) and (e)(iii) holds
in this case.

Finally to prove (f). Suppose that (A(s1), k(s1)) = (A(s2), k(s2)), s1 # S2 and
ker 9, F[(A(s1),k(s1))] = {0}. Then (A(s1),x(s1)) € Ap, and (A(s2), k(s2)) €
Ay, for some 0 < nj, ny < N. From the implicit function theorem it follows
that A,,, and A,,, coincide in a neighbourhood of the point where they intersect.
Since A,,, U A,,, C N, the same argument gives that the maximal set where they
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coincide is A, = A,,. Thus (e)(iii) occurs and |s; — $2| is an integer multiple of
T.

This observation leads to the conclusion that (A, k) : [0,00) — S is locally
injective which completes the proof of Theorem 9.1.1. O

9.2 GLOBAL ANALYTIC BIFURCATION IN CONES

The following result, of which there are many variants, is important when positivity-
invariant problems are under consideration. Such positivity, for example in prob-
lems of nonlinear elliptic partial differential equations, often follows from the max-
imum principle. The aim is to eliminate the possibility (e)(iii) that R is a closed
loop of solutions. If we can do this and U = R x X, then Theorem 9.1.1(e)(i)
must occur and there exists a curve of solutions which becomes unbounded as the
parameter tends to infinity (which is stronger than the statement that the curve is
unbounded).

DEFINITION 9.2.1 [n a real Banach space X a closed set K is called a (non-
convex) cone if ax € K forall a > 0 and x € K.

THEOREM 9.2.2 [n addition to the hypotheses of Theorem 9.1.1 suppose
(a) K is a cone in a real Banach space X.
(b) Rt C R x K (provided ¢ is chosen sufficiently small).

(¢) If A € Rand £ € ker(0,F[(\,0)]) N K, then £ = o, for a > 0, and
A = Xo. (In particular, —&y € K.)

(d) Each pointof RNT N (R X IC) is an interior point of T N (R X IC) inS.
Then k(s) € K\ {0} for all s > 0 and (e)(iii) in Theorem 9.1.1 does not occur.

Proof. Lets = sup{s > 0: x((0,s]) C K\ {0}} and suppose, for contradiction,
that 3 < oo. Since K is closed, x(3) € K. Moreover x(5) = 0, since other-
wise k(s) € K for some s > 5 by hypothesis (d) of the present theorem. There-
fore (A(S),0) is a bifurcation point on the line of trivial solutions of the equation
F(X z) = 0. Since (A(3), x(5)) € R, we can assume that, in a neighbourhood of
5, R is parameterized R-analytically by s. Let k denote the smallest natural number
such that the k*" derivative of x at s = 3 is non-zero (k exists, by analyticity), so
that

ks
k(s) = k(s) — K(3) = d k;![ ](s —35)% +0(]s —3/*1).

Since, by definition of 3, k(s) € K for all s with 0 < s < 5, we conclude that

(—1)*d*k[5] € K\ {0}.
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Note that 95, F'[(A,0)] = O for all m. So differentiating the identity
F(A(s),k(s)) =0
k times at s = 5 leads to the conclusion that
(—1)*d*k[3] € ker (0, F[(A(3), k(3))]) N (K \ {0}).

Now hypothesis (c) implies that A(3) = \g and (—1)*d*x[3] is a positive multiple
of &. Since )\ is a simple eigenvalue and —&, ¢ K, the bifurcating curve which
lies in R x IC and passes through the bifurcation point (g, 0) is uniquely determined
as RT. Thus there is a segment of R, parameterized by s < 5 sufficiently close
to 5, which is a subset of R*. Since R* C Ay, there exist sequences {sj}, {tx}
such that

(A(sk),k(sk)) = (AB —tr), k(5 —tr)), sk .0, tx \, 0.

By Theorem 9.1.1 (f), T' > 0 divides 5 — t;, — sy, for all k, which is false. Hence
5 = o0 and x(s) € K\ {0} for all s > 0. Since (A\g,0) € R we conclude that R
does not form a loop and the proof is complete. O

9.3 BENDING AN ELASTIC ROD III

‘We now show how the theory of global bifurcation in cones can be applied to the
boundary-value problem in §8.5:

¢"(x) + Asing(x) = 0 forz € [0, L], ¢'(0) =¢'(L) =0, 9.5)
where L is fixed and A > 0 is the parameter in the problem. As before let
F=R, X ={¢€C?0,L]:¢'(0)=¢'(L) =0}, Y =C[0, L],
and define F(\,¢) = ¢” + Asin¢g. Then F : R x X — Y is R-analytic,
I F[(,0)]¢ =0
if and only if
¢ +Xp=0€Y and ¢'(0) = ¢'(L) =0

and the bifurcation points form the set {\y = (K7/L)? : K € N}.

Here we focus on finding a global extension of the local bifurcation at the point
(m/L)? corresponding to K = 1. In keeping with the notation of the last section
let Ao denote (7/L)? and let &y(z) = cos(wx/L), x € [0, L]. Next we verify the
hypotheses of Theorem 9.2.2. We have already seen that (G1) and (G3) hold. To
check (G2) let (X, 1) € R x X be a solution of (9.5). Then

deF[(N, @) (¥) =" + Mp cos g, ¢ € X.
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By the theory of ordinary differential equations, 1" +\1) cos ¢ = 0 has two linearly
independent solutions at most one of which is in X. If there are no solutions in X
the problem

W'+ Mpcosh=f, peX (9.6)

has a solution v for every f € Y. If, on the other hand, it has a solution 1[) c X,
then (9.6) has a solution if and only if

L ~
/0 (o) (@) dz = 0.

In both cases the range is closed, the codimension of the range and the dimension
of kernel of dy, F'[(), ¢)] coincide.

This shows that in all cases dy F[(\, ¢)] is a Fredholm operator of index zero
and so (G2) holds.

Now let I C X be the cone defined by

K ={ue X: uisoddabout L/2and u > 0on [0, L/2]}.

We have seen that in this example hypothesis (a) of Theorem 9.2.2 holds, and (c)
is obvious since the (unique up to normalization) eigenfunction corresponding the
eigenvalue (7K /L)? is cos(K7x/L) and only when K = 1 is itin K.

To see that (d) holds suppose that (X, ¢) € R x (K \ {0}) satisfies (9.5). Then
clearly A # 0, sin ¢(0) # 0 and sin ¢(L) # 0. (If any one of them is zero then ¢
is a constant, by the uniqueness theorem for the initial-value problems for second
order ordinary differential equations, and so ¢ is not odd about L./2.) Also any

solution (A, @) of (9.5) satisfies
%(2)’(:5)2 + Acos ¢(0) — Acos ¢p(z) = 0 on [0, L] 9.7)

and, if A # 0, cos ¢(0) = cos ¢(L).
Since A # 0 and the derivative of cosine at ¢(0) and at ¢(L) is not zero, it

follows that if (A, ¢) is a solution of (9.5) which is sufficiently close to (A, ¢) then
$(0) = —¢(L). Hence the functions ¢(x) and —¢(L — z) solve the same initial
value problem, and so are equal. This shows that dg is odd about L /2.

Now to show that ¢ > 0 on [0, L/2] suppose that there is a sequence (g, ¢x) of
solutions of (9.5) which converges to (A, ¢) in R x X such that ¢(xg) < 0, zx €
[0,L/2). Since ¢r(L/2) = 0 and ¢;(0) > 0 for k sufficiently large, we may
assume that xj, is a minimizer of ¢ on [0, L/2] and hence ¢} (zx) = 0. In the
limit as k — oo we find that there exists = € [0, L/2] with ¢(x) = ¢/(z) = 0. By
the uniqueness theorem for initial value problems this means that ¢ = 0, which is
false. This contradiction establishes (d).

It remains to show (b), that R* C R x K. First we show that if (\,¢) € R™,
for € > 0 sufficiently small, then ¢ is odd about L/2. Recall from Theorem 8.4.1
that

RY = {(A(s),5(60 +7(s)) : s € (0,€) },
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where A(s) — 1 and 7(s) — 0in X as s — 0. To complete the proof that
hypothesis (b) is satisfied recall that §y(x) = cos(mz/L) and hence £,(0) = 1 =
—&o(L). So (9.7) gives

cos (s(1+7(s)(0))) = cos (s(—1+ 7(s)(L))) = cos (s(1 — 7(s)(L)))

whence s(1 + 7(s)(0)) = £s(1 — 7(s)(L)) for s > 0 sufficiently small. It follows
that the sign must be plus, and 7(s)(0) = —7(s)(L). Thus s(§p + 7(s)) is odd
about L/2 for s > 0 sufficiently small. Now (s) = s(o + 7(s)) > 0 on [0, L/2]
follows since k(L/2) = 0, (s)"(L/2) = s(—n/L+7(s)'(L/2)) and 7(s) — 0 in
X as s — 0. Hence hypothesis (b) is satisfied.

Thus Theorem 9.2.2 gives the existence of a curve

R = {(A(s),K(s) : s €]0,00)}
with (A(O)7 ’%(O)) = ((W/L)270), H(S) € K for s > 0 and
[(A(s), K(s))|| = coas s — oo.

If now (X, ¢) = (A(s), K(s)) € R satisfies (9.5) it is obvious that A # 0 and, by
connectedness, A > 0 for all (), ¢) € . Multiplying (9.5) by &, and integrating
by parts gives

0= /OL&) ((b”—|—singz$) dx = /OL¢>§0 (— (%)2 + )\s(ibnqﬁ) dx

Since ¢, { € I, the product ¢&y is non-negative and not identically zero. Since
A > 0 and (Asing)/¢ < A, it follows that A > (w/L)? for all (\,¢) € R,
¢ # 0. Hence the global curve lies to the right of the bifurcation point. Since
@'(0) = 0 = ¢(L/2) for all solutions of (9.5), it is immediate that the set

{()\,qb) ei)%:AgM}
is bounded in R x X for all finite M. Since R is unbounded,

(X1 (A 6) = (Als),a(s)) : s > 0} = ((r/L)? ).

Finally, if (), ¢) is a solution of (9.5) ¢ can be extended as a smooth 2L periodic
function on the real line. When this has been done, let

R = {(K*X ¢(Kx)) : (A, ¢) € R}.

It is an easy matter to check that R is a global branch of solutions bifurcating
from (KL/7)?, K € N.

Thus many qualitative features of the global bifurcation of solutions of (9.5),
observed originally in the introduction, are a consequence of abstract considera-
tions based on the theory of real analytic varieties and it is clear that the abstract
method has much greater applicability. In the remaining chapters we give a sub-
stantial example to which the global theory makes a vital contribution.
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9.4 NOTES ON SOURCES

The concept of global bifurcation has its origins in the work of Crandall and Rabi-
nowitz [21] on ordinary differential equations, and was developed to include partial
differential equations first by Rabinowitz [50] and then by Dancer [25] and Turner
[64]. However, the approach for analytic operators is due to Dancer [26]. Some of
the results given here appeared first in [13].
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Chapter Ten

Steady Periodic Water Waves

Now we embark on a study of global bifurcation in a problem from classical hydro-
dynamics. A steady periodic irrotational water wave of infinite depth, with a free
surface under gravity and without surface tension, is called a Stokes wave. The first
mathematical treatment of this free-boundary problem is the local existence theory
due to Levi-Civita [42] and Nekrasov [47]. Although a breakthrough at the time,
this is now recognised as an example of bifurcation from a simple eigenvalue.

The first global mathematical treatment is due to Krasov’skii [40], who obtained
the existence of waves of all slopes from zero up to, but not including, /6. How-
ever he did not show that they formed a connected set. That contribution was due to
Keady and Norbury [36], who used the global topological bifurcation theory of Ra-
binowitz [50], as adapted for operator equations in cones by Dancer [25], to obtain
the existence of a global connected set of Stokes waves.

Here we take matters further and show that there is a global curve of solutions
which has a local analytic re-parameterization at every point and which connects
the bifurcation point representing zero flow (no wave) to a Stokes wave of extreme
form [57]. The present account is based on a formulation of the Stokes-wave prob-
lem as a pseudo-differential operator equation due originally to Babenko [8] (see
[63] for further background) and draws upon theory developed in [4, 11, 12, 13, 44];
see also [14, 53, 62, 63]. We begin with a description of the physical problem and
a derivation of the equation that is the focus of our study.

10.1 EULER EQUATIONS

The incompressible Euler equations for a velocity field Uanda pressure field P in
a force field F' are

U+ ((U-VYU=VP+F, V-U=0.

In the next two sections we derive equations for steady irrotational water waves of
infinite depth, with gravity but without surface tension.

Steady Euler Equations

We begin with a standard elliptic boundary-value problem on an unbounded do-
main.
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DEFINITION 10.1.1 A 27-periodic function v : R — R is said to be Holder
continuous with exponent o € (0,1), written w € C%, if
lu(z) — u(y)|

[ullca = sup fu(z)|+ sup = <oo.
z€[—m,7] z, yE[—m, 7| ‘SL‘ - y|a

When u is k-times continuously differentiable on (—m, ) and the k*" derivative has
continuous extension to [—, 7] which is in C®, we say that u € C*. Note that a
function u which is Lipschitz continuous on [—7, 7] need not be in C*, the space of
continuously differentiable functions on [—m 7r] instead we write u € C%1 when
u is Lipschitz continuous. In this notation, Ck ke Ny, denotes the space of 2m-
periodic, k-times-continuously differentiable functions on R. This notation has an
obvious extension to functions u defined on subsets U of R™, C*<(U), C*<(U)
etc.

Note, for future reference that, as a consequence of the Ascoli-Arzela theorem
2.7.1, Ck* o € (0,1), is compactly embedded in C*, k € N.

Suppose w is a real-valued, 27-periodic, even C%“ function of a real variable
and that a curve S and a set € are defined by

Si={(w,w():z R} and Q={(z.y):y<w(x)}
For a real parameter c consider the boundary-value problem
AYp=0 inQ, =0 ond;
1[) is 27r-periodic and even in x;
Vi (z,y) — (0,¢) —» 0 asy — —oo.

For any ¢ > 0 this problem has a unique solution which is real-analytic in {2 and
all its derivatives and second derivatives have continuous extensions from €2 onto
the boundary of €2. To see this, a solution may be obtained by minimizing the
functional

‘V’([J(Z& y) - (07 C)|2dyd$(]

QN ((—m,m)XR)

over the set of all functions in Wﬁ)f(Q) which are 27-periodic and even in = with
zero trace on S. Then the Phragemen-Lindelof principle (the maximum principle
for harmonic functions on unbounded domains) gives that the solution is unique.
The regularity of the solution to the boundary-value problem obtained in this way
is ensured by standard theory [33, §6.4] which yields that U e C2(Q).

Since w 0 on S and 1/1 — —o0 as y — —oo, the harmonic function z/J is
negative everywhere on . It therefore attains its maximum on €2 at every point of
S. Hence, by the boundary-point lemma,

?f >0ond.
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Now note that the function 81&/ Oy is a harmonic function on 2 which tends to
¢ > 0asy — —oo. The maximum principle therefore implies that 9y /0y > 0
everywhere on ). From the evenness and periodicity of (-, i) we infer that

9% Gate =0, 4
ox

It follows from the implicit function theorem that, for any o < 0, the set {(x,y) €
O : 9(x,y) = a} is the graph of a smooth (in fact real-analytic) function Y, which
gives y as a function of z. Define a velocity field

ﬁ(x’yvt) = (u(:c,y,t),v(x,y,t)) = (12)?/’ _1[)90)

Note that U is independent of time ¢ and that div U =V -U = 0. In other words,
U is a stationary and solenoidal. Let F. ¢ = (0,—g) = V(—gy) be the (constant)
gravitational force field acting vertically downwards and define a scalar pressure
field in 2 by

P(z,y) = §|Vi(z,y)[* + gy.

Then U satisfies the Euler equations for a two-dimensional incompressible flow
under gravity:

U+ (U-V)U=VP+F, V-U=0.

Since curl = VAU =0 s it is also irrotational. From the fact that 7,2 =0onS,
and from the behaviour of V1 at infinite depth, we have that

0=V (1,wg) =thy + z/AJwaJ on S,
U — (c,0) asy — —oo.
Since U is everywhere perpendicular to Viﬁ, it is tangent to the curve S. Now

define time-dependent domains {2; with boundaries S;, a velocity field V and a
pressure P as follows:

Q={(z,y) : (x+ct,y) € A}, n(z,t) =wx+ct),

St ={(z,y) : (x+ct,y) € 09} = {(x,y) € R* : y = n(x,1)},
V(l’,y,t) = (j(l’ +ct,y,t) = (¢,0), P(z,y,t) =Pz +cty).

Since
{W + (VV(CE’y))V}‘(z,y,t) = [CUw + (U ’ V(I1y)>)U - CUw] ’(rJrct,y)

= {VP + Fg}|(z+ct,y) = {V(I,U)P + Fg}(ac,y,t)y

‘7, ‘P define a steady solution of the Euler equations. Remember that S, and hence
S, was specified at the outset and so we should think of &; as a rigid boundary
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at time ¢ which is moving horizontally from right to left with constant velocity
c on the surface of an infinitely wide, infinitely deep, ocean under gravity. The
flow it generates is described by V' and P which satisfy the Euler equations, and

—

V(z,y,t) — 0asy — —oo.

Steady Symmetric Water Waves

If S and c are such that P is constant on S, the rigid moving boundary is not needed
to maintain the motion since the pressure P at the surface S; is in equilibrium with
constant atmospheric pressure.

Therefore steady symmetric periodic water waves are described by solutions of
a boundary-value problem in which the domain €2 (described by a 27-periodic even
C?° function w), the function 1[) and the parameter ¢ > 0 are the unknowns:

At = 0in (10.1a)
(z,w(x)) = 0 forall z € R; (10.1b)
Vl[}(m,y) — (0,¢) as y — —o0; (10.1¢)
h(—,y) = P(x,y) = Ple+2m,y), (2,y) € (10.1d)
1|V (z, w(x))|? + gw(x) = constant, z € R. (10.1e)

We have seen equations (10.1a)-(10.1d) already; the new ingredient here is (10.1e),
which expresses the requirement that the pressure on the free surface is constant.

Dimensionless Variables

Let 7,& = c1p. Then

A = 0in Q; (10.22)
Y(x,w(x)) =0forall x € R; (10.2b)
Vi(z,y) — (0,1) as y — —o0; (10.2¢)
Y(—z,y) =¥(z,y) = ¥(z +2m,y), (z,y) €Y (10.2d)
VY (z, w@))* + w(z) =1, r € R, A= g/c*. (10.2e)

There is no loss of generality in taking the constant on the right side of (10.2e)
to be a half, since this can always be achieved by relocating the origin in the y
direction, an operation which has no effect on the other equations. The parameter A
is a dimensionless parameter in the water-wave problem, the square of the Froude
number.

Slight Generalization

For future reference consider briefly the more general problem in which the surface
S, which is 27-periodic and even in x, is given in parametric form by

S={(X®),Y()):teR},
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where t — (X (t), (Y (t)) is a globally injective, C*“ function, and (10.2b) and
(10.2e) are satisfied on S:

P(X(t),Y () =0and 1|[Vo(X(2),Y(1))> + A\Y (t) = &, t € R.

LEMMA 10.1.2  Suppose (X,Y) is a C*“function of t with X'(t)? +Y'(t)? >
Oand X'(t) > 0onR. Then X'(t) > 0onR.

Proof. Since (X (t),Y (t)) is a C** function of ¢, we know [33, §6.4] that ¢ and
all its first and second derivatives are continuous on 2. Suppose that X'(¢g) = 0.
Then the first boundary condition gives v, (X (t9), Y (ty)) = 0 and

Y (t0)*Yae (X (t0), Y (t0)) = ¢2(X (to), Y (to)) X" (to)- (10.3)

Now P = 1|V%|? + Ay is a sub-harmonic function on Q which is constant on S
and tends to —oo as y — —oo. By the Hopf boundary-point lemma its outward
normal derivative on S is everywhere strictly positive. Since ¥ < 0 on {2, the
outward normal is parallel to V1) on the boundary and so

0 < Vy(X(to, Y (to)) - VP(X(to), Y (to))
= ¥.(X(t0), Y (t0)) Pe(X(t0), Y (o))
= ¥ ((X(t0), Y (t0))? thaa (X (t0), Y (o))

With (10.3), this gives that X" (tp) # 0. Since X'(t) > 0 and X'(tg) = 0 it
follows that X" (¢o) = 0, which is a contradiction and the proof is complete. ~ [J

Trivial Solution

For all A > 0 the system (10.2) has a solution
w =0, w(%y) =Y, S= {(1’70) iy GR}v Q=Rx (—O0,0),

which corresponds to the constant solution U= (c,0) of the Euler equations and
uniform parallel flow in a horizontal direction. This is a trivial solution.

10.2 ONE-DIMENSIONAL FORMULATION

To tackle the existence questions for non-trivial solutions using bifurcation theory
we first need to re-formulate (10.2) as a nonlinear equation in the form F'(\, w) =
0, where w : R — R is 27-periodic.

Let —¢ be the harmonic conjugate of 1 in (10.2) so that ¢ + i1 is holomor-
phic in Q. Both 1 and ¢ are in C%%(Q). Since 1 is even, 1, (z,y) = 0 for all
(z,y) € Q with z € {0, 7} and the Cauchy-Riemann equations ensure that we
may normalize ¢ so that ¢ is odd and ¢(+, y) is independent of y. Since

us s

o(my) —o(=my) = | Gulw,y)de= [ ty(z,y)de — 27

—T —T
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asy — —oo, ¢(xm,y) = +x forall (£7,y) € Q and ¢(0,y) = 0 for all (0,y) €
Q. Therefore, since ¥, # 0 on §, a symmetric solution of the steady water-wave
problem gives rise to a conformal bijection ¢ + i) from Q onto R := R x (—o0, 0)
and from Q, := QN {(—m,7) x R} onto Ry := (—m,7) x (—00,0). Let S, =
Q, N'S. When composed with an exponential bijection this gives a conformal
bijection (, defined on 2, by

((z +iy) = exp (—i(P(z,y) + iV (x,y))),

which maps Q. onto D \ {¢ € R : ¢ < 0}, the open unit disc cut along the non-
positive real axis (the point at infinity in {2, is mapped to the origin). Let Z denote
its inverse, from D \ {¢ € R : ¢ < 0} into the complex z-plane, z = x + iy. From
the boundary conditions satisfied by ¢ and v, and from the behaviour of ¢ + i1 as
y — —00, it follows that the function

Z(C)leogéy CGD\{CGRCSO}v

can be extended to the non-positive real axis to yield a complex-analytic function
on D. (Here log is the usual branch of logarithm which is real on the positive real
axis.)

Therefore Z can be written in the form

2(¢) =i(10g¢ + 3 ac®) =i (log < + £0)), (10.4)
k=0

say. The evenness of 1) with respect to = means that f is real when ( is real and
therefore all the coefficients aj, are real. Let points in the complex (-plane be
identified by polar coordinates ¢ = re’* (¢ no longer denotes time.) Then

Z(()=1tlogr —t+ Z apr® (i cos kt — sin kt). (10.5)
k=0

It is clear that €2, the image of Z on D, is bounded by the vertical lines x = +m
and the curve S given parametrically by

T =—t— Z agsinkt, y= Z agcoskt, t € [—m, 7. (10.6)
k=1 k=0

Let us start again and suppose that f is a given holomorphic function on D which
is real on the real axis. Let Z be given in terms of f by (10.4). Suppose that Z is a
bijection onto its range €2, and define ® 4 <V on (2 by

D(Z(C))+19(Z(¢)) =ilog¢ =ilogr —t (10.7)

so that ¥ = 0 on S,;. We now ask if this defines a solution of (10.2).
Since Jm Z — —oo corresponds to » — 0, we find from (10.4) and (10.7) that

Vo(x +iy) — (1,0)
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as y — —oo. It is therefore automatic that when W is defined on 2, using (10.7)
and the mapping f in (10.4), ¥ is harmonic and even with respect to x on .,
U =0onS; and V¥ — (0,1) as y — —oo. For U to give a solution of the
water-wave problem the only question remaining is whether

1VUPP+ Ay =14 on Sp? (10.8)
This requirement can be written as a further condition to be satisfied by f in (10.4)

or, equivalently, by the coefficients {ay } in (10.5).
Since (® + i) (Z(¢)) = ilog(,

d ) dz 7
7 (2 +i0)(Z(0) Al
and hence
2 _ Z / 2 = ;
IVE(Z(Q)2 = (@ +i%) (Z(C))| REAGE

In particular, when || = 1, so that Z(¢) € S, and ¢ = ¢, we have

2 _
VHZO = e

where
720 =L +i§:kakgk—1 - f(l n ikakck)
C k=1 C k=1

Therefore (10.8) implies that at the point ¢ = e on the unit circle,
B 1
|1 + Zzozl kakC"?

= {(1 + i kay, cos kt)? + (i kay, sin kt)Q}il.
k=1

k=1

IV (Z())I” ?

To write this in a convenient notation, define an operator C on Ly[—, 7] by
C(1) =0, C(sinkt)= —coskt, C(coskt) =sinkt, k> 1,

extended by linearity and continuity. Note from the Riesz-Fischer theorem that, as
an operator on Ly[—m, 7], ||C|| < 1 and that C?u = —u + [u], where [u] denotes
the mean of a function u € Ly[—m, 7). The bounded linear operator C is the well
known conjugation operator [69] from classical harmonic analysis.
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Suppose that w € Ly[—, 7] is an even function with w’ = dw/dt € Lo[—m, ]
and Fourier series Y -, aj, cos kt. Then w(—m) = w(r) and

1+Cwm):1+§immamm, (10.9)
R - 1
IV&(Z(e™)]" = A1Co P T o @2 (10.10)
and, according to (10.6),
Se = {(t+ Cw(t),w(t) : t € [-m,7]}. (10.11)

Therefore the constant-pressure condition takes the form

(1 — 2 w(t){w'(t)* + (1 +Cw'(t))*} = 1, for almost all t € [, 7].
(10.12)

Henceforth we will focus on (10.12). The argument which follows (10.6) shows
that if w € C%® is even and such that Z defined by (10.5) is globally injective and
(10.12) holds then there exists a symmetric Stokes wave with profile given by

{(t+Cw(t),w(t)) : t € R}.

Conjugation Operator
To proceed we will need some standard operator theory. Everything in this section
is proved in [9], [51] or [69].
Complex Analysis
In complex notation
Ce™ = —isgnne™, nel, (10.13)

with the convention that sgn0 = 0. Let v be a 27-periodic, smooth, real-valued
function with

u(t) =Y a(n)e™, te[—m, 7, a(-n)=a(n),
nez
=a(0) + Y a(n)e™ + > i(n)eint

neN neN
= @(0) + Re (2 3 ﬁ(n)emt).
n=1

Therefore u is the restriction (u(t) = U(e')) to the unit circle S' of the real part
U of a complex holomorphic function f on the unit disc D in C, where

()= a(0) + 2 an)z" = U) +iV(=), |2 <1,
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U and V are real and V' (0) = 0. It follows that

V(e”) _ jmf(e”) _ 71‘{ Z ﬁ(n)eint 7W}

neN neN
= —i{ Z i(n)e™ — Z a(—n)e "}
neN neN
= —i{ Z sgnni(n)e™ } = Cu(t).

nez

Thus the conjugation operation gives the restriction to S of the imaginary part of
a complex holomorphic function f on the closed unit disc when the restriction to
the boundary of Re f is u and IJm f(0) = 0.

Further, by the Cauchy-Riemann equations in polar coordinates on the unit disc,

v

! —_—
Cu (t) - or leit’

where
AU =0 on D, U(e™) = u(t).

The above discussion is rigorous when the functions in question are smooth on the
closed unit disc or on the unit circle. When w is square integrable, the theory is
only a little more subtle.

Functional Analysis

For u € La[—m, 7], Cu (defined above in terms of Fourier coefficients) is given
pointwise almost everywhere by the singular integral formula
1 T u(s)ds

Cu(t) = —PV

—_— 10.14
27 _ptan 1(t —s)’ ( )

where PV denotes a Cauchy principal value integral. Formula (10.14) defines Cu
pointwise almost everywhere for u € Lq[—m, 7| and, although C maps neither
Li[—7, 7] nor Lo, [—, 7] into itself, we have the following.

THEOREM 10.2.1 (M. Riesz) C : L,[—m, 7] — Ly[—n, 7] is a bounded linear
operator for all p € (1,00).

THEOREM 10.2.2 (Privalov) C : C* — C“ is a bounded linear operator for
all v € (0,1).

THEOREM 10.2.3  Suppose that w € Ly|—m,w|. Then there exists a holomor-
phic function f defined on the unit disc such that, in Ly|—m, 7] and pointwise for
almost all t € [—m, m),

}erll flre™) = u(t) +iCu(t).
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Suppose that u, w € Ls[—7, 7], a, 8 € R and f, g are holomorphic in the unit
disc with

}LH% f(re’) = u(t) +i(a + Cu(t)), }m g(re™) = w(t) +1i(8 + Cw(t)),

in Ly|—m, m| and pointwise for almost all t € [—m, x|. Then there exists v € R
and a function v € Li[—7,w| such that Cv € Ly[—m, 7| and, in Li[—m, 7| and
pointwise for almost all t € [—m, 7],

lim f(re™)g(re™) = v(t) +i(y + Co(t)).

In particular, iffg|S1 is imaginary, then v = 0 and fg = iy on D for some real
constant .

Suppose that v is even and 27-periodic. Let @(t) = u(t + 7). Then @ is even,
2m-periodic and

Cii(t) = (Cu)(t + 7) = Cu(t). (10.15)

LEMMA 10.2.4 Let D denote the unit disc in C and suppose that f : D — C
has the following properties:

f € C*%(D) is holomorphic in D;

flop is injective so that f(OD) is a simple closed Jordan curve T.
Let Q be the interior of T, the bounded component of C\ T'. Then (a) 2 = f(D)
and (b) f : D — Q is a bijection.

Proof. Since f is non-constant on 9D, it is non-constant on D. Since it is holo-
morphic on D, f maps open sets to open sets. Therefore d(f(D)) C f(9D) =T.
If f(D) ¢ Q, then there exists a path in C \ Q jointing 2o € f(D) to infinity.
Therefore there is a point of (f(D)) which is not in  and so not in I. This con-
tradiction proves that f(D) C €. Since f(D) is open, f(D) C 2. Now suppose
that f(D) # (). Then there is a path in € joining a point of f(D) to a point of € not
in f(D). Once again there is a point of 9(f(D)) not in I', which is a contradiction.
This proves part (a).

To prove (b), note again that if z; € 0D and 2o € D, then f(z1) # f(22), as
in the argument for part (a). Suppose then that 2, 2z € D, 21 # 23 and f(z1) =
f(z2) =w € Q. Letr € (0,1) be such that |z;| < r, i = 1, 2. Then by [59, 3.4,
page 115],

1 f(z)d=

— >2
2mi Jop, f(z) —w —

)

where D, = {z € D : |z| < r}. Since | f(z) — w| is bounded away from 0 on 9D,
and f' € L1(9D), it follows (see, for example, [7, Thm. 6.6, page 100]) that

1 f(z)d=

— > 2.
270 Jop f(2) —w
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However,

1 f(z)dz 1 d¢

_ = =1
27t Jop f(2) —w 2w Jp (—w

)

since w € (Q, the interior of I'. This contradiction implies (b) and the lemma is
proven. O

10.3 MAIN EQUATION

To prove the existence of non-trivial solutions of equation (10.12) we replace it with
another which is more convenient from many viewpoints. The relevant observation
is the following.

DEFINITION 10.3.1 Let Y denote the space of 2m-periodic absolutely continu-
ous even functions u : R — R withu' € Ly[—7, 7|, endowed with the usual norm
|ul|3- = ||uH%2[7TM] + Hu’H%Z[fﬂﬂr]. Let X and Z be the spaces of even and odd
Sunctions in Lo[—7, 7.
THEOREM 10.3.2  Suppose that w € Y is a solution of

Cw' = Mw + wCw' + C(ww')}. (10.16)
(a) w satisfies (10.12).
(b) 1 — 2 w > 0 on [—m, 7] if and only if w' € Ls[—m, ).
(c)Ifwe C** 1 -2 \w > 0and 1+ Cw' > 0 on [—m, 7|, then Z in (10.7) is

injective and the argument following (10.6) means that the solution w of (10.16)
gives rise to a symmetric Stokes wave with profile

S ={(t+Cw(t),w(t)) : t € R} where 1+ Cw' > 0on [—m,7].
Proof. (a) First re-write (10.16) in the form
(1 =2 w)(1+Cw') +C((1 - 22w)w') =1 (10.17)
and apply C to both sides to obtain
(1 =2 w)w’ =C((1 - 2 w)(1 + Cw'))
so that
Cu= (1—2 w)w where u= (1 —2\w)(1+ Cuw’).
Therefore, by Theorem 10.2.3, there exists a holomorphic function U on D with

U|S1 =u+iCu = (1 — 2 w){1 + Cw' + iw'}
=i(1 — 2 w){w’ —i(1+Cuw')}.
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By the same theorem there is a holomorphic function W on D such that W, =
w’ +i(1 + Cw'). Note also that the product UW has the property that

UW |y =i(1 - 2)w)(w'” + (1 +Cuw')?) € iR.

By the last part of Theorem 10.2.3, UW is constant on D and, by Cauchy’s integral
formula and (10.17),

1 (" 1 ("
1 s

:% -

—T

(1 =2 w)(1 4 Cw')dt = 1.

Similarly W (0) = i, and therefore UW = i on D. This identity restricted to S*
gives

(1 —22w){w? + (1 +Cw')?} =1,

which is (10.12).

(b) Suppose that w € Y satisfies (10.16) and that 1 — 2 \w > 0 everywhere.
Since w is continuous there exists € > 0 such that 1 —2Aw > e. Since, by Theorem
10.3.2, w satisfies (10.12) it is immediate that w’ € Loo[—m,w] C L3[—m, 7).

Now suppose that w’ € Ls[—m, 7). The M. Riesz theorem implies that Cw’ €
Ls[—m, 7| also. Suppose, seeking a contradiction, that 1 — 2 w(a) = 0 for some
a € [—m, m]. Then, by Holder’s inequality,

< 2/\||w/||L3[—7T,7r] |t - a|2/3'

11— 22w(t)] = 2)\‘ /at w'(s)ds

Hence, because w satisfies (10.12),

1
w ()% + (1 + Cw' (1))? > )
O+ (4 Co' ) 2 ot = PP

Since |t — a| ™" ¢ L[, 7], w'® + (1 + Cw')? ¢ Lgs[—m, ], which is a contra-
diction.

(c) From our hypotheses and (10.12), t — (t+Cw(t), w(t)), t € Ris aninjective
function with Holder continuous second derivatives, by Privalov’s theorem 10.2.2.
It also follows from classical potential theory that 1/ is C? on 2. That Z is a global
injection follows immediately from this observation and Lemma 10.2.4. Hence the
argument following (10.6) gives the existence of a Stokes wave with symmetric
free surface, in the notation of Lemma 10.1.2, given by

S={(X®),Y([#):teR} =+ Cw(t),w():teR}.
Lemma 10.1.2 implies that 1 + Cw’ > 0 on [—, 7] and the proof is complete. [

Some obvious features of (10.16) are the following.
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(1) Itis the Euler-Lagrange equation (Definition 3.4.2) of the functional

J(w) = {wCw" — Mw?(1+Cw')}dt, weY.

(i1) It is a quadratic equation (with no higher order terms) the non-zero solu-
tions of which give rise to exact solutions of the steady periodic water-wave
problem (without approximation).

(iii) It has the trivial solution w = 0 for all A\. Linearizing with respect to w
about the trivial solution yields the self-adjoint eigenvalue problem

Cw' =\, weY.

Since Y consists of even functions, the linearized problem has a complete
set of eigenfunctions {cos nt},enu{o}» the corresponding set of eigenvalues
being N U {0}.

(iv) It can be re-written
(1 —2xw)Cw’ = Mw — Q(w)}, (10.18)
or as
C((1=2xw)w') = Mw + Q(w)} (10.19)
where Q(u) = uCu’ — C(un'). (See §10.5 for properties of Q(u).)

(v) It can be re-written as G(A, w) = 0, where G : (0,00) x Y — X is defined
by

G\ w) = Cw' — Mw + wCw' + C(ww')}. (10.20)

For (A, u) € U where
U={\w)e (0,00) xY :1—2\w >0}, (10.21)
OwG[(A,w)] : Y — X is Fredholm with index 0. (This is proved in §10.5.)
All these features are favourable; an awkward aspect of (10.16) is the involvement
of the conjugation operator which is non-local and there is no obvious analogue

of the maximum principle. To extract a priori bounds on solutions of (10.16) we
introduce the classical equation for Stokes waves.
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10.4 A PRIORI BOUNDS AND NEKRASOV’S EQUATION

Let w be an even C%* function such that (10.16), and hence (10.12), is satisfied.
By Theorem 10.2.3 there exists a holomorphic function U on the unit disc D with
U(e) =1+ Cw'(t) — iw'(t). Suppose in addition that 1 + Cw’ > 0 on [—, 7.
Then U is nowhere zero on D and its logarithm is well-defined. In polar coordinates
let

log U(re') = log |U(re™| +iO(re') where ©(e') = 9(t).
By (10.12),

logU(e™) = log |U(e™)| 4 i9(t) = — 1 log(1 — 2 w(t)) 4 i9(t),
—w'(t)

where ¥(t) € (—im, i7) and tand(t) = TTcw(@) te[—m, .
w

By Privalov’s theorem 10.2.2, 9’ € C%® since w € C*® . By the Cauchy-Riemann
equations,

00

i _2(%log(1—2/\w(t))) —r(t)

it Ot T 1= 2xw()
= X1 —22w(t)) "% 2sind(¢).

On the other hand sin 9(t) = —w’'(t)/1 — 2 w(t) gives
¢
3Mv+ / sind(s)ds} = (1 — 2 w(t))¥2. (10.22)
0

The new parameter v, which is related to (A, w) in (10.16) by
v=(1-2\w(0))*?/3),
is called Nekrasov’s parameter,

O(e™) = 9(t) and aa—?

= Sitnﬁ(t) (10.23)
et 3{v+ [ sind(s)ds}

Since w is even, ¥ is odd. Note that the parameter A does not appear in (10.23).
Moreover the favourable properties (i)—(v) are lost. Nevertheless it leads to the
following observation which will be useful later.

LEMMA 10.4.1 Suppose w is a non-constant, even, C** function which satisfies
(10.16) with

1+Cuw' >0and 1+ Cw' + [w'| > 0on[—m, x|, w <0on(0,n).

Then 1 + Cw’ > 0 on [—m,7], w' < 0on (0,7), w’(0) < 0 < w”(n) and
¥ (0) >0 > ¥ (m).
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Proof. That 1 4+ Cw’ > 0 on [—m, 7] is immediate from Theorem 10.3.2 (c) and
Lemma 10.1.2. Hence it suffices to prove that 0 £ ¢ > 0 on (0, 7) implies that
9 > 0 on (0,7). Since O is continuous on D and odd in ¢, it follows that © is
non-negative on the boundary of the upper half disc DT = {re‘* : t € [0, 7], r €
[0,1]}. If 9(to) = 0, to € (0, ), then, by the maximum principle, © has a min-
imum on D+ at e’ and, by the Hopf boundary-point lemma, 96 /0r(e'*0) < 0.
However, by (10.23), this is a contradiction which shows that w’ < 0 on (0, 7).

Since 90/0r = 0 on the real axis in D and (90 /dr)(e't) > 0, t € (0,7),
by (10.23), the maximum principle gives that the harmonic function 790 /9r is
positive on DT and takes its minimum on D at every point of 9D on the real axis.
The Hopf boundary-point lemma gives that

82@( 105 520
otor otor

(=r), r€(0,1).

Since (0©/0t)(£r) — 0asr — 0 and w’(0) = w'(7) =0,

—w"(0) 9 00
—_— = H—(1
1+ Cw'(0) sec” O( )815( )>0
00 —w"(r)
20 12 1y —wiT)
0 > sec” O(—1) 5 (-1) 15 C' ()’
This completes the proof. O

Therefore, when w is even and 1 + Cw’ > 0, ¢ is odd and 0 < ¥ < 47 on (0, 7).
So, by elementary Fourier-series methods, the boundary-value problem (10.23) is
equivalent to an integral equation for the odd function ¥ € C*“. On [0, 7] it must
satisfy

_1 / K(t,5) sind(s) o (10.24)
3 v+ [, sind(r)dr
0 <I(t) < im, t e (0,m), (10.24b)

where v > 0 and

2 — 1 in 4
K(t5) = _Zsmktsmks:_lo s¥n2(s—|—t) >0 (10.25)
™ sin1(s —t)

k T
k=1

REMARK 10.4.2 The sine-series expression for K is immediate from the Fourier-
series method used to derive (10.24) from (10.23). For later use we now derive the
close-form formula (10.25) which gives the positivity of K. Recall (see, for exam-
ple, [38, Ch. XII, §55, V]) that for z € C with |z| < 1and z # 1,

—log(1l —2) :kz_:%
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where log here means the principal logarithm. In particular, for 2 € (0, 27),

=\ cos kx  sinkzr 1
= —log |2sin 1 d = —(m—x). 10.26
,;:1 ’ og |2 sin 1| an ,;:1 - 5 (m—x) ( )

Hence, for s, t € [0, 7], s # ¢,

oo . . N
sin kt sin ks . cosk(t —s) — cosk(t + s)
2 T Am Y 2%k
k=1 k=1
IEPRETUES TN
2 sin 3(t — s)

which gives (10.25). Now by (10.26)

s : kt s
/ SR ot itdt = —2/ cos ktlog |2 sin 1t|dt = T
o K 0 k

Therefore
T >\ sinks
/ K(s,t) cot %tdtzQZ =mr—s, s€(0,m) (10.27)
0 k
k=1
and (10.32) below follows from the symmetry of K. o

Suppose that v > 0 and ¢ satisfy (10.24). Then 9¥(0) = J(7) = 0 and either
9 is identically zero or ¥(z) > 0 on (0, 7) because of the positivity of the kernel
K. Moreover, multiplying the equation by sin z and integrating over (0, 7) using
(10.25) yields that

/ () sinz d = 1/ SlIllZ(t) sint dt
0 3Jo v+ [y sind(w)dw

1 T
< —/ () sinz de,
3v Jo
which implies 0<v<1/3. (10.28)

LEMMA 10.4.3  Suppose that ¥ satisfies (10.24) on [0, 7t|. Then there exists ¢ > 0
(independent of ¥, v and t) such that

t
V+/ sind(r)dr > ct, t € [0,7].
0

Proof. Note that x~! sinz is decreasing on (0, 7) and =7 sin z is increasing on
(0, 7/3) for 3 = m/3+/3. Hence

29(t) < sind(t) < 9(1), t € (0, 17)

s
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and, for s, t € (0,7/3),

T s+t
—— log|——| <o
3v3 g’s —t‘ -
Therefore, by (10.24), for « € (0, 7/6)

29(t) dt

[

[ [
3 v+ [y sind(r)dr L), t

smE s—t)

sin (s +t) ‘ dt} s

sini(s —t)
97T\/_/2zu+f03)(7 {/2111 i‘dt}ds
2 s 22/s U
97r\/_/ vt [0 )(7' {/ il HJF d“}d
log3 [** I(s

)
Z187r\/§ = 1/+f0 9(7) ds

log3 log{l—l—if o dT}

1873 v+ [y 0
since the interval [x/s, 2x/s] has length at least a half when s € [z, 2z] and so
sy 1 1 1, |1 1
/ —log’ tu du > - min {—log’ tu }:—log?).
z)s U 1—-u 2 ue[l2) Lu 1—u 4

Since ¥ < i,

2
90
/ ¥dt < irmlog2,

and it follows from the above inequality that

foE 19

14 Ja N7T
+1/—|—f0 T)dT

is bounded, by M, say, independent of ¥, v and z. Since there exists K > 0 such
that for all m € [0, M], log(1 +m) > Km,

2 (g f2;c19 f2ac () 4
L T)@K{W}Zf({ﬁ}

where K > 0 changes at each step but is independent of v, ¥ and x. This proves
the result for ¢ € [0, /6] and the lemma follows. O
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THEOREM 10.4.4 Let ¥ € CY* satisfy (10.24). Then
0>td'(t) —9(t), te(0,m),
9(t) < /3, tel0,n],
0<k<A<K
—-K<w<K
||w'HLP[,NT] < K, < ooforp <3,
where k, K and K, are constants independent of \, w, ¥, v.
Proof. Note that ¥ > 0 on (0,7), ¥/(0) > 0 > ¢'(7) and ¥’ (t) = ¢¥'(0) + N(¢t)

where |N ()| < constt®. Hence for any A > 1, t9'(t) — AJ(t) < 0 for ¢ in a left
neighbourhood of 7 and, for ¢ in a right neighbourhood of 0,

td' (t) — AV(t) = (1 — A)td'(0) +tN (¢ / N(s)ds < —C't
if A > 1 where C' > 0 is a constant.
Suppose that the first inequality of the theorem is false. One possibility is that
t9'(t) — 9(t) < 0on [—m, 7] and to (tg) — I(to) =0, to € (0,m).
If this is not the case then
1<A=inf{a>1:td(t) —ad(t) <0, t € (0,7)}

and, from the behaviour of ¢’ (t) —¥(¢) in a neighbourhood of 0 and 7, there exists
to € (0,1) with tg9’' (tg) — AY(tg) = 0. Hence, in all cases, there exists A > 1 and
to € (0,7) such that
t9'(t) — AY(t) < 0on [—m, ] and tod (o) — Ad(ty) = 0.
As noted in the proof of Lemma 10.4.1, © > 0 on D™, and hence
00
ot
Let ©; denote the harmonic function on D which vanishes at the origin defined by

<0, 0<r<1. (10.29)

retw

O (r g na,r" cosnt when ©O( re E a,r"sinnt

n=1

and let U : D+ — R be defined by
U(re') = t0;(re') — AO(re') .

From a bootstrap argument based on (10.24), it follows easily that ¥ is infinitely
differentiable, and hence that © is infinitely differentiable on D+. So U is smooth
on DV and a calculation reveals that U satisfies the equation

A-1_ 2A(A-1)©

2
+
AU = ZU = =—5=U > >0onDT. (10.30)
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Also
U(re®®) = 0and U(re'™) <0, r € (0,1], by (10.29) . (10.31)

Now (10.30) is an elliptic equation (with coefficients that tend to infinity at certain

points on the boundary of D) which is satisfied by U on D*. By the maximum

principle, applied on open balls interior to D, the maximum of U on D+ is at-

tained on the boundary of D+. By (10.31) and the hypothesis of the theorem, U is

negative in DT and has a maximum on D+ at e, ¢, € (0, ) where U(e?) = 0.
The Hopf boundary-point lemma and (10.23) imply that

aU ito _ @ ito _ @ it[) —
0<8r(e ) =to o (") Aar(e )=

to (19'(750) cosV(to) sin? 9(to) ) B A sind(to)
v+ foto sin 9dr (1/ + fot“ sin 19d7')2 3(1/ + foto sin ﬁdr)

_A (19(750) cos¥(tg) — sinﬂ(to)) B tosin? 9(tg)
3 1/+fg° sin 9dr 3(1/+f50 sir119d7)2

since ¥ cos ¥ — sin ¥ < 0. This contradiction proves the first inequality and means
that sin 9(t) /¢ is decreasing on (0, 7]. Therefore

sin 9(t) sin 9(t)
v+ fg sin (1) dr = fOtT (sind/7)dr
< z < i = tan i¢ + cot 1t.
t sint z z
Since, by (10.27),
/7r K(s,t)tan it dt = s and /7T K(s,t)cot itdt =7 — s, (10.32)
0 0

the bound on ¢ follows.
Since Cw’ has zero mean, the definition of ¥ and (10.22) give that

e T 1_2 1 /
27r=/ 1+Cw’dt:/ Vi=2w({+Cuw)
. - V1—2\w

cos ¥ g cos ¥

dt = dt
—x V1= V-2 — [3/\{1/ + fo sin (s ds}]1/3

Since v < 1/3 by (10.28), the bound on A follows from Lemma 10.4.3 and the
bound on ¥. This calculation also gives that

(1 —22w(0))*2 =3\ < 1.

Hence w(0) > 0. On the other hand, an integration of (10.16) yields that

/Tr w(t)dt = —A/ﬂ w(t)Cw'(t)dt < 0.

—T —T
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Hence there is a point in (0, 7) where w is zero.
The L,[—m, w]-bound on w’ follows from (10.12), (10.22) and Lemma 10.4.3.
This in turn yields the bound on w and the proof is complete. O

10.5 WEAK SOLUTIONS ARE CLASSICAL

For w to satisfy (10.16) or (10.12) it is sufficient for w to have a square-integrable
derivative (or merely to be absolutely continuous). On the other hand, in §10.1 the
profile (X (t),Y (t)), t € R, of a steady wave has w € C*“. Thus §10.2 contains a
discussion of weak solutions (which we prefer because of the favourable properties
(1)—(v) listed there) to the classical problem discussed in §10.1. We now show that
provided 1 — 2w > 0 every weak solution is a classical solution.

The Operator Q

Formula (10.13) for the conjugation operator leads to the observation that u — Cu’
is an unbounded, densely defined, self-adjoint operator on Lo[—r, 7| given in terms
of Fourier coefficients by @(k) + |k|@(k), where @(k) denotes the k" Fourier
coefficient of u, k € Z. The Cauchy principle value formula for C leads to the
following observation which plays a central role in the Stokes-wave problem.

For a periodic function u with u’ € Ly[—m, 7] let Q(u) denote the function

Qu)(t) = u(t)Cu'(t) — Clun')(t).

LEMMA 10.5.1 Suppose that u is 27-periodic and v' € Lo|—m,m|. Then for
almostallt € R

™ 2
0< Qu)(t) 1/ {M} dsggnu’niﬂ,m]. (10.33)

" 8m _x lsini(t—s)

Proof. Fix t € [—m, ] and observe, from Hardy’s inequality [51] and the period-
icity of u, that, as an almost-everywhere defined function of s,

u(t) — u(s)

2tan L(t — s)
is in Ly[—m, 7] with norm bounded by 2|[v|| ., [, ], independent of ¢. Therefore

u(t)Cu' (t) — C(un)(t) = L [ Mu’(s)ds

2r |, tan L (t — s)
2 1112
< ;HU [ pm——r

Let t € R be such that s — [ u'(z)dx is differentiable with respect to s at
s = t. According to Lebesgue’s theorem [51] this set has full measure in R. For
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almost all such ¢,

- [ {a) e
O

The equality in (10.33) holds for all ¢ € R when w is 27-periodic and infinitely
differentiable. Therefore, for such functions, integrating both sides of (10.33) and
Parseval’s identity gives

o= [ [ (205

keZ

LEMMA 10.5.2 Suppose v’ € L,|—n, 7] for some p with 2 < p < co. Then
Qu) € C*~ 7.

Proof. Since u is periodic and @ commutes with translations, it will suffice to
show that |Q(u)(xz) — Q(u)(0)| < const |x|17%, for all x with |z| < 7/2, where
the constant depends only on ||u’||, and on p. Without loss of generality suppose
x > 0. Let % + % = 1 and let I denote the set [—m, 7] \ [-2z, 2z]. Then

|Q(u)(z) — Q(u)(0)]
2 2
1 {ff_yu’(t)dt} | e {f_oyu’(t)dt}
S8 ), stz V). sl

1/{Eguwm&’—yguww§iw.

8 sin?(y/2)

dy

+

Since v’ € L,[—7, 7], p > 2, it follows from Holder’s inequality that

2 {1, u’(t)dt}2 2 {[°, u’(t)dt}2
/.. ?(5/2) we [ (g2

< const [|u[|2|z]e 7,
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where the constant depends only on p. Also,

{rwom) {12, vom)” |
/I sin?(y/2) Yy =
{fjﬁy ()t + [0 u’(t)dt} {f;fy o (dt — [° u'(t)dt} )
/f sin®(y/2) Y
, lyle Jo_, W (t)dt — ffy u/(t)dt’
< const ||u ||p/ T dy
= const ||U/||P/ o (:1)11d2t(;/£5y - (t)dt‘dy

< const [/ 3faf ¥ [ 191+ ~2dy < const a2l
I
Thus
|Q(u)(w) — Q(u)(0)] < const [|u/|[2[z]s " = const [[u'||2|z|' 7.
This completes the proof. O

LEMMA 10.5.3  Suppose that u' € C®, a € (0,1). Then Q(u) € C19,0 < § <
a.

Proof. We use the notation of the preceding proof. Since u’ € C®, it follows from
first principles and the dominated convergence theorem that Q(u) is differentiable,
and its derivative is given by

™ (v (x) — o (x — oW () dt
- L | ()~ a = ) [, 'O

T ), sin® (y/2)

To see that Q(u)’ is in C?% 0 < & < a, it suffices, as in the proof of Lemma 10.5.2,

to show that |Q(u)’(x) — Q(u)’(0)| < const |z|°, where the constant depends only

on «, 6 and on ||u'||ce. Let I = [—m, @] \ [—2x, 22] with = € (0, 7/2). Note first
u'(z) —u'(z —y)

that
2z
/—zz sin®(y/2)

because g € C'“, and similarly that

2x / ! _ 0
/ u (O). 2u (0—y) / u’(t)dt‘ dy < const |z|*.
o sin?(y/2) —y

xT
/ u’(t)dt’ dy < const |z|%,
z—y
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Next note from the definition of I and the fact that v’ € C%,

’ / sin?(y /z —v) /m my ' (t)dtdy

(W'(0) —v'(=y) [,
_I/—s(,)inQ(y/2)y /_Ju (t)dtdy’

(v (z) —u'(0)) = (W'(z —y) = (=y) [ ,
= I/ sin?(y/2) /z_y B (t)dt‘ 2

/ % (/:yl/(t)dt—/_Zu’(t)dt)‘dy
I

< const |z|* log |z|.

_|_

Combining these estimates gives that Q(u)’ € C% 0<é<a,as required. O

Regularity

Here are some properties of @ which follow from §10.5 and the theorems of Pri-
valov and M. Riesz. Suppose that v’ € Lo[—m, 7] and recall the definition of G
and U from (10.20) and (10.21).

(a) Qu )( ) > 0 for almost all z € [—m, 7] unless u = constant.
(b) Q(u) € Loo[—m,7].
(c) Q(u) € C*forall € (0,1) if u’ € Ly[—m, w] forall p < co.
(d) Q(u) € Ch forall o € (0,1) if u/ € €7 for all B € (0,1).

THEOREM 10.5.4  Suppose that (A, w) € U is a solution of (10.16). Then w €
c?e,

Proof. This follows by a simple bootstrap argument. Assume that 1 — 2 \w > 0
and w satisfies (10.16). Then (10.18) and (b) imply that

/ A B
Cul — @ff%(f)) € Loo|—,7] C L=, 7] (10.34)

for all p > 1. Hence, by Riesz’s theorem, w’ € Ly[—m, 7], 1 < p < oo, and
sow € CF forall B € (0,1), by Holder’s inequality, and Q(w) € C¥ for all
B € (0,1) by (c). Therefore, by (10.34), Cw’ € CP forall 3 € (0, 1) from which it
follows, by Privalov’s theorem, that w’ € C%, 8 € (0, 1). Therefore Q(w) € C1,
by (d) and 1 — 2 \w € O, Therefore, by (10.34), Cw’ € C1* for all a € (0, 1).
It now follows, by Privalov’s theorem, that w € C?%“ for all @ € (0,1). This
completes the proof. O
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It is clear that this procedure could be continued indefinitely to prove by induction
that w can be extended as infinitely differentiable 27-periodic function on R. Theo-
rem 10.3.2 (b) shows that the hypothesis 1 —2Aw > 0 (strict inequality) everywhere
is essential to this conclusion.

REMARK 10.5.5 If {(Ag,wx)} is a sequence of solutions of (10.16) with the
property that 1 — 2 wy(t) > d > 0,¢ € [—n, 7] and {\; } is bounded, then (10.12)
gives that {w} } is bounded in Ly[—m, 7] and hence, by the preceding argument,
{wy} is bounded in C*© for all « € (0,1). Therefore, by the last sentence in
Definition 10.1.1, {wy} is compact in C2. O

Fredholm Property

We begin with a general observation.

THEOREM 10.5.6 Q is sequentially continuous from'Y, with the weak topology,
into L,[—m, 7], 1 < p < oo, with the strong L,,-topology.

Proof. Let{v,} be a sequence in Y which is weakly convergent to v. Thenv), € Z
and v], = v’ in Lo[—m, 7]. It will suffice to show for a subsequence that Q(v,,) —
Q(v)in Ly[—m, 7,1 < p < 00, a8 n — o0. Let u,(t) = fot(vib(s) —'(s))ds.
Since Q(uy,)(t) = Q(v, — v)(t) and since the integral of Cu is zero for any u €
Lo[—m, 7],

s s

Qv — v)(t)dt = / U (B)C () ()t

—Tr —Tr

= / un (H)C(vy, — ") (#)dt — 0
asn — oo, because C is bounded on Ly[—, 7], v), = v" and u,, — Oin Lo[—m, 7].

Since Q(v,, — v) is non-negative, it follows that Q(v,, — v) — 0in Li[—m, 7]
and so a subsequence converges pointwise almost everywhere. Let

¢ —w nd &t _M
TR N TETE)

We have just shown for a subsequence that, for almost all ¢, ¢!, — @' in Lo[—7, 7]
as n — 0o, and hence that ||¢!, ||, (— ] — [|¢"||L,[—r . Another way of saying
this is that, for almost all ¢, Q(v,)(t) — Q(v)(t) as n — oo. Since {Q(v,)} is
bounded in Lo, [—7, 7], by Lemma 10.5.1, the result of the theorem follows from
the dominated convergence theorem. U

To show that the linearization of G at (A, w) € U is Fredholm with index O it
suffices (Theorem 2.7.6) to decompose 0, G[(A, w)] as

OGN, w)] = K[\, w] + C[A\, w],
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where K[\, w] : Y — X is a homeomorphism and C[\, w] : Y — X is compact.
Since, for (A, w) € R x Y,

G\ w) = (1 =2 w)(Cw' +w) + AQ(w) — (1 — 2Dw + N)w,

differentiation gives

G\ w)]p = (1 = 22w)(Cy’ + )
n ()\dQ[w]@ — 22p(Cw’ + w) — g + dAwep — (p). (10.35)

Since 1 — 2 w is everywhere positive and continuous, the first term on the right
obviously represents a homeomorphism from Y to X. Since the nonlinear operator
Q is compact from Y into X (Theorem 10.5.6), its Fréchet derivative dQw] : Y —
X is also compact (Lemma 3.1.12). Also since, by the Ascoli-Arzela theorem 2.7.1,
Y is compactly embedded (see Example 2.7.3) in Lo, [—m, 7], all the other terms
in the second bracket of (10.35) denote compact linear operators from Y into X.

This shows that 9,,G[(\,w)] : Y — X is Fredholm with index 0 on /. Note
that/ isopenin R x Y.

10.6 NOTES ON SOURCES

For the maximum principle, the Hopf boundary-point lemma and the Phragémen-
Lindelof principle, see [31] and [49]. See also the Notes on Sources for Chapter
11.
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Chapter Eleven

Global Existence of Stokes Waves

11.1 LOCAL BIFURCATION THEORY

Here we study the existence of non-trivial solutions of equation (10.16) in a neigh-
bourhood of the trivial solution w = 0 € Y for values of A > 0. This equation
can be re-written as G(\, w) = 0 where G, defined by (10.20), has the following
properties.

(A) G(A\,0) =0forall A > 0.

(B) 0, G[(A\,w)]p = C¢' — Ap — )\(nga' + pCw’ + C(wcp)’).
(©) WG\, w)lp = p(w + wCw' + C(ww')).

Since 9,,G : (0,00) x Y — L(Y,X) and 0,\G : (0,00) x Y — L(R,X)
are both continuous, we conclude (Lemma 3.1.7) that G : (0,00) X ¥ — X is
continuously Fréchet differentiable. In fact all its partial Fréchet derivatives of all
orders greater than three are zero everywhere. Thus G : (0,00) X Y — X isa
real-analytic operator.

Since G is continuously Fréchet differentiable and 9,,G[(}, 0)] is Fredholm with
index zero, a necessary condition (see Example 8.1.1) for there to be bifurcation
from the trivial solution at \g > is that

0w G[(Xo,0)] : Y — X is not injective,
equivalently

C¢' — Mo = 0 has a non-trivial solution in Y.

Bifurcation from a Simple Eigenvalue
Since
OuwG[(A,0)]p =Cp" = Ap =0, p € Y\ {0},

if and only if n € Ny and p(t) = acosnt, a € R, all bifurcation points Ay
are non-negative integers. Now we will show that every non-negative integer is a
bifurcation point.

It is easily seen that Ay = 0 is a bifurcation point since (10.16) has a solution
(A, w) = (0, ¢) for all constants c¢. Now suppose that \g = n € N. We need only
check the hypotheses of the theory of bifurcation from a simple eigenvalue. Note
that

ker 9,,G[(n,0)] = span {p,} and ¢,, ¢ range 0,,G|(n,0)],
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where ©,,(t) = cosnt. Thus every n € N is a simple eigenvalue of A : ¥ — X,
where Au = Cu/, and hence every n € Ny is a bifurcation point for the equation
G\, w) =0.

THEOREM 11.1.1 Let n € Ny. Then there is a neighbourhood O,, of (n,0) in
R x Y, € > 0 and a unique real-analytic function (A, ®,,) : (—¢, €) — O,, with

/7T on ()P, (s)(t)dt =0, s € (—¢ ),

—T

such that (A, w) € Oy, is a solution of (10.16) with w # 0 if and only in there exists
s € (—e,€) \ {0} such that

(N w) = (An(s), S((pn + ®,(s))) where (A,,(0), ®,(0)) = (n,0).

Although the bifurcation from \g = 0 was known from the elementary obser-
vation that constants are solutions when A = 0, the theorem gives the additional
information that in a neighbourhood of (0,0) in R x Y there are no other solutions.

Bifurcation from A = 1

Let £ denote the set of all non-trivial solutions (A, w) € (0,00) x Y of (10.16) and
let

[y ={(As(s), s(p1 + Pu(s))) s s € (e, 6) \{0}} C €

denote the curve of non-trivial solutions bifurcating from (1, 0). The theory so far
predicts that in a neighbourhood of the bifurcation point (1,0) there are no non-
trivial solutions of (10.16) other than those on the bifurcating curve I';. Let &
denote the maximal connected subset in R x Y of £ which contains I';. Now
observe that in a neighbourhood of (1, 0) the curve I'; is symmetric in R x Y about
the A-axis because (A, w) € &; whenever (A\,w) € T'; (see (10.15)) and, by the
uniqueness of the function (Aq, ®1), since 1 = —1,

(A1(=5), (=5) (01 + @1(=9))) = (Ai(s), s(p1 + P1(5))7)

forall s € (0,¢). Hence Ay = (d/ds)A;(s)|s=o = 0. (Here ~ denotes differentiation
with respect to s at s = (.) In other words the tangent to the bifurcating curve I'; is
vertical in R x Y at the bifurcation point. We shall show presently that the whole
curve I'; is not vertical, unlike the case of bifurcation from \g = 0. Let

I = {(A1(5), 5(g1 + @1(5)) : 5 € (0,e)}, Yy = span{pr}
and let Y5 denote the closure in Y of span{y; : k =0, 2, 3,...}.
Substituting (A, w) = (A1(s), s(¢1 + sPi(s))) in (10.16) gives
0= (1—A1(8))p1 +CP1(s) — A1(5)P1(5)
— sA1(s){(p1 + ©1(s))C(g + Pu(s)')
+C((p1 + 1(s)) (g1 + @1(s)))}. (11.1)
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A differentiation with respect to s at s = 0, using the fact that Ay =0, gives

. . 1 1
COY — @1 = p1Cpy +Clpr191) = 9T+ 52 = 5 + 2.
Therefore $; = o — % Differentiating (11.1) again with respect to s at s = 0
gives

0=—Ap1 +CP) — D1 — 21 — 6ips.

Hence

Ay = —2and &1 = 3ps.

Therefore I'; is a symmetric, sub-critical pitchfork bifurcation at (1, 0).
Consider the eigenvalue problem for the linearization of (10.16) with respect to
w at (A1(s), ws), where wy = s(p1 + ®1(s)),

OwGl(A1(8),ws)]lv =vv, veEX. (11.2)

In the notation of Proposition 8.4.2, F = —G (see (8.4) and (10.20)) and so v =
— . Therefore, for s sufficiently small, all solutions (v, v) of (11.2) in a sufficiently
small neighbourhood of (0, ¢1) (up to a normalization of v) are given by a smooth
mapping s — (vs, vs) such that (19, v9) = (0, 1) and
A
lim sdAq(s)/ds

s—0 Vg

Further, from the symmetry of I'; we may infer that v is even in s and v_3 = v;.
These conclusions may be summarized as follows:

ws = s(p1 4+ P1(s)) = so1+5%(p2—3) + 35703
A1 (s) = 1-52 +O(|s|*). (11.3)
Vg = —242

as |s| — 0. For non-zero s with |s| sufficiently small, all but two of the eigenvalues

of 0y, G[(A1(s), ws)] are greater than 1/2, since that is true when s = 0 and the
eigenvalues v of (11.2) depend continuously on s. Of the two exceptions, one is
close to —1 (because —1 is an eigenvalue of (11.2) when s = 0), and the other is
negative by (11.3). Thus, when positive |s| is sufficiently small, equation (11.2) has
exactly two negative eigenvalues and all the others exceed 1/2. We return briefly to
this observation after we have defined Morse indices in §11.3: it says that near the
bifurcation point A = 1 all non-trivial solutions have Morse index 2.

11.2 GLOBAL BIFURCATION FROM X\ =1

Now we turn to a global analysis of the water-wave problem, exploiting its real
analyticity and the Fredholm property §10.5. In the same notation, let 51'" denote
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the closure of the maximal connected subset of £ N/ in (0, 00) x Y which contains
Ff (U is defined in (10.21)). The outcome real-analytic bifurcation theory is the
following result on the existence of a global continuum in ¢/ of solutions of (10.16).
Let

S={\w) €& :0,G[(\,w)]:Y — X isahomeomorphism.}

THEOREM 11.2.1 For equation (10.16) there exists a function h = (A, W) :
(0,00) — R X Y such that

(i) h:(0,00) — S NU is continuous;

(i) h((0,1)) C '} andlims o h(s) = (1,0);

(iii) h is injective on h=1(S);

(iv) at all points s € h=1(S), h is real-analytic with A'(s) # 0;
(v) the set h=1(S\S) C (0, 00) consists of isolated values;

(vi) locally near every point so € h=1(S\S), there exists an injective and con-
tinuous re-parameterization of the set originally parameterized by h, such
that s = (o), |o| < 1, so = ¥(0) and h o 7 is a real-analytic function
(whose derivative may vanish only at 0).

Let R = {h(s) : s € [0,00)}. Since R C U and R is path-connected in Y, it
follows from the remark at the end of §10.5 that R is path-connected in C' k. for all
k € N. Let

W= {()\, w) € R x C2%which satisfies (10.16) and
14+ Cw >0on[-m, 7], w' <0on(0,7), w”(0) <0< w”(w)}.

It is easy to see from the local bifurcation analysis of the preceding section that
h(s) € W for s € (0,€) when e > 0 is sufficiently small. However Lemma 10.4.1
implies that WNR is both open and closed in R and hence, by path-connectedness,
R C W. From this and Theorem 10.4.4 it follows that if (A, w) € R, then 0 <
k<A< K <ooand |w| < K, for some k, K > 0. Now it follows from (10.12)
that if 1 — 2 w(0) > § > 0 for all (A, w) € R, then R is bounded in R x Y. It
must therefore form a closed loop, by Theorem 9.1.1 (e), if 1 — 2Aw(0) > § > 0
for all (A, w) € R.
Now let

K={weY:w <0on(0,n)}

We have seen that & C X and K is a closed cone in Y. In order to show that ‘R is
not a closed loop in Y it suffices to confirm the hypotheses of Theorem 9.2.2. It has
already been observed that hypotheses (a) and (b) hold, and (c) holds also because
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o = cost € K. Suppose that (A, w) € R. Thenw € C** and ¥ < 7/3 on (0, 7).
Moreover all solutions of (10.16) close to (A, w) in R x Y are close in R x e
and the corresponding ¥ < /3. This proves that hypothesis (d) holds and so R is
not a closed loop.

We conclude that

h(s) — OU as s — oo,

R lies in a bounded subset of [k, 00) x W1P[—x, 7], for some k > 0 and
any p € [1,3) (Theorem 10.4.4), and

1—2\w(0) — 0as s — oo when h(s) = (A, w).

Here W1P[—, 7] denotes the Banach space of 27-periodic functions with weak
derivative in L,[—m,7]. It follows that every sequence in R has a subsequence
which is convergent weakly in [k, 00) x W1P[—x, 7], 1 < p < 3, and strongly in
[k,00) x C*, a € (0,2/3). Let

H=R\RinC=.

LEMMA 11.2.2 H C R x W'P[—m 7], 1 < p < 3 and every (\,w) € H
satisfies (10.16) with 1 — 2 w(0) = 0. Moreover the set H is a compact, connected
subset of R x Cs.

Proof. Let {h(sk)} = {(Ar, ws)} be a sequence in R which converges to (A, w) €
H in C2 as k and s — oo. Extracting a subsequence if necessary, we may
suppose that it also converges weakly to (A, w) in WP[—m, xr]. Thus (\,w) €
R x WhP[—x, 7r]. Multiplying (10.16) by a smooth 27-periodic function ¢ and
integrating before taking the limit gives

0= / ¢ {Cw}, — Ne(wy + wiCwy, + C(wrwy,) } di

— ! ¢ {Cw" — Aw + wCuw' + C(ww') }

because Cw), — Cw’, wy, — w' weakly in Y and wj, — w uniformly on [—m, 7] as
k — oc. It follows that (A, w) € R x W1P[—r, ] satisfies (10.16).

It follows that H = 9\ R is compact in R x C 3. To show that M is connected in
RxCz, suppose that it is not. Then there exists two disjoint compact (in R x C' 3)
subsets U, V such that both intersect H non-trivially, their union is H, and U N V'
is empty. Let dist(U, V') = d > 0. Suppose thatu € HNU and v € H N V. Since
u ¢ Vandv ¢ U, there exists h(ty,) with dist(h(t,, ), U) > d/4, dist(h(t,,), V) >
d/4 and t,, — oo as m — oo. The corresponding sequence {(\,,,w;,)} has a
subsequence which converges strongly in C % 10 a solution (A, w) of (10.16) with
1 — 2 w(0) = 0 and dist((A, w),U) > d/4, dist((\,w), V) > d/4. This contra-
dicts the fact that (A, w) € H and the proof is complete. O
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REMARK 11.2.3 The set H consists of Stokes waves of greatest height which
arise as the limit as s — oo of points on J8. While it may not be a singleton, it is
connected. Such a conclusion could not be derived using topological bifurcation
theory because in that case there is no analogue of h(s) — OU as s — oo, which
is the key here. O

REMARK 11.2.4 (Scaling) Let
Ry = {(kA,9(kE)) : (A, 9) € R}, keN.

It is easy to see that elements of R, are solutions to (10.16) that give rise to Stokes
waves of period 27, but of minimal period 27 /k. The curve Ry, represents a global
curve bifurcating at the point (k,0). It is clear from the real-analytic theory devel-
oped here that Ry, is in fact the same curve as would be given by a study of the
global bifurcation from a simple eigenvalue at A = k. O

11.3 GRADIENTS, MORSE INDEX AND BIFURCATION

To finish, we give a brief sketch of how real-analytic bifurcation theory interacts
with the gradient structure of (10.16) to conclude the existence of multiple sec-
ondary bifurcation points on the global branch. As the abstract theory upon which
these conclusions are based is far removed from considerations of real-analyticity,
we omit the proofs. It is worth emphasizing however that the existence of a path,
not just a connected set, of solutions is essential. This is where the real-analyticity
comes in.

Recall the notion of gradient structure in a Banach space setting (Definitions
3.4.1 and 3.4.2). For certain operators with gradient structure, the Morse index of
a solution is defined as follows.

DEFINITION  Suppose that Y is dense in a Hilbert space (X, {-,-)) and that
G (N, -) is the gradient of a C*-functional g(X, -) with G(\,y) = 0 and 8, G[(\, y)]—
ut Y — X a homeomorphism except for u in a discrete set S(\,y). For
uw € S(A,y) suppose that (;u — ByG[()\7y)]) is a Fredholm operator of index
zero.

Then the Morse index M (), y) of the solution (\,y) is the number of strictly
negative eigenvalues of 0,G[(\, yo)], counted according to multiplicity. (The mul-
tiplicity of p is dim ker (;u — 0y G[(A, y)]))

DEFINITION We say that (Ao, yo) is a bifurcation point for the equation G(\,y)
= 0 if there are two sequences {( A, Yx)}, {(Ak, Yx)} of solutions of G(A,y) = 0
with gy, # Yp for all k (note the same M\, for both) converging to (Mg, yo) in R x Y.

The following theorem is due to Kielhofer [37] and independently to Chow and
Lauterbach [20].

PROPOSITION  Suppose that U C (0,00) X Y is an open set, G : U — X is
C? and such that M (), y) is well-defined for every (\,y) € U with G(\,y) = 0.
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Suppose also that for compact sets of solutions in U, the sets S(\, y) are uniformly
bounded below.

Let S := {(A(s),y(s)) : s € (—€,€)} CU be a continuous curve of solutions to
G(\,y) = 0such that 0 ¢ S(A\(s),y(s)) forall s € (—¢,€) \ {0} and that

lim M(A(s), y(5)) # L M(A(s), ().

Then (A(0),y(0)) is a bifurcation point.

Morse Index of Stokes Waves

Recall that (10.16) can be written as G(A,w) = 0, where G : R x Y — X is given
by

G\, w) =Cw' — Mw + wCw' + C(ww')}.

Let 7 : R x Y — R be defined by

1 T
T\ w) = 3 {wCw" — Mw?*(1 4 Cw)}dt, A >0, weY,

—T

Then VJ = G, G : RxY — Xand J : R xY — R are real-analytic. If
(A, w) € U and G(\, w) = 0, then the Morse index M (A, w) is well-defined. Since
a change in Morse index results bifurcation points on the curve ‘R, the following
result is of profound significance.

PROPOSITION  (Plotnikov [48]) If (A\i,wi) € U is a sequence of solutions of
(10.16) in Theorem 11.2.1 with 1 — 2 \pw(0) — 0 as k — oo, then M (A, wy) —
0.

The following result follows immediately from the existence of a path of solu-
tions given by the analytic global bifurcation theorem 11.2.1. (In the topological
version of global bifurcation theory it is difficult, and in general not always pos-
sible, to be sure of the existence of such a path upon which secondary bifurcation
points can be identified.)

PROPOSITION (Buffoni, Dancer gnd Toland [13]) There is an infinite set 3. of
values of s > 0 at which h(sl € S\ S is a bifurcation point for the equation
G\, w) =0. The set {h(s) € S\ S, s € ¥} C U is infinite.

Concluding Remarks

Numerical experiments suggest that in the physical domain the curve R gives a
maximal connected set of Stokes waves of the fundamental period 27, and that no
Stokes waves of period 27 bifurcate from it. Nor does it self-intersect. If this is so
(and there is no proof) then the bifurcation points given by the last proposition are
all turning points (and R has infinitely many ‘S-shapes’, on a bifurcation diagram)
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and, after scaling (Remark 11.2.4), there are analogous bifurcation points on each
of the curves Ry, k € N.

Whatever the nature of these bifurcation points, their existence implies the ex-
istence of points on the curves R, for sufficiently large prime numbers ¢, where
solutions of minimal period 27 /¢ bifurcate from R,. These bifurcations cannot be
re-scaled to give bifurcations on *R.

When these observations are interpreted in the physical domain, they correspond
to period-multiplying bifurcations of Stokes waves. The physical waves which bi-
furcate have minimal period 2¢7 and there are infinitely many period-multiplying
bifurcation points for Stokes waves in the physical domain [13].

11.4 NOTES ON SOURCES

Equation (10.16) is due to Babenko [8]. This approach to the Stokes wave problem
appeared in [12, 13]. Related material is to be found in [11, 14, 48, 62]. An earlier
version of global Stokes-wave theory is summarized in [60].
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