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Preface

These notes where composed of lectures given at the VU University in 2006, 2007,
2009, 2013 and 2014. In course various topological principles and techniques are
introduced such as finite and infinite degree theory, Morse theory and Conley index
theory. The motivation for discussing these topological tools is the application
to nonlinear partial differential equations. Throughout theses notes we provide
examples and applications to both ordinary differential equations/dynamical
systems and partial differential equations. A major part of the course notes is
dedicated to Conley index theory and dynamical systems and their relation to
degree theory and variational methods such as Morse theory. We chose not to
exploit applications to bifurcation theory. Many good texts on this subject can be
found in the literature.

The chapters on Conley theory are partly based on lecture notes with W.D.
Kalies and K. Mischaikow.






1.1

The mapping degree is a topological tool that can be used to find zeroes of functions

from R" to R". Consider the functions f(x,A) = x* —5x2> +4 — A, and g(x,A) =
3

x” — x — A. For A = 0 both functions have only non-degenerate zeroes. Assign
either £1 to each root depending on the sign of derivative of the function at a zero
and define the mapping degree to be the sum of the signs. For f this number is
equal to zero and for g it is equal to 1. By varying the parameter A, the degree may
be computed in most cases, i.e. when the zeroes are all non-degenerate. Notice
that for f the answer is always 0 and for g the answer is always 1. In the latter case
there is at least one zero, while f does not need to have zeroes at all. In Section[1.2]

this idea will be formalized for C!-mappings f : R" — R".

Notation

Let O C R" be a boundedEl open subset of IR"”, which be will referred to as a
bounded domain. Its closure is denoted by Q) and the boundary is defined as
00 = OQ\Q. The closure Q) is a compact set. Points x € () are represented in
coordinates as follows; x = (x1,---,xy,). Super-indices will be used to label points
in R".

The class of functions f : Q C R"” — R" that are continuous on Q is denoted by
Co(y;R"), or C°(Q)) for short. Functions that are continuous on () are denoted by
CO(ORM). If f: QO C R" — R" is uniformly continuous, then f can be extended
to a continuous function on Q. Therefore C°(Q)) C C°(Q)), which is also referred
to as the subspace of uniformly continuous functions on Q2. A function f is said
to be k-times continuously differentiable on Q) if f and all its derivatives up to

1Consider R” with the standard Euclidean metric.
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order k are continuous on Q. This class is denoted by C*(Q;IR"). A function f is
k-times continuously differentiable on Q if f and all derivatives up to order k are
uniformly continuous, and thus extend continuously to Q). The class of k-times
continuously differentiable on () is denoted by C*(();R").

A continuous mapping f : R" — R" is said to be proper if f1(K) := {x €
R" | f(x) € K} is compact for every compact set K C R". Proper mappings are
closed, i.e. a mapping f is called a closed mapping if it maps closed sets A C Q) to
closed sets f(A) C R".

I 1.1 Exercise Show that a proper mapping is a closed mapping. n

Let ) C R" be an unbounded domain. If we restrict a proper mapping to an
unbounded domain (), then the restriction is a proper mapping on Q. If Qis a
bounded domain, then f: O C R” — IR" is a proper mapping since f~1(K) C Q is
a closed subset and thus compact. Proper mappings on unbounded domains are a
natural extension of continuous mappings on bounded domains.

The length of vectors in R"” can be measured using the p-norms. For x =
(x1,--+,x,) €R",

1/p
|x|p:<2‘xi‘p) , 1<p<oo, and |x|e = max{|x;|}.
j i
1

The latter is also referred to as the supremum norm. Since R" is finite dimensional
all these norms are equivalent.

I 1.2 Exercise Prove that the p-norms defined above are all equivalent norms
on R". ]

In the case that no subscript is given, | - | indicates the 2-norm, or Euclidean
norm. The 2-norm can be associated to an inner product. For x,y € R”, define
(x,y) = Y;xy;, and |x|?> = (x,x). The norms given above can also be used to
define the notion of distance. For any two points x,y € R"” define the distance
to be d,(x,y) = |x — y|,. The distance is also referred to as a metric and R" is a
complete metric space. The distance between a set () and a point x is defined by
dp(x,Q) =inf,cq dp(x,y), and more generally, the distance between two sets (2,
and (V' is then given by d,(€Y,Q)) = inf,cy dp(x,Q2). The distance is symmetric
in Q) and Q). If no subscript is indicated, d(x,y) is the distance associated to the
standard Euclidean norm. An open ball in R" of radius r and center x is denoted
by B:(x) = {y € R" | |x — y| < r}. If the choice of norm is not indicated in the
notation it is usually clear from context.

The linear spaces of Ck-functions can be regarded as a normed linear vector
space. For k = 0 the norm is given by

[1fllco = max| £ (x)]co.
xeQ)
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and for functions f € C! the norm is given by || f||c: = || f|lco + maxq<i<y ||0x, f|| co,
where 9y, f denotes the partial derivative with respect to the ith coordinate. The
norms for k > 2 are defined similarly by considering the higher derivatives in the
supremum norm. On these normed linear vector spaces the norm can be used to
define a distance, or metric as explained above for R". Since Q) is compact the
spaces C*(Q)), equipped with the above norms, are complete and are therefore
Banach spaces. For function f € C*(Q)) the support is defined to be the closed set

supp(f) = {x € Q| f(x) #0}.

Functions whose support is contained in () are denoted by Ck(Q) = {f €
CH(Q) | supp(f) € Q} and form a linear subspace of C*(Q)). As matter of fact
CE(Q) is a closed linear subspace and again a Banach space with respect to the
norm of CK(Q).

The Jacobian of f € C'(Q)) at a point x € Q) is defined as J¢(x) = det(f'(x)),
where f'(x) is the n x n matrix of first order partial derivatives, i.e. if f =

(fi,-++,fn), then

dh .. oA
dxq 9x;,
f/(x) = : .. :
fn .. Ofu
dxq dxy

A value p = f(x) is called a regular value of f if J;(x) # O forall x € f~!(p) :=
{ye Q| f(y) = p}, and p is called a critical value, or singular value if J¢(x) =0
for some x € f~!(p). The points x € f~!(p) for which J¢(x) # 0 are called regular
points, and those for which J¢(x) = 0 are called critical points, or singular points. The
set of all critical points of f, i.e. all points x € Q) for which J¢(x) = 0, is denoted by

Critf(Q), or Critf for short.

» 1.3 Remark The notions of regular and singular values can also be defined for
functions f : R" — R™, n,m > 1. In that case f’(x) replaces the role of the Jacobian,
i.e. pis regular if f'(x) is of maximal rank for all x € f~!(p) and singular if f’(x)
is not of maximal rank for some x € f~1(p). A regular point is a point for which
f'(x) is of maximal rank and a singular point is a point for which f’(x) is not of
maximal rank. In the special case of functions f : R" — IR, the critical points are
those points for which f'(x) = 0. 0

The C'-mapping degree

The definition of the C'-mapping degree is carried out in two steps. The first step
is to define the degree in the generic case — regular values —, and the second
step entails the extension to singular values using the homotopy invariance of
the degree. In Section[1.3|a direct definition of the C!-mapping degree is given
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via an integral representation that does not require a distinction between regular
and singular values. Because both approaches have specific advantages the two
equivalent definitions are explained here.

Regular values

Let f: QO C R" — R" be a differentiable mapping, i.e. f € C'(Q), and let p € R"
with p € f(9Q). Since Q) is compact, the pre-image f~!(p) = {x € Q| f(x) = p}
is a compact subset of Q. Indeed, f~!(p) C Q is a bounded set by definition.
Let x € f~1(p), with x* — x, then, by continuity, f(x*) — f(x) as k — co. Since
f(x*) = pit follows that f(x) = p, which proves that f~!(p) is closed and therefore
compact. The condition p € f(9Q) implies that f~!(p) C Q.

1.4 Lemma Let p € f(9Q)) be a regular value. Then, f~!(p) C Q consists of
finitely many points.

Proof. Since f~1(p) is compact every infinite subset has at least one limit point
in f~1(p)P| Suppose f~1(p) is infinite and let x° € f~!(p) be a limit point. The
latter implies that for every k > 0 there exists a point x* € f~1(p) such that 0 <
|xk — %% < 1/k.

Because f is differentiable the Taylor expansion of f around x° gives f(x° +
7) = f(x%) + f'(x°)¢ + R0 (Z), with { € R™. The remainder term R, ({) can be
estimated as follows: f(x°+7) — f(x) = fol f'(x° + t£)Zdt and

1
Ro(0) = f(:+0) = £(2) = F()E = [ (£ +10) - F/() ) e

The derivative f’ is uniformly continuous on Q. Thus, for every € > 0 there exists
a 6 > 0 such that ¢|¢| < & implies that | f/(x° + t{) — f/(x°)| < €. For the remainder
R,0({) we obtain

[Reo(0)| <€lg], as [¢] <9, (1.2.1)

ie. Rw(Q) =0(|C]) as |Z] — 0. Let T = x* — x0, then f(xF) = f(x0) + f/(x0)(xF —
x0) + o(|x* — x9)) as |x* — x°| — 0. By assumption f(x¥) = f(x°) = p, which
implies that f'(x0)(x* — x9) = o(|x* — x9|) as |x*F — x0| — 0.

Since p is regular, f’'(x?) is invertible and consequently there exists a positive
constant ¢ > 0 such that |f'(x°)&| > ¢|¢|, ¢ > 0 for all & € R". Choose € = c¢/2.
Then, for k > 6!, Equation implies that |f/(x%) (xF — x0)| < 1c|xk — 10| for
all |x* — x%| < 1/k. Combining the latter with the Taylor expansion for f yields

0 < el — 2% < |f/(x%) (x* = x%)] < elx* =2,

2In a metric space the notions of compactness, sequential compactness and limit point compact-
ness are equivalent. A set S is sequentially compact if every sequence has a convergent subsequence
whose limit is in S. A set S is limit point point compact if every infinite subset has a limit point in S.
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Fn) ) .
Figure 1.1: The pre-image of small
i neighborhoods Be(p) is the finite union
< of small neighborhoods U,; C Q) diffeo-
A0 morphic to Be(p).
which is a contradiction and therefore f~!(p) is a finite set. ]

The fact that f ~!(p) consists of finitely many non-degenerate points x allows
the following definition of the mapping degree.

1.5 Definition For a regular value p ¢ f(9Q)) the Cl-mapping degree is defined
by

deg(f,Q,p):= ), sign(]f(x)). (1.2.2)
xef~1(p)

Note that the mapping degree takes values in Z. The condition p ¢ f(0Q))
is essential to have a meaningful topological invariant. If p € f(9Q2), then the
definition is sensitive to perturbations in p.

1.6 Exercise Explain via an example that when p € f(9Q)), the above definition
of degree is not stable under small perturbations in p. .

Whether p is a regular value of a given function f or not may not be straightfor-
ward to decide. Sard’s Theorem[A.2]states that a value p is regular with “probability’
equal to 1. This fact can be used to extend the definition of degree to arbitrary
values p, cf. Sect.

The following lemmas show that the C!-mapping degree in Definition [1.5[is
stable with respect to small perturbations in the data f and p.

1.7 Lemma Let p € f(9Q)) be a regular value. Then, there exists an € > 0 such
that all points p’ € B¢(p) are regular and satisfy p’ ¢ f(0Q)), and deg(f,Q,p’) =

deg(f, €, p).

Proof. Since f(9Q)) is compact, d(p, f(9Q2)) > 0 and we choose 0 < € < d(p,90Q}).
This implies that p’ ¢ f(0Q)) for all p’ € B¢(p). By the Inverse Function Theorem
there exist open neighborhoods W,, with (3 D W, > x and V, > p such that
f: Wy — Vy is a local diffeomorphism. Choose € > 0 small enough such that
Be(P) C Nyes1(p) Vaf] This yields neighborhoods Uy C Wy C Q, with x € f~}(p),
which are diffeomorphic to B¢ (p) and for which all p’ € B¢(p) are regular.

3We use the fact that f~1(p) is finite and therefore . £-1(p) Vx is an open neighborhood of p.
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By construction f~1(p') C Uye #1(p)Ux and x" € Uy is the unique solution
of f(x') = p' in U,. Since the ]acoblan is a continuous function, sign(J;(x')) is
constant on U,. This implies that }¢ 1, sign(J(x')) = Tyep1(p sign(J5(x)),
which proves the lemma. (]

1.8 Lemma Letp ¢ f(0Q)) be a regular value. Then, there exists an € > 0 such
that for all functions g € C1(Q) with ||f — ¢||c: <€, p is a regular value for g,

p € §(0Q) and deg(g, ), p) = deg(f,Q, p).

Proof. Let0 < e < 3d(p,f(0Q)), then forall g € C'(Q) with ||f — g||c1 < € we have

p—2()| = |Ip = f(x)] = |f(x) = g | = d(p, £(3Q)) — | (x) — g(x)|
> d(p, f(30)) — € > Jd(p, £(202)) > 0,

which implies that p ¢ g(9Q)).
Consider the equation ¢(y) = p. For a solution y € ¢! (p) we have

f=pr+lfly) —gW)l="r,

with p’ € Be(p). By Lemma [1.7 we can choose € > 0 small enough such that
¢ Yp) C Uxef ) Uy. Since p is regular we have that |f'(x)&| > c[¢|, with ¢ > 0,
forallx € f~1(p ) and for all & € R". By the continuity of f’ there existsa é >0
such that |f'(y)¢| > 1c|¢]| for all y € Uxef1(p) Bs(x). Choose € > 0 sufficiently
small such that U, C Bs(x) C Q for all x € f~1(p). Then, |f'(y)¢| > 3c|¢| for all
¥ € Uxep1(p) Ux- Again by choosing € > 0 smaller if necessary,

8/ El == |If Wl = [ ) - g W)le]| = dele] (1.2.3)

forally € U,c £ U and for all ¢ € R", which shows that p is a regular value for
g. It remains to show that there is a 1-1 correspondence between the sets f~!(p)
and ¢~ (p).

Rewrite the equation ¢(y) = pas g(y) — g¢(x) =p —g(x) =h,x € f1(p) and
define Ry({) := g(x 4+ ¢) — g(x) — §'(x)¢, where { = y — x. The equation for {
becomes ¢’ (x){ + Ry ({) = h, which translates to the fixed point equation

T(0):=[¢'(x)] ' (h—Re(0)) =, with | <6. (1.2.4)

To objective is to show that Equation (1.2.4) has a unique solution in Bs(0). Observe

that Ry(7) — Rx(8') = g(x +0) —g(x + ') = ¢'(x)(C = ') and

1
s+ =g+ )= [ (Ja+r+1-00)C-Da (25
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For R, ({) — R ({’) this yields

1
Re(§) = Re(d) = [ (8/G10+(1-08) = '(x) ) (€~ Ot
and the triangle inequality gives

g (x +10+(1-1)T) - ) <[g'(x+t+ (1 -1)T) = fl(x+tL+ (1 -1)T)]
+f (x + 4+ (1 =1)7) = F )+ (x) — g (x)]
<|f(x+ 104+ (1 =8)7") = f'(x)| + 2e.

Combining the estimates we obtain

ITQ) =T < co(If (x+ 15 + (1 =HT) = £ (x)] +2¢) 1 = T

~ =~ -1
IT@) = hl < co(lf (x+12) = f(x)| +2¢) 2], Ti=[g'(x)] ',
where we used the uniform bound ||[¢'(x)] ! | < co, forall x € f~1(p), implied
by Equation (1.2.3). From the second inequality we can derive the following norm
inequality

IT@)] < coIf(x+ 1) = £ (x)] +2¢) 1] + ol

By the definition of 1 = p — g(x) = f(x) — g(x) and therefore || < e. By the
uniform continuity of f there exists a 8’ > 0 such that |f'(x +t¢ + (1 —#){’) —
fl(x)] < 4170 for all ¢|| + (1 —#)|¢’| < &'. Let 8" = min{4,¢'} and choose € <
min{ﬁ,%} small enough such that U, C Bg/(x) C Q for all x € f~!(p). This
implies that

IT(@) - T <3lg -7,
and
IT(Q)] < (L +min{},%4})6" + min{l,5} <", for [¢] <5,

which makes T a contraction mapping on Bs#(0). By the Contraction Mapping
Theorem[A.3|g(y) = p has a unique solution in U, C By (x) for every x € f~1(p).
By the uniform bound on the ¢’(x) in we derive that sign(J,(v)) is constant
on the sets Uy and therefore Y, c o1, sign (J5(y)) = Lyef1(p) sign(J¢(x)), which
proves the lemma. ]

Definition [1.5| of degree was used in the prelude to this chapter and gives
a convenient way of computing the mapping degree for regular values p. The
condition p ¢ f(9Q)) is an isolation condition and makes Q) a set that strictly
contains solutions of f(x) = p on Q, i.e. Q isolates the solution set f ~1(p). This
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isolation requirement in the definition of degree equips the mapping degree with
various robustness properties, see Lemmas(1.7jand

From Definition 1.5/ a number of crucial properties can be derived. For the
identity map f = id the degree is easily computed, i.e. if p € (), then

deg(id,Q,p) =1, (1.2.6)

and for p € ), deg(id, ), p) = 0. Another important property that follows from the
definition is that the equations f(x) = p and f(x) — p = 0 have the same solution
setand J; = Js_,. Therefore,

deg(f,Q,p) =deg(f — p,Q,0). (1.2.7)

If 01,0 C Q are two disjoint, open subsets, such that p & f(Q\(Q! UQ?)), then

deg(f,Q,p) = deg(f,Q', p) +deg(f, 0% p). (1.2.8)

Indeed, since p & f(Q\(Q' U Q?)), then f~!(p) € Q' UO2 From Definition
and the fact that Q' N Q2% = g, Equation follows, cf. [25]. The three
properties in - occur in the axioms of Degree Theory, cf. Theorem[1.20]
The homotopy axiom, which is still missing, is less obvious and will be discussed
in the next subsection.

1.9 Example Consider the mapping f : ID? C R? — R? defined by f(x1,x2) =
(2x? — 1,2x1x2). This mapping gives a 2-fold covering of the disc D% := {x €
R? | |x| < 1}. The boundary 9ID? = S! winds around the origin twice under the
image of the map f. For the value (0,0), the pre-image consists of the points

x! = (—1v/2,0) and x? = (3V/2,0), and

o [ —2v2 0 oo [2V2 0
f(xl)—< : _ﬂ), f(x)—< v ﬁ>.

Therefore (0,0) is a regular value for f, and since J¢(x!) = Js(x?) = +1, the
degree is given by deg(f,ID?,0) = 2. More details about the relation between
the mapping degree and winding numbers are discussed in Sect.

For regular values p the degree is a count of the elements in f~!(p) with
orientation, i.e. a point x € f~1(p) is counted with either +1 or —1 when f is
locally orientation preserving or orientation reversing respectively. The degree

counts how many times the image f(Q)) covers p counted with multiplicity. This
is a purely local but stable property for regular values.
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< /D?_
2 Z, />E
£ p
Figure 1.2: Two different orientations

with respect to the points p! and p?.

1.10 Example Consider the mapping f(x1,x2) = (2x1x2,x1) on Q = ID?, and
the image points p! = (0,—1/2), and p?> = (0,1/2). Then, as in Example
deg(f,D?,p') = —deg(f,ID?,p?) = 1. The positive degree corresponds to a
counter clockwise rotation around p!, and the negative degree corresponds to a
clockwise rotation around pz, see Figure and Sect.

» 1.11 Remark A coarser version of degree is the so-called mod-2 degree and is
defined as follows; deg, (f, ), p) =#(f (p)) mod 2. This version of the mapping
degree contains less information than the degree defined in Definition[1.5 but is
important if one considers mappings between non-orientable spaces, cf. [23] =

Homotopy invariance

A crucial property of the C!-mapping degree is the homotopy invariance with
respect to f. Lemma [1.8 shows that the degree remains unchanged under small
perturbations in f. Under a large perturbation given by a (continuous) path t — f;,
the value p may not be regular along the path f; for all . In order to conclude
invariance of the degree under such perturbations in f we need to investigate
the behavior of the degree when p is not necessarily regular along the entire path
t— fr.

A continuous path of functions t — f;, with t € [0,1], in the homotopy principle
below is a continuous mapping [0,1] — C}(Q)).

1.12 Proposition Lett > f;, t € [0,1] be a continuous path in C}(Q), with p &
f:(0Q)) for all t € [0,1]. Suppose p is a regular value for both f; and f, then

deg(fo, 2, p) = deg(f1,€2, p).

Before proving this proposition we establish a special version of the homotopy

principle.

1.13 Lemma Let f € C}(Q) and let p be a regular value such that the line
segment {tp})c( ) satisfies tp ¢ f(9Q)) for all A € [0,1]. If f~1(0) = &, then
deg(f,Q, p) = deg(f,,0) =0.
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Proof. By we have that deg(f,Q, p) = deg(f — p,Q2,0). Consider the equa-
tion f(x) — (1 —s?)p = 0 and define F(s,x) = f(x) — (1 — s?)p. By Theorem [A 4]
we may assume that f is smooth, i.e. there exists a smooth perturbation that is
Cl-close to f. Lemma|l.8|implies that we can choose the perturbation sufficiently
Cl-close to f such that p is still a regular value for the perturbation and the map-
ping degree is the same. We denote the perturbation again by f. Consequently,
F: R x R" — R" is a smooth function. Sard’s Theorem yields the existence of
a sequence of regular values &" for F with & — 0 in R".

From the hypothesis that tp ¢ f(9Q)), for t € [0,1], and the fact that f ~(0) = &,
it follows that 0 ¢ F(9([—1,1] x Q)) and F~'(0) is a compact subset of (—1,1) x Q.
As before, the isolating property implies that F~!(€¥) is a also a compact subset of
(—1,1) x Q for k > N, for some N > 0. Since & is a regular value for F for every
k, the solution set of F~!(&¥) is a smooth, compact manifold (without boundary)
of dimension 1 embedded in R""!. The finitely many connected components of
F~1(&¥) are embedded circles v C (—1,1) x Q. Since p is a regular value for f

The continuity of the mapping degree in Lemma 1.7 with respect to p implies
that if |€¥| is sufficiently small, i.e. k> N, N > 0 sufficiently large, then both p
and p + € are regular values for f and the mapping degree remains unchanged:
deg(f,Q, p) = deg(f,Q,p +&).

The transverse intersection of F~!(&) with the hyperplane {s = 0} is the set
f~Y(p + €). Due to the t — —t symmetry every circle v € F~1(€) that intersects
{s = 0} will necessarily intersect {s = 0} transversely in exactly two points and
thus f~!(p + €) consists of an even number of points.

The circles -y in F~1(¢) are orientable. Let (0,x~) and (0,x*) be the intersection
points of v with {t = 0} and let t be an oriented tangent vector field along y with
t(0,x*) = +e, where e = (1,0,---,0) is the unit normal to {t = 0}. We choose
an orientation for R"*! and consider the oriented bases [{—e, & }] = [{e,&"}] at
(0,x7) and (0,x™) respectively. Since F|., = &, the derivative F/ maps {+e, &} to
an orientated basis of R":

F'(0,x%)(+e) =0, [F'(0,x7)¢]=[F(0,x")¢"].

The bases &~ and & have opposite orientations and thus the relation F/(0,x%) =
(0 f'(x*)) implies that sign (]f (x~ )) = —sign (]f (x* )) . Consegeuntly,
deg(f,Q,p+é&)= ) sign(]f(x)> =0,
xef-l(p+e)
which proves the lemma. u

A path t — f; is said to be differentiable if it the mapping F(t,x) := f;(x),
(t,x) € [0,1] x Qis a Cl-mapping.
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1.14 Lemma Lett~ f;, t € [0,1] be a differentiable path in C'(Q)), with p ¢
f:(0Q)) for all t € [0,1]. Suppose p is a regular value for both fy and fi, then

deg(fo,Q2, p) = deg(f1,Q, p).

Proof. Consider the smooth cut-off function w(s) € [0,1] such that w(s) = 0 for
s<—-1/2,w(s)=1fors>1/2and w'(s) > 0fors € (—1/2,1/2). Define

Gt (Fp) )

which is a C!-mapping on [—1,1] x Q. The point P = (0,2) is a regular value of G.
Note that the solution set of G(s,x) = P are the points

(s,x) € G (P) = ({=1/2} x f5 ' (1)) U ({172} x f7'(p)-

The Jacobian for (s,x) € G~!(P) is given by

sign(](;(s,x)) = sign(]fw(s) (x)) -sign(8s), se{-1/2,1/2},
it follows that

deg(G,(—1,1) x Q,P) =deg(f1 — p,Q,0) — deg(fo — p,Q,0),
= deg(f1,Q p) —deg(fo, 1 p)-

We are now in a position to apply Lemma Observe now that AP = (0,2t),
G }(tP) € (-1,1) x Q for all t € [0,1] and G~1((0,0)) = @. By Lemma
deg(G, (-1,1) x Q,P) = 0, which proves that deg(f1,Q2, p) = deg(fo, ), p). m

Proof of Proposition[1.12} Reparametrize the path t — f; as follows: t — h;, where
hi=fofor0<t<1/3, hy = f33_1 for 1/3 <t <2/3and hy = f; for 2/3 <t <
1. Define the continuous mapping H: [0,1] x Q — R"*! as H(t,x) := h;. By
Theorem |A 4| and Remark |A.6| there exists a smooth perturbation H which can be
chosen arbitrary close to H in C° and such that fy := H(0,-) and f; := H(1,-) are
arbitrary C!-close to fp and f; respectively. From Lemma we then derive that
deg(fo, 0, p) = deg(f1,Q, p). From Lemma1.8/we conclude that

deg(fo,Q,p) = deg(fo, ), p) = deg(f1, 2, p) = deg(f1,Q, p),
which completes the proof. (]

» 1.15 Remark An alternative proof of the homotopy principle can be achieved
using the integral characterization of the degree, cf. Lemma and Proposition
[L.39 .
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R V/ 2025
[2 Figure 1.3: The mapping f(x,y) = (x?,y) maps
( the disc to a semi-disc: ‘folded pancake’. The

/() " semi-circle in the right half plane represents
f(9ID?), which is a strict subset of the boundary
of the image df (ID?).

U
N

Let D C R"\ f(dQ)) be a connected component[| then the degree deg(f,Q, p)
is independent of regular values p € D, which is a direct consequence of the
homotopy principle.

1.16 Proposition For every path t — p; € D, t € [0,1], with pg and p; regular
values, it holds that deg(f,Q), po) = deg(f, 2, p1).

Proof. From Equation it follows that deg(f,Q, po) = deg(f — po,Q,0), and
deg(f,Q),p1) = deg(f — p1,Q,0). It holds that p; € D if and only if p; ¢ f(9Q)).
The homotopy f; = f — p; therefore satisfies the requirements of Proposition[1.12]
and

deg(f, €, po) = deg(f — po,Q2,0) = deg(f — p1,Q2,0) = deg(f,Q, p1),

which proves the statement. m

1.17 Example Consider the mapping f(x,y) = (x%,y) on the the standard 2-dics
D’ in the plane. The image of D’ under f is the ‘folded pancake’ f (EZ) ={p=
(p1,p2) €R? | p1+ p3 =1, p1 > 0}. The image of the boundary S! = 9ID? is
homeomorphic to a semi-circle and IR?\ f (ID?) is connected. Note that f(9ID?) #
of (Ez), see Fig. By the homotopy invariance the degree can be evaluated
by choosing a regular value p € R?\ f(9ID?). Since D’ is compact, then so is
the image f(ID?). We can therefore choose a regular value p! € R?\ f(9ID?)
which does not lie in f (Ez). This implies that deg(f,ID?,p) = 0. If we choose
p*=(1/4,0), then f~1(p?) = {(£1/2,0)}, which gives a positive and a negative
determinant. The sum is zero which confirms the previous calculation.

If we choose a path t — p; connecting the regular values p! and p? and
which lies in R?\ f(9ID?), then p; crosses the boundary o f (EZ) in the vertical.
However, p; ¢ f(9D?) forall t € [0,1] and therefore f ! (p;) € D? forall t € [0,1].
The values in f (EZ) on the vertical are necessarily singular. This also shows
that the boundary of the image should not be considered as a restriction on p. In
the next subsection we show that the degree is defined for all p in R?\ f(9ID?).

“Open subsets of R" are connected if and only if they are path-connected.
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1.18 Proposition Suppose that R"\ f(dQ2) is connected, then for every regular
value p € R"\ f(9Q)) it holds that deg(f,Q),p) = 0.

Proof. The image f(Q)) is compact and therefore f(Q) C B,(0) for some r > 0.
Points p € R" \ B,(0) are regular by default since f~!(p) = @. Since f(3Q)) C
B,(0) we have that R" \ f(9Q) D R"\ f(Q) and thus the set of regular values
in R" \ f(9Q)) is non-empty. Since R"\ f(9Q)) is connected, Proposition [1.16]
implies that the degree constant on R" \ f(3Q). For p € R"\ f(Q) we have
deg(f,Q,p) =0, and thus deg(f,Q),p) =0forall p € R"\ f(9Q)), which completes
the proof. ]

The degree for arbitrary values

The homotopy invariance established in the previous subsection can be used to
extend the definition of the C!-mapping degree to arbitrary values p € R\ f(9Q2).

Sard’s Theorem states that the set of singular values Sy = f(Critf) has
Lebesgue measure zero and therefore has empty interior. Since Sy C R" is closed
the complement 5% is open and 5% = int(S¢)¢ = @° = R", which shows that 5%, the
set of regular values, is open and dense.

Let p € D CR"\ f(9Q), where D is a connected component. Then, since D
is open, there exists a small neighborhood B¢(p) C D. Because 5% is dense there

N > 0. By Proposition [1.16} deg(f,Q, p*) is constant for all k > N and thus the
limit is well-defined and independent of the chosen sequence. Indeed, if {p’*} is a

exists a sequence {p*} C S with p* — p and p* € B.(p) for all k > N for some
i

different sequence of regular values converging to p, then there exists an N’ such

that p’* € B¢(p) for all k > N'. By Proposition deg(f,Q,p*) = deg(f,Q,p’*)
for all k > max{N, N’} which shows the independence of the chosen sequence
and thus justifies the following extension of the C!-mapping degree.

1.19 Definition Let D a connected component of R"\ f(0Q)) and let p € D. Then
define the C!-mapping degree by

deg(f,Q, p) := lim deg(f, 0, p"),
— 0
where pF — p and p* € R" \ f(9Q) are regular values.

For triples (f,Q,p), with f € C}(Q)), Q C R" a bounded domain and p € R" \
£(9Q)), the C!-mapping degree is well-defined. Such triples are called admissible
triples. If p,p’ € D, then there exist sequences of regular values p* — p and p’* — p/,
and for k > N for some N >0, p¥,p’* € D. By Proposition[1.16, deg(f,Q, p*) =
deg(f,Q, p’*), which proves, via Definition[1.19} that deg(f,Q, p) = deg(f,Q,p')
for all p,p’ € D and which justifies the notation deg(f,Q), p) = deg(f,Q, D).
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The properties of the genericﬂ C!'-mapping degree listed in Equations (1.2.6) -
(1.2.8) and Proposition also hold for the general C!-mapping degree and are
the fundamental axioms that define a degree theory, see Section

1.20 Theorem — Degree Theory, cf. [21]. The degree function deg(f,(,p) in

Deﬁnition satisfies the following axioms:

(Al) if p € O, then deg(id, ), p) = 1;

(A2) for O!,0% C Q, disjoint open subsets of Q and p & f(Q\ (0 U )), it
holds that deg(f,Q, p) = deg(f,Q!,p) + deg(f, Q2% p);

(A3) for every continuous path t — f;, fi € C1(Q), with p € £;(9Q2), it holds
that deg(f;, ), p) is independent of ¢ € [0,1];

(A4) deg(f,Q,p) = deg(f —p,Q,0).

The application (f,Q,p) — deg(f,Q, p) is called a C'-degree theory.

Proof. Axiom (A1) follows from Equation (1.2.6). As for Axiom (A2) we argue as
follows. By assumption, f~!(p) C Q! UQ? and therefore f~1(p') C Q! U Q? for
every regular value p’ sufficiently close to p. Let p* — p, then, by Definitionm
for k > N for some N > 0,

deg(f,Q,p) = deg(f,Q,p") =deg(f,Q!,p") + deg(f, 0% p")
= deg(f,Q',p) +deg(f, 0%, p),

which verifies Axiom (A2).

Let p* — p be a sequence of regular values for both fy and f;. Such sequences
exist since every p* is regular for both fy and f; when pF is close enough to p.
By assumption d(p, f;(dQ)) > ¢ > 0 and therefore we can choose k > N, for some
N > 0 such that p* € B;/»(p), which gives

P = i) = lp = filx)| = | = pl > 6/2>0,

for all x € 9Q. Consequently, for all k > N, p* ¢ £;(3Q). Proposition and
Definition this implies

deg(fo,Q, p) = deg(fo, Q, p*) = deg(f1,Q,p*) = deg(f1,Qp), YVk=>N.

By considering the homotopy t — fi; it follows that deg( fo, 2, p) = deg(fi,, Q. p),
for every ty € [0,1], which proves Axiom (A3).

Finally, let p* — p be a sequence of regular values. Then, by Equation ,
deg(f,Q,p) = deg(f,Q,p") = deg(f — p*,0,0) for all k > N for some N > 0. Con-
sider the homotopy f; = (1 —t)(f —p) +t(f — p*) = f — (1 — t)p — tp*. Since p’

5The word “generic’ is used to indicate that the choice of regular values is from an open en dense
subset of R".
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is close to p, the line-segment {(1 — t)p + tp*}1c (1) does not intersect f(902), and
therefore 0 & f;(0Q)). From Axiom (A3) it then follows that

deg(f,Q,p) = deg(f,Q,p") = deg(f — p*,Q,0) = deg(f — p.Q,0),

which proves Axiom (A4). [

Integral representations

The expression for the C!-mapping degree for regular values points to an obvious
integral definition of the degree which allows for a formulation of of the C!-
degree without distinguishing between regular and singular values. The integral
formulation is is also useful for establishing various properties analytically such
as the homotopy invariance.

Regular integrals

Let w : R" — R be a continuous function with supp(w) C Be(p) and let p & f(0Q))
be a regular value for f. Choose € > 0 small enough such that B.(p) C R"\ f(9Q2)
and is a coordinate neighborhood of p with respect to the change of coordinates
y = f(x), near y = p, see Figure The weight function w can be normalized via

/nw(x)dx =1

A function w that satisfies the above conditions is called a weight function, or test
function. In calculations it is convenient to use the notation of differential forms on
R"™. Let dx = dx; A --- A dx, denote the standard n-form or the Lebesgue measure
on R" depending on the context. In Sect. we give a short introduction to
differential forms and differential forms notation and operations such as the wedge
product. Consider the differential n-forms

w=w(ydy, and f'w=w(f(x)](x)dx.

The latter is called the pullback under f, where y = f(x). The n-form dx provides
R" with a standard orientation. With this notation most of the calculations simplify
considerably. The space of compactly supported continuous n-forms on R" is
denoted by T°(R"), cf. [19].

1.21 Proposition Let p € f(9Q)) be a regular value and w a weight function as
defined above. Then C!-mapping degree is retrieved by the integral

/Q Frw = deg(f,Q, p). (1.3.9)
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Proof. By Lemma |1.4{f~!(p) is a finite set contained in (). Since J; is non-zero at
points x € f~1(p), the Inverse Function Theorem yields that f maps neigh-
borhoods Uy of points in x € f~1(p) diffeomorphically onto Be(p), see Figure
Thus f is a local change of coordinates on a neighborhood of every point
x € f~1(p). The integral [, f*w splits in k local integrals

[ o - > /u f*w:]gsign(]f(xj)) [

e (p)

Ysign(Jy(x))) = deg(f,0,p),
]

which proves that both [, f*w is independent of w and represents the C'-mapping
degree defined in Definition where we used that locally f is a coordinate

transformation y = f(x) and sign(]f(xi)) Jw(f(x)J(x)dx = [w(y)dy. =

1.22 Exercise Prove the change of coordinates formula for the integral:

sign (J5(x')) [ w(f(x))Jp(x)dx = [ w(y)dy. o

= 1.23 Remark If in Proposition we choose weight functions w with the
property that [ w # 0, then

deg(ffﬂfp)-/nw=/0f*w-

See also Remark [1.35] "

The Poincaré Lemma

Before extending the integral representation of the mapping degree we first need
to establish some basic fact about differential forms on R". Define the linear
functions dx;: R" - R,i=1,---,n,by dx;(&) =&, with& = (&1, ,&n) €R™. In
order to define arbitrary anti-symmetric multi-linear functions on R” we introduce
the wedge product of linear functions dx;. A increasing multi-index I = {i,---,iP}
of length |I| = p is characterized by the restriction 1 <i' < --- <i# <n,1<p <n.
Define the multi-linear function dxj :=dxj A --- Adx;p by:

dxi(&) = Y (-1)llge®), (1.3.10)

vES)

where S, is the symmetric group of permutation on p elements, || is the order of
the permutation and &' = ¢ - - - €. The set of increasing multi-indices of length p
is denoted by .Z". By construction dx; is a multi-linear function on R".
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1.24 Example For p =2 we have the expansion (dx; A dx;)(¢,n) = Ginj — Cimi
and dx; A dx; = 0 when i = j, and for p = 3, (dx; A dx; Adxy)(¢,1,0) = CiniCx —
CimkGj — CimiCk — CknjGi + SimiGi + Ck11ij-

1.25 Exercise Use Equation (1.3.10) and Example to show that n-form
dxy A -+ Adxy satisfies: (dxy A -+ Adx,) (¢, -+, &%) =det(,---,&). .

We the above notation we can now define arbitrary differential p-forms on IR".
Let 1 < p <n, then a C¥ p-form on R" is defined by

=) ul(x)dx, (1.3.11)
le.a?

where u! € CK(R";R). The linear vector space of C* p-forms on R" is denoted
by I'?(IR") and the smooth p-forms are denoted buy I'”(R"). Compactly sup-
ported C¥ and smooth p-forms are obtained by considering compactly supported
coefficient functions u! and are denoted by I'¥ ’k(]R”) and T (R") respectively. We
can also restrict p-forms to a subset () C R" by considering coefficient functions
ul € CH(;R). This leads to the vector spaces T7*(Q), T?(Q). If O C R" is an
open set it makes sense to also consider the vector spaces of compactly supported
p-forms T} k(Q) and T (Q). The support of a p-form is defined as the closure of
the set

{x € R" | ul(x) #0, forsomeIc .#P}

and is denoted by supp(p).

A few properties of differential p-forms follow from the definition in (1.3.10)
and (1.3.11). From Examplewe have that dx; A dx; = 0 and dx; A dx; = —dx; A
dx;. The wedge product can also be defined as a product of p-forms. The wedge
rules for dx; suffice in this book. For more details on differential p-forms see [19].

Another important operation on differential forms is the exterior derivative.
Let u € TPK(R"), k > 1, then

I

x;i Ndx; = Z algyix) dx; Ndxp N --- Ndxjp, (1.3.12)
which is a differential (p + 1)-form in TP*15~1(IR"). Whether the exterior deriva-
tive is well-defined is determined by the coefficient function u!. The exterior
derivative is also defined as an operator on I'?*(Q)) and Ff’k(Q). A p-form p is
closed if du = 0 and p is exact if there exists a (p — 1)-form 6 such that y = d6.

The classical Poincaré Lemma states that a smooth, closed p-form on a con-
tractible, open subset (2 C R" is exact. Here we give a extension of the Poincaré
Lemma for C¥, compactly supported n-forms, cf. [19].
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1.26 Proposition — Poincaré Lemma. Let D C R" be a connected, open sub-
set and let u be a C¥, compactly supported n-form on R” with [, # =0 and
supp(#) C D. Then there exists a C**1, compactly supported (1 — 1)-form 6 on
R", with supp(0) C D such that p = d6.

x1.27 Remark The extension of the Poincaré Lemma for C¥, compactly supported
p-forms also applies to the case 1 < p < , i.e. if u be a C¥, compactly supported
p-form on IR", then there exists a C¥*1, compactly supported (p — 1)-form 6 on R"
such that p = d6. For a proof see [19]. "

In order to prove the general version of the Poincaré Lemma we start with
the special case of supports contained in an n-dimensional cube Q" = [a,b]" =

[a,b] x --- X [a,b].

1.28 Lemma Let u be a C¥, compactly supported n-form on R" with Jre =0
and supp() C int(Q"). Then there exists a C*+1, compactly supported (1 — 1)-
form 6 on R”, with supp(0) C int(Q") such that p = d6.

Proof. A C*, compactly supported n-form p is given by the expression y =
u(x)dxy A -+ Adx, = u(x)dx, where u € CK(R"). In order to establish the ex-
actness condition u = df we represent 6 by

0= Z 1) (x)dxy A - Adxi_g Adxiq A--- Adxy,

where 6 € Ck*1(IR"). The exactness condition now translates into finding a vector
field ®(x) = (6'(x),---,6™(x)) such that u = div . Indeed,

46 =Y (~1)" 1;’2( s Adxy A e Adxi g Adxigg A Ada,
i i

= 27( x)dxi A - Adx, = div ©(x) dx.

For n =1 we take 0!(x) = [*_ u(s)ds. By assumption supp () C int(Q!) =
[a,b] and [ p(s)ds = f (s ds = 0 and therefore 6! (x) =0 for all x <a and x > b.
This proves that supp(f) C int(Q') and £6'(x) = u(x). If u € CK(R), then 6 €
CH1(R).

Suppose the above statement is true in dimension n — 1. Write x = (y,x,),
with y = (xl,...,xn_l) and consider the (n — 1)-form & = a(y)dx; A --- Adx,_1,
where a(y) = [ u(y, xn)dx,. By the assumptions on u we have that u € CF(IR"),
supp (i) C int(Q") and [g, p(x)dx = 0, and therefore « € CK(R"™!), supp(x) C
int(Q" 1) and [, a(y)dy = f]Rn x)dx = 0. By the induction hypothesis « is
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of divergence form, i.e. & = div &, for some vector field &, with &' € CHI(R" 1)
and supp((_'_‘,‘i) C int(Q"1). Let T € C*(R) with supp(t) C int(Q') = [a,b] and
Jg T(s)ds = 0, define the function

0" () = [ (nys) — T(5)aly) ) ds.
By construction supp(6") C int(Q") and 3% = u(x) — 7(x,)a(y). Now let
O(x) = ((xn)E(y),0" (v, xn)),

then
dive(x) = t(x)divEly) + gz (x)
= T(xn)a(y) + p(x) — t(xn)a(y)
= p(x),
and supp(6?) C int(Q"). ]

Proof of Proposition Define the centered cubes QF (x) = [x — €y, x + €;]".
Since D is open there exists an €, > 0 for every x € D such that Qf (x) C D.
Consider the open covering supp (1) C Uyesupp () int(QF, (x)). By the compactness
of supp (i) there exists a finite sub-covering supp(y) C U;int(Qf), j=1,---,N,
where Q7 = Qe (x/) for a choice of points ¥/ € supp(y). By construction

supp(p) C (Jint(Q}) C | JQF C D.
i j

Let {1/} be a partition of unity subordinate to {Q]'} and define the n-forms W=
1/ . Because Y 1/ = 1 we have that

YW =u, supp(w)C Q.
]

Although [, #t =0, the individual integrals ¢/ = [, #/ need not be zero. If ¢ =0,
then by Lemma there exists a C¥+1, compactly supported (1 + 1)-form 0 with
supp(8') C QF, such that

w=do. (1.3.13)

For the remaining cases that c/ # 0 we use the (path) connectedness of D.

Let u° be a C¥, compactly supported n-form with supp(#°) C int(Q#) C Q& C
D and [g, u° = 1. For every cube QY choose a point xl e int(Q}) and consider a
continuous path t — 4, t € [0,1], with 7o € Qp and 71 = x/. The compactness of
{’)’t}te[oll] allows a finite, open covering with cubes K, i = 0,-- -, M, such that

{7i}iepy € Uint(K}), int(KY) Nint(KY,) # @, Ky =Qf, Kiy=Qy,
i
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where K" = [a',b']" C D, cf. Fig. Choose n-forms vi,i=0,---,M — 1, such that

supp(v') C int(K") Nint(K?,;), and vi=1.
IRH

By construction [, (v —v'*!) =0and supp (v — v'*!) Cint(K}' ;),i=0,--- ,M —
2. Lemma now implies that

vi— vt =dAtt, =0, ,M—2, (1.3.14)
where A'"! are C¥*1, compactly supported (n — 1)-forms with supp(A'*') C K2, .
For K!! we have that [, (#° —v°) = 0 and supp(¢° — v°) C int(K}}) and therefore

10— 10— gA?, (1.3.15)
where A’ is a C¥1, compactly supported (1 — 1)-form with supp(A°) C KZ. For
K%, we have that f]Rn(ijM_1 — /) =0, where ¢/ = [, w/, and supp(c/vM-1 —
@) C int(K%,) and consequently

JvM=1 — i = daM, (1.3.16)
where AM is a CK1, compactly supported (1 — 1)-form with supp(A™) C K%,.
Combining (1.3.b)-(1.3.16) we obtain

A(A + -+ IAMT L AMY = 0 — g,
andif weset® = —ciA? — ... — gAM-T AM, then

40/ = w/ — oy, (1.3.17)
and @' is a Ck*1, compactly supported (1 + 1)-form 6/ with supp(#’) C D. Equa-

tion ([.3.17) retrieves Equation (I.3.13) if ¢/ = 0. Using the fact that Y # =pand
) ¢/ = 0 we obtain

YA =Yy W - = W - I =y,

j j j j j
which establishes the exactness of p and 6 : =} ; 40 isa Ck+1, compactly supported
(n — 1)-form with supp(0) C D. ]
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Figure 1.5: The support of the weight function
>/ in a connected component D of R" \ f(9Q}).

1.3.c A general representation

The integral characterization of the C!-degree in the generic case motivates a
representation of the C!-mapping degree in general, i.e. regardless whether p is a
regular value or not. In order for the integral representation in Equation to
serve as a definition of the C!-mapping degree for arbitrary values p € R" \ £(9Q}),
the independence on w needs to be established.

Let w be a continuous weight function on R"” with the properties

supp(w) C D C R*"\f(0Q)), and / w=1,
RV[

where D is the connected component of R\ f (9Q)) containing p. The first property
allows for a larger class of weight functions since supp(w) is not necessarily a
local coordinate neighborhood of p, see Fig. For w € F?’O(D), with fRn w=1,
define the integral

7(f,Q,D) /f . (1.3.18)

The notation is justified by Lemma which show that the integral does not de-
pend on w, but does depend on the connected component D containing supp(w).
In Lemma we establish that .7 is integer valued. For regular p € D and
supp(w) C Be(p), with B¢(p) a local coordinate neighborhood, the integral repre-
sentation in Equation is retrieved.

1.29 Lemma Let D C R"\ f(0Q)) be a connected component and let w,w’ €
I'"%(D) be two compactly supported n-forms on D, with [, w = [, w' = 1.
Then

/Qf*w:/nf*w’.

Proof. Let p:=w' — w, then [p, p = 0and supp(u) C D. By the Poincaré Lemma
in Proposition we have the existence of a C!, compactly supported (n — 1)-
form 0, with supp(0) C D such that

p=w'—w=.de.
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Now choose a open set O’ C (O C O with smooth boundary such that
supp(f*p) C Q). By Stokes’ Theorem

|ro = ro=| fw-w=[fu
= [ frao= [ fdo
= [are=[ ro=o

Q/

since supp(f*6) C O’ C Q. This proves the lemma. ]

1.30 Exercise Check, using differential forms calculus, that f*d0 = d(f*6)
(Hint: show this first for C2-functions). u

» 1.31 Remark The condition that supp(w) is contained in a connected compo-
nent D of R" \ f(9Q) is crucial. If we allow any n-form on R" (connected), then
the Poincaré Lemma is applicable and by Stokes” Theorem, under the assumption
that 0Q) is smooth, we obtain

*, 00 Koy *0[
I = = o

where K = supp(w) Usupp(w’). The latter integral need not be zero. This explains
why the condition K C R" \ f(9Q}) is important. Indeed, K C R" \ f(0Q)) implies
that f~1(K) C Q). However, the assumption supp(w) C R"\ f(9Q), without
restricting supp(w) to a connected component, is not enough since the Poincaré
Lemma is not applicable. For example, let f = id and let ) = B;(0). Then, R" \
0Q = D' U D?, where D' = B;(0) and D?> = R" \ B;(0). Consider the n-form
w = w' + w?, with supp(w') € D! and supp(w?) C D? and [, w' =1/2, for
i=1,2. Since f1(D?) = @ we have that [, f*w = Js.0) w! =1/2. On the other
hand, if we consider w’ = 2w, we obtain [, f*w =2 |, 3,(0) w! =1, which shows
that [, f*w is not necessarily independent of w when supp(w) is not contained
in a connected component of R" \ f(9Q}). .

1.32 Lemma LetD C R"\ £(9Q) be a connected component and let w € T?°(D),
with [p, @ =1and supp(w) C D. Then

lLFW=®QﬂQm€Z,

for every regular value p € D.

Proof. By Sard’s Theoremthere exists a sequence p* — p € D with the property
that p* € D for k > N for some N > 0. Choose a coordinate neighborhood B (p*) C
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D for some p*, k > N. Let @’ be an n-form with supp(w’) = Be(p*) and [, @’ =1.
From Propositionit follows that [, f*w’ = deg(f,Q,p) and from Lemma m

| fo=[ Fo' =deg(f,.0p),

which proves the lemma. ]

It is is clear from the previous considerations that the degree is independent of
p € D and coincides with the definition of degree in the regular case; Definition
The advantage of the integral representation is that a lot of properties of the
degree can be obtained via fairly simple proofs.

This leads to the following alternative definition of the mapping degree for
arbitrary values p € D.

1.33 Definition Let p € D C R"\ f(0Q) and w € I (D), with [, w = 1. Define
Cl-mapping degree by

deg(f,Q,p) == J(f,Q,D):/Qf*w.

1.34 Exercise Let p € D C R"\f(9Q)) and let w € T}(D), with [, w # 0, i.e.
w not exact. Prove that deg(f, O, p) = [ ff'w/ [z, . .

» 1.35 Remark In Appendix we introduced C¥, compactly supported de
Rham cohomology. By the Poincaré Lemma all compactly supported cohomology
of connected, open subsets of R” vanishes up to order p < n and is isomorphic to
R for p =n. Let f € C}(Q), then f: Q — R"\ f(9Q) yields a homomorphism f*
in compactly supported cohomology defined by [w] — [f*w].

By restricting to n-forms supported in a connected component D C R" \ f(0Q2)
the analysis in this section yields the commuting diagram

H!(D) —— HrQ)

| I
R JesfOPL o
which is expressed in the relation deg(f,Q,p) [p.w = [of*w. .
1.36 Exercise Let D C R" be connected, open subset. Use the Poincaré Lemma

to prove that [,: H/(D) — R, given by [w] — [, w, is well-defined and is an
isomorphism. ]
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Homotopy invariance

The treatment of the mapping degree in Sect. shows that deg(f,Q,p) is
independent of p € D, with D C R"\ f(Q), a connected component. Consequently,
deg(f,Q, p:) is a constant function of ¢ for every curve t — p; in D; homotopy
invariance of the degree under homotopies in p.

The integral representation of the mapping degree can be used as an alter-
native to establish homotopy invariance of the degree with respect to f. The
general homotopy invariance of the degree will be proved in several steps. The
key ingredient is the continuity of the integral representation with respect to f.

1.37 Lemma The function f — [, f*w = [, w(f(x))]¢(x)dx is continuous with
respect to the C!-topology.

Proof. By the continuity of w(x), the condition ||f — g||c1 < J, implies that

lw(f(x)) — w(g(x))| < € uniformly for x € ). Similarly, since J¢(x) is a poly-

nomial term in the partial derivatives %’ the condition ||f — g||c1 < ¢ implies

that |J¢(x) — Jo(x)| < €, uniformly in x € ). These continuity properties yield the
continuity of the integral [ f*w with respect to f. ]

1.38 Lemma Let t — f; and t — wy, t € [0,1] be a continuous paths in and
assume that supp(w;) N f;(00Q) = @ for all t € [0,1], then [, f;w; = const.

Proof. By assumption, for each t € [0,1] the integral represents a degree, i.e.
fQ fiwe = deg(ft, ), pt) for some p; € supp(w). Therefore the integral is inte-
ger valued. On the other hand by Lemma the integral is a continuous function
of t and thus constant. ]

1.39 Proposition Let t+— f; and t — p;, t € [0,1] be a continuous paths and
assume that p; ¢ f;(9Q)) for all t € [0,1]. Then, deg(f:, Q, p¢) is a continuous
function of t and is therefore constant along (f;, (), p;).

Proof. Choose an € > 0 small enough such that Be(p;) C R"\ f;(0Q2). Define a form
w = w(x)dx such that supp(w) = B¢(0) and set w; = w(x — p;)dx. Consequently
t — w; is a continuous path with supp(w¢) N f;(0Q)) = & for all t € [0,1] and
Jo fiw: = deg(fi,Q, pi). By Lemma [1.38|the integral [, ffw; is constant, which
proves the lemma. ]
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Figure 1.6: For small perturbations g of
f, the point p is not contained in g(0Q)
[left]. The same holds for homotopies ;.
\ The second figure shows f(Q) and h(Q2)
j/ JO) S0y fort €10,1] [right].

The Brouwer degree

The C!-mapping degree defined in Section 1.2/ uses the fact that f is differentiable.
The homotopy invariance of the C!-degree can be used to extend the degree to
the class of continuous functions on R”, which is essentially the approach due to
Nagumo.[24] At the core of the definition of the C°-mapping degree, or Brouwer
degree is the fact that C!-functions can be approximated by C%-functions.

Definition of the Brouwer degree

Using approximations of f via smooth mappings and homotopy invariance leads
to the definition of the C%-degree, or Brouwer degree.

1.40 Definition Let f € C°(Q)) and let p & f(9Q)). Then, for any sequence
f* € CY(Q) converging to f in C°, define

deg(f,0,p) := Jim deg(f*, 2, p),

as the Brouwer degree of the triple (f,Q),p).

The properties of the C!-mapping degree imply that this definition makes sense,
i.e. the limit exists and is independent of the chosen sequence f*. Approximating
sequences exist by virtue of Theorem[A.4] Since p € D C R"\ f(9Q2) it holds that
0 =d(p,f(0Q))) > 0 (compactness of f (BQ))H Let g,§ € C}(Q)) be approximations
of f such that ||g — fl|co,[|§ — fllco < 6/2. Consider the homotopy h;(x) = (1 —
t)g(x) +t§(x), te€[0,1]. The choices of g and § give

[t = fllco = A=) fllco + ¢ = fllco
< (1-1)8/241t6/2=6/2,

and for x € 9Q) it holds that

e (x) = pl = |f(x) = p| = [he(x) = f(x)| = 6/2.

®The continuous image of a compact set is compact, which implies that § = d(p, f(9Q))) > 0.
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Therefore, p & h;(0Q)) for all t € [0,1] and the degree deg(h;, ), p) is constant
in t by the homotopy invariance of the degree (e.g. Proposition[I.39). We conclude
that deg(g, Q,p) = deg(§,Q, p). For any approximating sequence f¥ it holds that
| f* — fllco < 6/2, for k large enough. Therefore, we may assume in the above
definition, that p & f¥(9Q). These observations prove that the limit in Definition
1.40|exists and is independent of the chosen sequence f*.

= 1.41 Remark In approximating C’-fucntions via C!-functions it is not necessary
to assume that p is a regular value for the sequence f*. Approximations can always
be chosen such that this is the case, which can be useful sometimes. n

1.42 Exercise Let p € R"\ f(dQ)). Show that one can always approximate f
with C!-maps f* with the additional property that p is regular value for all f*. =

1.43 Proposition The Brouwer degree deg(f,Q, p) is continuous in f € C°(Q)).

Proof. Let g € C°(Q) be any continuous mapping such that ||g — f|/co < 6/4. Then
deg(g, O, p) well-defined, since, for x € 9Q), it holds that |g(x) — p| > |f(x) — p| —
lg(x) — f(x)| > 30/4 and thus dist(p, g(0Q2)) > 36 /4 which implies that p & g(9Q2).

Let fF € C1(Q) and ¢"(Q) € C'(Q) be sequences that converge to f and g
respectively. Choose k large enough such that || f* — f||co < /4, and ||gF — gl|co <
/4. Since ||gF — g||co < 6/4 < 36/8 we have that deg(g, ), p) = deg(g,Q, p), and
similarly deg(f,Q,p) = deg(f,Q,p), since ||f* — fllco < 5/4 < 6/2.

On the other hand

185 = Fllco < llg = fllco + Ilg* — gllco < 6/2,

which implies that deg(f,Q,p) = deg(g*,Q,p), and therefore deg(f,Q,p) =
deg(g,Q, p), establishing the continuity of deg with respect to f. ]

Using the continuity of the degree in f the invariance under continuous homo-
topies can be derived.

1.44 Proposition For any continuous path t — f; in C°(Q)), with fo = f and
p & fi(0Q), t € [0,1], it holds that deg(f;, ), p) = deg(f,Q, p) forall t € [0,1].

Proof. By definition t — f; is continuous in C°(Q)) and therefore by Proposition
deg(f:,Q, p) depends continuously on t € [0,1]. Since the degree is integer
valued it has to be constant along the homotopy f;. ]
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1.45 Proposition The Brouwer degree satisfies the translation property, i.e. for
any g € R" it holds that deg(f — q,Q,p —q) = f(f,Q, p).

Proof. Choose a sufficiently small perturbation g € C1(Q) of f, then Axiom (A4)
implies that

deg(g—q,Qp—q) = deg(g—q9—(p—9),Q0)
= deg(g —p,0,0) =deg(g,Qp).

By definition deg(f — q,Q,p —q) = deg(g — 9,0 p — q) and deg(f,Q,p) =
deg(g,Q), p), which proves the lemma. [

= 1.46 Remark If t — p; is a continuous path such that p; € f;(9Q2), then the
translation property of the degree, Proposition shows, since f; — p; is a
homotopy, that

deg(fi, Q, pt) = deg(fi — p1,Q,0) = deg(f — p,,0) = deg(f,Q, p).

We conclude that the Brouwer degree is an invariant for cobordant triples
(f,Q,p) ~(g,Q,9), or (f,Q,D) ~ (g,Q,D’). In the Section the more gen-
eral version will be given allowing variations in () in the context of Axioms for
degree theory. .

The index of isolated zeroes

It the case that a mapping has only isolated zeroes, and thus finitely many, Property
(A3) gives the degree as a sum of the local degrees. More precisely, let x' € Q be
the zeroes of f and let QO C Q) be sufficiently small neighborhoods of x’, such that
x' the only solution of f(x) = p in Q' for all i. Then deg(f,Q, p) = ¥_;deg(f, Y, p)
and we define

i(f,x',p) == deg(f, 0, p),

which is called the index of an isolated zero of f. The index for isolated zero does
not depend on the domain (). Indeed, if Q) and ) are both neighborhoods of x’
for which x' is the only zero of f(x) = p, then we can define a cobordism between
(f, O, p) and (f, Y, p) as follows. Let Q) = Utefo,1] Qr with

Q! fort < %,
Q=0 N0 fort=1,
Q fort > %,
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and f; = F(-,t) = f, pr = p. By Theorem 22 deg(f, ), p) = deg(f,Q,p). The
expression for the degree becomes

deg(f,Q,p)= )., uf.xp) (1.4.19)
xef~1(p)

It is not hard to find mappings with isolated zeroes of arbitrary integer index.

1.47 Exercise Show that if x € f~!(p) is a non-degenerate zero of f, then
(f,x,p) = (—1)P, where B = #{negative real eigenvalues} (counted with mul-
tiplicity). .

Linear vector spaces

Let V be a real linear vectorspace of dimension n. A continuous mapping f : Q) C
V — V is differentiable on Q if ]7: D c R" — R" is differentiable on D, where
f: gofogq~!,q:V — R"is a linear isomorphism (linear chart), and D = g(Q).
A value p € V is called regular for f if and only if p = q(p) € R" is regular for f
We now define the C!-mapping degree by

deg(f,Q,p;V) :=deg(f,D,p), (1.4.20)

for p & f(9Q)). The definition is independent of the chosen isomorphism g since
the determinants in the expression of the C!-mapping degree do not depend on
the particular isomorphism, and the zeroes of f and fare in1-1 correspondence

1.48 Exercise Show that the degree deg(f, ), p; V) is well-defined for all p ¢
f(0Q2). .

Elementary applications of the mapping degree

In this section we will discuss additional applications of the Brouwer degree.

The degree for holomorphic functions

The Brouwer degree can also be used in complex function theory. A complex
function f : C — C can be regarded as a mapping from IR? to IR? via the following
correspondence. Set z = x1 + ix, and f(z) = u(x1,x2) +iv(x1,x2), then f : R?> — R?
is defined by

(x1,x2) = f(x1,x2) = (u(x1,%2),0(x1,%2)).
A complex mapping f is holomorphic on a bounded open set () C C, if the Cauchy-
Riemann equations are satisfied, i.e. F] f = 0, which is equivalent to

ou Jv v ou

o1 ox ox  ox

"Here fis the transformed mapping under a different isomorphism.
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for all z = x1 + ixy € Q). The Brouwer degree for the triple (f,Q),z), with z €
C\f(9Q)), is defined as the degree of the mapping f = (u,v) on R>.

From complex function theory it follows that zeroes of holomorphic functions
are isolated, or the function is identically equal to zero. This leads to a following
result about the mapping degree for holomorphic functions.

1.49 Proposition Let f : QO C C — C be a holomorphic function, not identically
equal to zero, and f(z°) = 0, for some z° € Q. Then there exists an € > 0, and a
ball B¢(z°) C Q) such that f(z) # 0, for all z € B¢(z°)\{z°}, and

deg(f,Be(z"),0) =m >1,

where m is the order of 2°, i.e. f(z) = (z—2°)"¢(z),z € B¢(z°), and |g(z)| >a >0,
for all z € B¢ (2°).

0 js an isolated zero of f, and

Proof. Since f is not identically equal to zero, z
there there exists a ball B¢(z") C ) on which f is non-zero, except at z°. Also, by
analyticity, it follows that z° is a finite order zero; f(z) = (z — z°)"¢(z), m > 1, and
|g(z)] > a > 0in Bc(z"). These consideration make that the degree deg( f, B.(z°),0)
is well-defined, since |f(z)| = €™a > 0, for z € 9B¢(2"). In the case m = 1 the degree
can be easily computed from the definition. In general, for a homolomorphic
function, J¢(z) = 3| Vf||*. Since 0 is a regular value, [;(z°) can be computed as

follows: f(z) = (z —z°)g(z), and thus f'(z) = g(z) + (z — 2°)¢’(z). Therefore
Jf(2°) =1g(z")P=a*>0,

and deg(f, B¢(z°),0) = 1.

Consider the holomorphic function p(z) = (z — z°)"¢(z"), and the homotopy
fa(z) = Af(z) + (1 — A)p(z), A € [0,1], which is a homotopy of holomorphic
functions. Choose € > 0 small enough such that |g(z) — g(z°)| < 3|g(2%)|, for all
z € Be(2°). In order to use the homotopy property of the degree it needs to be
verified that 0 ¢ df (B, (2°)), for all A € [0,1]. Let |z — z°| = ¢, then

@] = [AMz=2")"g(z) + (1 - A)(z = 2°)"g(z")]
— eAg(z) + (1- A)g()
e"[g(z") + A(g(z) — g(z"))]
e"|g(2)] = AMg(z) — g(z")]

28,

If we choose 6 = 1€™|g(z°)]|, then f,(z) = & has no solutions on 9B.(z"), for all

AVARN

v

A € [0,1]. Consequently,

deg(f, Be(2°),6) = deg(p, Be(2°),9).
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It remains to evaluate deg(p, B(z),6). The associated equation is

ple) = (=~ 2)"g(2") =6 = 1€"|3(=")].

This implies that zeroes lie on |z — 20| = 4. For the arguments it holds that
marg(z — 2°) +arg(g(z°)) =27nn, neZ.

It follows immediately that the above equation has exactly m non-degenerate
solutions, and therefore, deg(p, B¢(2°),6) = m.

At the boundary 9B.(z°), |(z — z°)|"|g(z)| = €™a. Consider the path ¢, =
1A€™a, then f(z) # &) on 9B(z°), for all A € [0,1]. Consequently, d(f, Be(2°),¢,)
is constant all A € [0,1], and

deg(f, Be(2"),0) = deg(f, Be(="), ) = deg(p, Bs("),6) = m,
which completes the proof. ]

A direct consequence of the above proposition is a result on mapping degree
holomorphic functions in general.

1.50 Theorem Let f: Q) C C — C be a holomorphic function. Assume that
0 & f(9Q)). Then,

deg(f,Q,0) > 0.

Proof. By analyticity f has only isolated zeroes z' € Q). Let Bc(z') C Q be suffi-
ciently small neighborhoods containing exactly one zero each. The excision and
summation properties of the degree then give

deg(f,€2,0) = deg(f,U;Bc(2'),0) = } _deg(f, B(2'),0) = } Jm;,

where the numbers m; > 1 are the orders of the zeroes z'. Since Y_;m; > 0 this
yields the desired result. m

Another consequence of Proposition is the Fundamental Theorem of
Algebra.

1.51 Theorem Every polynomial p(z) = z" +a,_1z" ! + - -+ + ag, with real co-
efficients a;, has exactly n complex roots counted with multiplicity.

Proof. Write p(z) = z" + r(z), then |p(z)| = |2" + r(z)| > ||z"| — |r(2)]|- On the
circle |z| = R > 0, for R sufficiently large, we have |r(z)| < CR"~!, and thus

p(2)| =1z" +r(z)| > ||l2|" — |r(z)| = R" = CR""' >0,
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which proves that all zeroes are contained in the ball Bg(0), and deg( f, Br(0),0) is
well-defined. The same holds for the homotopy p,(z) = z" 4+ Ar(z), A € [0,1]. The
homotopy invariance of the Brouwer degree combined with Proposition then
yields

deg(p,Br(0),0) = deg(z",Br(0),0) =n >0,

implying that p(z) = 0 has at least one solution z; in Bg(0). Now repeat the

. . p(z) . . .
argument for the polynomial p1(z) = ;~. This again produces a zero z,. This
process terminates after n steps, proving the desired result. ]

Periodic orbits in planar systems of differential equations

Consider R? with standard polar coordinates (r,0) € Rt x R/27Z and x =
rcos(8), y = rsin(0).

Consider the explicit system of differential equations given by 7 = r(r — 1) and
6 = 6. This system can be solved explicitly and consist of an unstable fixed point
at ¥ = 0 and a stable periodic orbit that » = 1. All other non-trivial orbits converge
to the stable periodic orbit.

Consider the perturbed system

r=r(r—1)+n(r0),
0 =00+ &(r,9),

where 77(0,0) = 0 and 7 is bounded, and ¢(r,0) > —6). The solution of this system
defines a flow and is denoted by ¢(t,-) which describes the evolution of the system
in time. We now ask the question whether this system still has a periodic solution.
By the assumptions #, r = 0 is still an unstable fixed point. The assumption on
¢ reveals that > 0 which implies that a Poincaré section can be defined. The
set L = {(x,0) | x > 0} is a Poincaré section, i.e. the flow lines of the above
systems intersect L transversely and for every point (x,0) € L there exists a time
T = 7(x,0) such that the flow returns to L. Indeed, § > 0. The function 7: L — R*
is continuous (even smooth) and is called the first-return time. With the Poincaré
section L comes a first-return map f: L — L, which is defined as follows: Let
p=(x,0) € L, then

1.52 Exercise Show that the first-return time 7: L — R is a continuous func-
tion. n



1.6

46 Finite Dimensional Degree Theory

I 1.53 Exercise Show that the first-return map f: L — L is a continuous function.

A periodic orbit for ¢ corresponds to a fixed off, i.e. a point p € L such that
f(p)=p. Define g(p) = f(p) —pand g: L — L is a continuous map. Since # > 0 for
r sufficiently large we conclude that g is a proper map. Indeed, after a revolution r
has strictly increased provided |p| is sufficiently large.

Consider the homotopy g (p) = fa(p) — p, where f, is defined by the equations

r=r(r—1)+ Ay(r,0),
9 = 90 + /\C(rfe)/

with A € [0,1]. By the previous considerations g, is proper for all A € [0,1]
and g;'(0) = {r = 1} and the Brouwer degree is given by deg(go,L,0) = 1. By
the homotopy invariance of the degree we now conclude that deg(g,L,0) =
deg(g1,L,0) = deg(go,L,0) = 1, which proves the existence of a zero and thus
a periodic solution for ¢. links with intersection forms linking in terms of ho-
mology/cohomology classes Poincare-Hopf also w.r.t. Hairy Ball Thm simplify
pull-back self-linking number via the ribbon

Problems

1.54 Problem By identifying C and IR? the application z — z" can be identified
with a smooth mapping f on R?. Show that i(f,0) = n. Find a class of mappings
on R? for 0 is an isolated zero and i(f,0) = —n.

1.55 Problem Let f € C'(Q), with QO C R" a bounded domain and f is one-to-one.
Prove that deg(f,Q,p) = £1.

1.56 Problem Let f: B1(0) — R" and f(x) # ux for u > 0 and for all x € 9B;(0).
Show that f(x) = 0 has a non-trivial solution in By (0).

1.57 Problem Let f(x) = a,x" + a4, 1x"~! + -+ + a;x + a be a polynomial with
ay # 0.
(i) Show that for fixed coefficients ag,- - - ,a, there exists an r > 0 such that
FH0) € (—1,7).

(ii) Prove for n odd that deg(f,(—r,r),0) =1.

(iii) Prove that n even that deg(f,(—r,r),0) =0.
(Hint: use the integral representation of the degree with w(x) =1 — x% on (—1,1)
and zero outside).

1.58 Problem Prove Proposition[I.18|

Let N and M be smooth, orientable n-dimensional manifolds and let f : Qc
N — M be continuous C!-mapping on a compact subset QO C N. A value p € M
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is regular if f'(x): TxN — T,M has maximal rank for all x € f~!(p), i.e. f'(x) is
invertible.

1.59 Problem (i) Show that the compactness of Q) implies that f~(p) is a com-

pact set.
(ii) For a regular value p € M such that p ¢ f(9Q). Define the local C!-mapping
degree by
deg(f,Q,p)= ) sign (]f(x)), (1.6.21)

xef~1(p)

where J¢(x) = det(f'(x)). Show that does not depend on the choice
of regular value. If N is closed then deg(f) := deg(f, N, p) is well-defined
for any regular value p € M.

(iii) Let f;: N — M be a homotopy such that p € f;(9Q)). Show that the mapping
degree is invariant under homotopy.

The construction of the C'-mapping degree via integration can be carried
for compactly supported n-forms w on M. Let D C M\ f(9Q}) be a connected
component, then for every p € D and every w € I'}(D) with [, w =1, define

I(f,Qp) =/Qf*w~

1.60 Problem Use the definition of I to show the homotopy invariance if I with
respect to p and f.

1.61 Problem Show that I(f,Q,p) = deg(f,Q,p) given in (1.6.21).

1.62 Problem Describe an extension of the local mapping degree to continuous
mappings f: N — M.






2.1

Properties and axioms for the Brouwer degree

In this section a number of useful properties of the mapping degree will be given.
In principle these properties can be proved using the definitions of the C!-mapping
degree and the Brouwer degree. Another approach is to single out the most funda-
mental properties and show that these determine the Brouwer degree uniquely,
and that all properties can be derived from these properties, or axioms. The ax-
iomatic approach to degree theory can be found in Amann and Weiss.[2] For a
extensive exposition on the axiomatic degree theory we refer to Llyod.[21]

2.1 Definition Consider triples (f,Q, p), where Q) C R" are bounded open sets,

feC%Q),and R" 3 p ¢ £(9Q)). Such triple are called admissible triples. To

each admissible triple (f,(),p) assign an integer deg(f,(), p), which satisfies

the following four axioms;

(Al) if p € O, then deg(Id, O, p) = 1;

(A2) for O, 0% C O, disjoint open subsets of Q), and p € f(Q\(Q1 UQy)), it
holds that deg(f,Q, p) = deg(f,Q!,p) + deg(f, Q% p);

(A3) for any continuous path t — f;, f; € C°(Q) and p & £;(9Q)), it holds that
deg(f:, O, p) is independent of ¢ € [0,1];

(A4) deg(f, Q) p) = deg(f — p,02,0).

The application (f,Q, p) — deg(f,Q, p) is called a degree theory.

2.2 Theorem — Existence. The Brouwer degree deg(f,(),p) for admissible
triples (f,Q),p) satisfies the Axioms (A1)-(A4), i.e. the Brouwer degree is a
degree theory.
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Proof. In order to verify Axiom (A1) consider the equation x = p. Clearly, there
exists a unique solution and Ji4(x) = Id, which proves (Al). Axiom (A3) follows

from Proposition and Remark

Since f is continuous and O\ (Q! U O?) is compact, we have that
If(x) —p| >8>0, VxeQ\(Q'UQ?).

As a consequence the open ball B;(p) C f(Q\(QlUQ?)). If ¢ € C(Q), with
| f — gllco < 8/2, then |g(x) — p| > 6/2 and thus Bs,»(p) C O\ (Q} UO?). We now
have deg(f,Q,p) = deg(g,Q, p).

Choose a regular value p’ € Bs/»(p) such that deg(g,Q),p) = deg(g, Q) p').
By deg(g,Q,p') = deg(g,Q",p') + deg(g,0%p'), and deg(g,Q,p') =
deg(g,Qf,p), i =1,2. By the choices of § and g, deg(f, ), p) = deg(g, ¥, p), which
proves the theorem. u

= 2.3 Remark For the Brouwer degree for maps from R" to R”, Axioms (A3) and

(A4) are equivalent to the following two alternative axiom:

(A3’) for any continuous paths t — f;, f; € C%(Q) and t — p;, with p; & f:(0Q)), i.e.
(ft,Q, p) is admissible for all ¢, it holds that deg(f;, (), p;) is independent of
t€[0,1];

If the degree is considered for mappings between manifolds Axiom (A4) need not

be well-defined. "

2.4 Exercise Show that the Axioms (A3) and (A4) combined are equivalent to
Axiom (A3’). u

Properties of degree theories

The above theorem shows that there exists a degree theory satisfying Axioms
(A1)-(A4); the Brouwer degree. The remainder of this section is a list of properties
that are derived from Axioms (A1)-(A4) and a proof that the Brouwer degree is
the only degree satisfying (A1)-(A4).

The axiomatic approach can also be used for degree theories in other contexts
such as infinite dimensional spaces as we will discuss in the next chapter.

2.5 Theorem — Validity of the degree. If p £ f(Q), then deg(f,Q, p) = 0. Con-
versely, if deg(f, (), p) # 0, then there exists a x € ), such that f(x) = p.

Proof. By chosing ()1 = Q2 and (), = @ it follows from Axiom (A2) that
deg(f,o,p) = 0. Now take ()1 = () = @ in Axiom (A2), then deg(f,Q,p) =
2-deg(f,@,p)=0.

Suppose that there exists no x € (), such that f(x) = p,i.e. f~!(p) = @. Since
p & f(9Q), it follows that p & f(Q)), and thus deg(f,Q, p) =0, a contradiction. =
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2.6 Property (Continuity of the degree) The degree deg( f,(}, p) is continuous
in f, i.e. there exists a d = d(p, f) > 0, such that for all g satisfying || f — g[|co <,
it holds that p € ¢(9Q)), and deg(g,Q), p) = deg(f,Q, p). .

Proof. See Proposition[1.43] n

2.7 Property (Dependence on path components) The degree only depends
on the path components D C R"\ f(dQ}), i.e. for any two points p,q € D C
R"\ f(0Q2) it holds that deg(f,Q,p) = deg(f,€,q). For any path component
D C R™\ f(9Q2) this justifies the notation deg(f, (), D). .

Proof. Let p and g be connected by a path ¢ — p; in D, then by Axiom (A4) the
degree deg(f,(), p;) is constant in ¢ € [0,1]. ]

2.8 Property (Translation invariance) The degree is invariant under translation,
i.e. for any g € R" it holds that deg(f —q,Q, p —q) = deg(f,Q, p). .

Proof. The degree d(f —tq,Q), p — tq) is well-defined for all t € [0,1]. Indeed, since
p—tq & f(0Q)) — tg, it follows from Axiom (A3) that deg(f — tq,Q,p —tq) =
deg(f,Q,p), forall t € [0,1]. m

2.9 Property (Excision) Let A C Q) be a closed subsetin (), and p & f(A). Then,
deg(f,Q,p) = deg(f, Q\A, p). .

Proof. In Axiom (A2) set (3 = OQ\A and O, = @, then deg(f,Q,p) =
deg(f, O\, p) +deg(f,2,p) = deg(f, Q\A, p). .

2.10 Property (Additivity) Suppose that O’ C Q,i=1,-- -k, are disjoint open
subsets of (), and p ¢ f(Q\(U;(Y)), then deg(f,Q, p) = ¥, deg(f, 0, p). .

Proof. The property holds trivially for k = 1. Now assume it holds for k — 1, then
by Axiom (A2)

k-1 k
deg(f,Q,p) =deg (f,|J Q',p) +deg(f, Q4 p) = }_des(f, ' p),
i=1 i=1
by the induction hypothesis. ]

2.11 Exercise Show that the above statement holds true for countable collec-
tions of disjoint open subsets (); of (). ]
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Let QO C R" x [0,1] be a bounded and relatively open subset of R” x [0,1] and
let F: QO — R" a continuous function on Q, with f; = F(-,t), such that
@) fo=fand fi=g;
(11) Qo = Qf/ and Ql = Qg,'
(iii) there exists a continuous path t — p;, po = p and p; = g, such that (f;, O, p)
is admissible for all t € [0,1];

then (f,Q) f,p) ~ (8,Qy,q) are homotopic, or corbordant (notation: (f,() f,p) ~
(8,9%,9)), and (f;, ), pt) is an admissible homotopy.

2.12 Property (Homotopy invariance) For an admissible homotopy ( f;, O, p),
the degree deg(f;, O, pt) is constant in t € [0,1]. .

Proof. Assume without loss of generality that p; = p for all t. Choose a small ball
B:(p), then following the reasoning in the proof of Theorem ??, £, }(B¢(p)) C Ci,,
t € (t; — 6;,t; + 6;), for finitely many sets C;, C Q). By excision, Property it
follows that deg( f;, ), p) = deg(f:, Ct, p), and since the sets Cy, x (t; — d;,t; + J;)
form an open covering of F~!(B¢(p) X [0,1]), the degree deg(f:, (), p) is constant
forallt € [0,1].

By (A4) deg(fi, O, pt) = deg(fi — pr, (4, 0). Therefore, without loss of general-
ity, assume that p; = p is constant.

Choose € > 0 small enough such that B¢(p) C R"\ Uycjo1) f((9Q)¢). As be-
fore, write deg(fi, Q. p) = [, fiw = [ ), fi @, where supp(w) = Be(p). By as-
sumption, the set F~!(Bc(p) x [0,1]) € Q is compact. At every t € [0,1], the
sets f; 1(Be(p)) can be covered by open cylinders C; x (t — §,t +J) C Q. At
each t, by compactness and continuity of F, § can be small enough such that
fi'(Be(p)) C Cy x (' —6,t' +6) for all ' € (t — §,t + 6). For all t € [0,1] these
sets form an open covering of F~1(B¢(p) x [0,1]), which has a finite subcover-
ing, Cy, x (t; — 6;,t; + 6;), i =1,--- k. Therefore, for given t' € (t; — d;,t; + i),
Jo, fiw = ff;l(Be(p))f;w = fCt, fiw, which is continuous in #' by Lemma [1.37|and

thus constant in . Since the sets C;, X (t; — é;,t; +6;),i=1,--- ,k, form an open
covering, the degree is the same for all t € [0,1]. n

2.13 Property (Orientation) Let A € GL(IR") and Q) any open neighborhood of
0 € R”, then deg(A,Q,0) = sign det(A). n

Proof. The group GL(IR") consists of two path components GL™ and GL™. If A €
GL™ choose a path t — A;, connecting Id and A. Clearly, (A;,Q,0) is admissible
for all t, and therefore by Axioms (Al) and (A3) it follows that deg(A,,0) =
deg(A;,Q,0) = deg(Id,),0) = 1, which proves the statement for A € GL™.
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For A € GL™ choose a path t — Ay, connecting R = diag(—1,1,---,1) and A.
As before, (A;,Q,0) is admissible for all ¢, and thus by Axiom (A3) it follows
that deg(A,Q,0) = deg(A;,Q,0) = deg(R,,0). It remains therefore to determine
deg(R,,0). Consider the homotopy

1
filx) = (yx1| — 5t ,xn) ((-1,1) x Q' - R",

where ()’ C R" ! is an open neighborhood of 0 € R" . Tt is clear that ( f;, (—1,1) x
(Y,0) is admissible for all ¢ € [0,1], and thus by Axiom (A3)

deg(fi, (—1,1) x (0,0) =deg(f1,(—1,1) x 0,0) =0,

since the equation fi(x) = 0 has no solutions (Property 2.5). At t = 0, the value

0 is a regular value and the equation fy(x) = 0 has exactly two non-degenerate
1

27
small open neighborhoods 0~ and O of x~ and x™ respectively, Axiom (A2)

yields that
deg(fo,(—1,1) x (V,0) = deg(fo,QQ~,0) + deg(fo,Q",0) = 0.

For fo it holds that fo(x) = (—x1 — 3,%2,-+,Xx;) on Q~ and fy(x) = (x1 —
%,x2,~ -+, xy) on QT Set p = (%,O,- --,0), then by Property

deg(fo,0",0) = deg(Id — p,Q7,0) = deg(Id,Q™,p) = 1.
The latter follows using Property with

solutions x~ = (—%,0,- .- ,0) and xT = ( o,--- ,O). Choosing two sufficiently

Q = {(xl - t/ZIxZI"' /xn) | X € Q+},

and p; = (1£,0,---,0), i.e. deg(Id, QF,p) = deg(Id,)1,0) = 1 by Axiom (Al).
Similarly,

deg(fo,Q27,0) = deg(R—p,Q7,0)
= deg(R,Q7,p) = —deg(fo,Q",0) = —1.

Using the homotopy property (Property 2.8) as above it follows that deg(R,(2,0) =
1. ]

2.1.b Characterization and uniqueness of degree theories

2.14 Theorem — Uniqueness. If (f,Q),p) is an admissible triple, with f € C}(Q)
and p regular, then

deg(f,p)= Y sign(J(x)).

xef~(p)

For an admissible triple in general there exists an admissible triple (g,(},q) with
¢ € C1(Q) and g regular, which homotopy to (f,Q), p). Moreover, deg(f,Q,p) =
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deg(g,Q,q).

Proof. For a regular value p is the inverse image f~1(p) = {x/} is a finite set in
Q (see Lemma|1.21). For € > 0 sufficiently small, f~!(B¢(p)) consists of disjoint
homeomorphic balls N (x/) C Q. By the additivity (Property [2.10)

deg(f,Q,p) = }_deg(f,Ne(x), p).
]
If € > 0 is chosen small enough then

deg(f, Ne(x/),p) = deg(f'(x/), B+ (0),0) = signJ (),

which proves the first statement. The latter identity can be proved as follows.
By assumption f'(x/) is invertible for all j. Define the homotopy f; = (1 —t)f +
tp+tf'(x/)(x — x/), then for x € Ne(x/) it holds that f; — p = f'(x/) (x — /) + (1 —
t)R(x,x), and ||R|| = o(||x — x/||), for ||x — x/|| sufficiently small. This gives the

estimate

Ife(x) = pll () (e = )| = (1 = DIR(x,2) |

>
> Clx =] —o(llx =),

and thus ||f; — p|| > 0, for all t € [0,1], provided ||x — x/|| = €' is small enough.
Using Axiom (A3) it follows that deg(f, Ne(x/), p) = deg(f'(x/)(x — x/), B (x/), p).
Now use the Properties and as in the previous proof, to show that

deg(f'(x1)(x = 1), B (+1), p) = de(f'(+1), B (0),0) = sign J;(+)).

In Section [1.4]it was proved that for each admissible triple (f, (), p) there exists
an admissible triple (g,Q,q), with ¢ € C1(Q) and g regular, so that (f,Q,p) ~
(£,9,9). Then, by Axiom (A3), deg(f,Q, p) = deg(g,Q,9). n

Theorem shows that the Brouwer degree is the unique degree theory
satisfying Axioms (A1)-(A4).

(Composition) Let f € C°(Q), g € C°(A), with f(Q) C A and Q and A both
bounded and open. Let D; be the path components of A\ f(dQ2). Assume that
p #8(0A)Ug(f(902)), then

deg(g o f,Q,p) =} deg(g,Di,p) - deg(f, O, Di),

which is finite sum.

Identify R" with R™ x R™2, and let (2; C R™, and () C R"?, be open and
bounded subsets. (Cartesian product) Let (f,Q4,p) and (g,0,9), with f € C°(()),
and ¢ € C°(();), be admissible triples. Then (f x g, 01 X Oy, p X q) is admissible,
and deg(f x g, x Oy, p x q) = deg(f,(h, p) - deg(g,,q).
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Proof. By Theorem it suffices to prove this statement for C!-functions f and
¢, and regular values p and g respectively. The product f x gisalso C!, p x g a
regular value, and (f x g) " (p x q) = f~(p) x g7 '(q) ={&',{'}i,. For the degree
this yields

deg((f x g/ x Qo pxq) = Lsign(Jpg(€0))
L]

- [;sign(]f(fi)>] : l;sign(]g(éf))]r

since for f x g it holds that J;, (&%) = J£(&") - J¢(Z/), which completes the proof
of Property ]

In ?? we explained how the mapping degree is defined for mappings on a
vectorspace V. The Brouwer degree extends to mappings on V by using approxi-
mation of C!-functions.

2.15 Exercise Carry out the construction of the Brouwer mapping degree for
continuous mappings on a real linear vectorspace V. n

The mapping degree and homology

In the Sect.[1.4we introduced the Brouwer degree for continuous mappings via
approximation with differentiable functions and showing that the definition is
independent of the chosen approximation. In section we follow a more abstract
approach towards the mapping degree which does not require approximation but
is less intuitive. We prove that these concepts lead to the same notion of degree. In
Remark we already showed the connection between the C!-mapping degree
and the de Rahm cohomology. A similar approach can be followed for the Brouwer
degree.

Let us start with the notion of mapping degree for mappings between closedE]
orientable smooth manifolds of dimension n. Let f: M — M’ be a continuous
mapping and let H,(M;Z) and H,(M'; Z) be the singular homologies of M and M’
in degree n. For closed orientable n-manifolds we have H, (M) = Z and H,(M') =
Z, eg. [22]. Since the latter groups are infinite cyclic the induced homomorphism
in singular homology is given by f.(«) =d -a, d € Z, where « € H,(M) is a
generator. We define deg(f) := d. In particular this construction defines the

degree for f: S" — S", see Sect.

2.16 Exercise Show that the above definition of mapping degree does not
depend on the choice of orientation. ]

By definition a manifold has no boundary. A manifold is closed if it is a compact space.



56 Axiomatic Degree Theory

Using the mapping degree for mappings between spheres we can now given
an alternative definition of the Brouwer degree. Let () C IR" be a bounded open set
n > 0. As before let f: QO C R" — R" be a continuous mapping and let p € R" such
that p € f(9Q)). This implies that f~!(p) C Q is compact. Via the stereographic
projection we have the canonical embedding 7=!: Q — S” C R"*! which makes
7-1(Q) a subset of S". For notational convenience we will write O C S" and
f:Qcs" — S” The inclusion j: (S",2) C (5",5"\ f~!(p)) yields the injection
(monomorphism) Z = H,(S") — H,,(S",S" \ f~1(p)). Since S" \ Q is closed and
contained in the open set S \ f~!(p), the excision property of homology yields the
isomorphism H,(S",5"\ f~1(p)) 2 H,(Q,Q\ f(p)). The mapping f yields the
homomorphism f,: H,(Q,Q\ f~1(p)) = Hu(S",5"\ {p}) = H,(S") = H,(S") =
Z.. Combining the above homomorphisms we obtain

Z 5 H, 0,00\ F1(p) L Hu(s,5"\ {p}) =2

As before we define f,(j.(1)) = d(f,Q, p) as the local mapping degree. It remains
to show that the local degree is in fact the Brouwer degree.

= 2.17 Remark From excision is also follows that H,(5",5" \ {p}) = H,(R",R" \
{p}), which implies that we can consider the mapping f: (Q,Q\ f~(p)) —
(R",R"\ {p}) in homology

z %5 (0,00 7 (p) L Ha (R R\ {p}) = Z.

The above construction is a way to determine a generator in H,(Q,Q\ f~1(p)). =

The easiest way to show that d(f,(), p) is in fact the Brouwer degree is to use
the results from Theorems|2.2land We therefore need to verify the Axioms

(A1)-(A4) which define a degree theory, Definition For this we follow the
approach presented by A. Dold, cf. [9].

2.18 Theorem Under the above hypotheses d(f,Q),p) = deg(f,Q, p).

Proof. If f =1id, then f, defines a monomorphism and therefore f.(1) =1 =
d(f,Q), p) which verifies Axiom (A1).

Let t — f; be a homotopy as described in Axiom (A3). Let K C 5" be a compact
set such that f~(p) € K C U C Q. Then, from the properties of singular homology
(excision and inclusion) we derive the following commuting diagram:

H, (")) ]—> H(S",8"\ £7(p)) < Ha(@,00\ £7(p)) 22 Ha(57,5™\ {p})

L P

Hy(S",8" \ K) +—— H,(U,U\K).

2The mapping f should be regarded as the mapping f = 71 o f o 7.
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(2.1.1)
Let U = (), then we derive that the composition
H,(S") — H,(S",5" \ K) = H,(Q,Q\ K) = H,(5",5" \ {p}) = H,(S"),

also defines the degree d(f,(}, p). Since f;: (Q,Q\ K) — (5",5" \ {p}) defines a
homotopy between the mappings fo and f1, the homotopy invariance of singular
homology implies that (fy)« = (f1)«. This proves that d(fy,QQ,p) =d(f1,Q,p),
which complete the verification of Axiom (A3).

The shift x — x — p yields the mapping f — p: (Q,Q\ f~(p)) — (5",5"\ {0})
and the commuting diagram

Hy(Q,0\ f1(p) —2— Ha(S",5"\ {p})

Hy(Q,0\ F1(p)) L% Hy(87,57\ {0})

which implies that d(f,Q, p) =d(f — p,Q),0) and verifies Axiom (A4).

Finally we show that Axiom (A2) is satisfied. Suppose p € f(Q\ (Q! U Q?)),
then by the commuting diagram in 2.1.1), d(f,Q,p) = d(f,Q' U Q?,p), where
0! N O? = @. It remains to show the additivity. Let f; = f|q, Q@ = Q' UO? and
consider the diagrams

H, (") H,(S",8"\ f1(p)) «——— Ha(Q,Q\ f(p))

] | |

H.(SY) @ Ho(S") — @ Ha(8"S"\ [ (p) (=, @ Ha(Q, 0\ £ (p))
n(S") @ Hy(S") = 4

IR

where id is given by a — (a,a), and i, is induced by the inclusions (5",5" \
fY(p)) C (5",S"\ f; *(p)). Moreover,

Hy(@,00\ f(p)) — 2 Hu(S",8"\ {p}) Ha (")

ﬁl\ id,ﬁddﬂk }d*-i-id*

D Ha QLN T () ILEEP Ha(S" 5"\ {P)) =, p,(57) & Hiy(5")
i=12 =12

where id. +id, represents the mapping (&, B) — « + B. If the diagrams commutes
then the additivity follows. Indeed, the top line yields a + d(f,Q, p)a and the
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bottom line yields (a, 8) — (d(f1,Q, p)a,d(f?,Q?,p)B). By the commutativity we
have

w () = (d(f1,Q0 p)a,d(f,0% p)a) = (d(f1, QY p) +d(f*, %, p))a
= d(f,Q,p)a=d(f,Q,p)a,

which verifies (A2). We now show that the diagrams commute. Consider the
diagram

Hy(S", 5"\ f1(p)) +—— Ha(Q,0\ f(p))
(ii)*J( T(H)*
HA(S", 5"\ £ (7)) T (0, 00\ £ ()

where 1;: QO — O and 7' QF — S" are inclusion and the diagram commutes.
The second option is the diagram

Hq(S",5"\ 71 (p)) «—— Ho(Q,0\ F(p))

(if)*J( Lli)*
(1)«

Hu (8", 8"\ f;1(p)) +— H,(Q,Q0\ £ (p))

and since 7; ' QOF — S" \fj_l(p), the induced mapping (77; ). = 0. Combing
these composition makes that the diagrams above commute. ]

= 2.19 Remark If we consider a bounded domain () with a smooth boundary 0}
then the commuting diagram in (2.1.1)) and the fact that dQ) allows a normal vector
tield yield that the Brouwer degree is given by the mapping

z 5 H,(©,00) L H, (R, R\ {p}) = Z.

Compare Remark n

Boundary dependence of the degree

The homotopy invariance of the Brouwer degree can be used to prove that the
degree on depends only on the restriction of f to the boundary.

2.20 Proposition Let ¢ : 902 — R" \ {p} be a continuous mapping. Then, for
any two continuous extensionsﬂ f,8 € C%(Q)), such that

flaa = glaa = ¢,
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it holds that deg(f, ), p) = deg(g, ), p) and therefore the Brouwer degree only
depends on the restriction f|3q to 9Q).

?Continuous extensions exist by virtue of Tietze’s Extension Theorem, see Appendix

Theorem

Proof. Consider the homotopy hy = (1 —t)f +tg, t € [0,1]. Then, since f = g=¢
on dQ), itholds that i; = ¢ on 0Q) for all t € [0,1] and therefore p & h;(9Q)) = ¢(0Q2)
for all t € [0,1]. Consequently, (i, (), p) is an admissible homotopy and by the
homotopy invariance of the degree deg(h;, (), p) is independent of € [0,1]. =

Proposition makes it possible to define a degree theory for continuous
mappings on compact sets that occur as boundaries of bounded open sets in IR".
Continuous mappings from 0Q) to R cannot be surjectiveﬂ Therefore assume,
without loss of generality, that maps ¢ act from dQ) to R" \ {p} for some p & ¢(0Q)).

2.21 Definition Let ¢ : 0 — R" \ {p} be a continuous mapping. The mapping
degree is defined by

Woa (e, p) := deg(f, Q2 p),

for any continuous extensiorﬂ f:QCR"—R", with f|n = ¢. The mapping
degree for mappings ¢ : 9Q) — R" \ {p} may be regarded as a generalized
notion of the winding number.

“ A continuous extension of ¢ to () always exists by virtue of Tietze’s Extension Theorem|A.8

Generalized winding numbers

From the translation property of the degree (see Property it follows that
deg(f,Q,p) = deg(f — p,Q,0), which implies that Wy (¢, p) = Waa (¢ — p,0).
Define the normalized mapping

= |Z - i! 90 — 5", (2.2.2)
where S"~1 C R" denotes the standard unit sphere in R”. Consider the homo-
topy ¢t = (1 —t)[¢ — p] + tp, then by Tietze’s Extension Theorem there exists a
continuous homotopy /; on Q x [0,1] with k;|3q = {;. From the homotopy prop-
erty of the degree it then follows that Wy (¢, p) = deg(ho,2,0) = deg(h1,Q,0) =:
deg (1,00, 5" 1), and thus

deg(yp) := deg(¥,00,5" ") = Wan (¢ — p,0),

which defines the degree for 1. Homotopy defines an equivalence relation on
mappings ¢, called the homotopy type, and the degree only depends on the
homotopy type of the map.

3The continuous image of a compact set is compact!
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In order to derive an integral formula for the degree deg(y) assume now that
f is a C!'-mapping on Q and 9Q) is a piecewise C!-boundary.

2.22 Theorem Let p € I""1(S"71), with fsn,l p# =1, and let ¢ be as defined
above. Then

deg(y) = | vn,

where p*u € I"71(3Q)).

Proof. Let f be as before, and since deg(f,(), p) does not depend on p, choose p to
be a regular value, so that f~(p) = {x/} is a finite set. Let B.(p) be a sufficiently
small ball in R™\ f (9Q)) such that N C (), where N = f~1(B.(p)). Since p is regular,
N=U ]-Nj (finite), where the sets N/ are all mutually disjoint and diffeomorphic
to Be(p). Consider the disjoint open sets A = Q\N C Q and N C Q. Then p ¢
f(Q\(AUN)) and by Property 2.10| deg(f,Q, p) = deg(f, A, p) + deg(f,N,p).
Since p & f(A) it follows from Property [2.5/ that deg(f, A, p) = 0 and therefore

deg(f,Q,p) =deg(f,N,p). According to the Definition in[l.5|and Property 2.10]
the degree on N is given by deg(f,N,p) = ¥;deg(f,N/,p)and deg(f,N/,p) =

sign(]f(xj)).

The mapping ¥ has a C!-extension to A denoted by ¥ and given by the formula
in 2.2.2),i.e. ¥ = (f — p)/|f — p|. The restrictions to dA is again denoted by
and the restriction to 9N/ by /. Choose an (n — 1)-form u € I"~1(S"~1), with
f gn-1 # =1, which can be regarded as the restriction of (n —1)-form p on an open
neighborhood of $"~! in R". The orientation on A induces the Stokes orientatiorﬁ
on dA = 02 — dN. By Stokes” Theorem

|own=[ wu—[ yu=[an=[ vi-o

The latter follows from the fact that Y*dpu = 0. Indeed,

(‘Y*d}l)x(gl, o /ém) = dyf(x) (‘Y*Cll' o /T*gn) - 0/

since the set of tangent vectors { (¥.¢!,--,¥.¢"} are linearly dependent. Conse-

fovu=[ vu= 3 | @n.

Since f|yj is a Cl-change of variables that is either orientation preserving or

quently,

reversing, the same holds for the renormalized restrictions ¢/ via the Stokes

“The Stokes orientation is the induced orientation on the boundary using the outward pointing
normal. The orientation of ON induced by A is opposite the orientation induced by N. This explains
the notation 002 — dN.
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orientation of dN/. This yields the following identity
j * = pu— = 1 j pr— ]
| @yn=2 [ p=t1=sign(J;(x))) = deg(f,N,p).
Combining these identities finally gives
o = Z/ () u =) deg(f,N/,p) = deg(f,N,p)
Q) 7 ONJ ;

= deg(f,Q,p) =deg(y),

which proves the theorem. n

gn—1

» 2.23 Remark The integral representation can also be used to compute the
degree of ¢ as defined in Definition Let u e " 1(R"\ {p}) with [, u=1.

Then Wy (¢, p) = [0 9" 1. .
= 2.24 Remark In the case that Q) and () are bounded domains with smooth
boundary and f(0Q)) C 0Q) we have the following commuting diagram. By the
latter condition f is a mappings of pairs, i.e. f : (Q,002) — (Q0,9Q) and

H'(Q) +=— H'(Q,00) «— H'(@,0) «=— H'(Q)

l k

H1(00) «+¥— H1(a0)

R

where ¢ = f|3q. From this diagram it follows that [f*w] = deg(f)[w] and [¢*0] =
deg(¢)[0] and thus deg(f) = deg(y). In Section 2.2| we will come back to the
boundary dependence of the degree. See also Sect. for a more detailed
account on the algebraic topology. .

Winding numbers in the plane

Let O = B;(0) C R?, and let f : B;(0) C R? — RR? be a continuous mapping. If
0 # f(0By), then the degree deg( f, B1,0) is well-defined. Denote the restriction of
f to 9By = S! by ¢, and the renormalization by ¢ = £ : S! — S!. Then, deg(y) =

el
deg(f,B1,0). The degree of i can be expressed as follows

deg(y) = | WM,

where p is a 1-form on S!. The 1-forms on S can be expressed as u = (c + h(0))d0,
where h is 27t-periodic. Via polar coordinates x; = rcos(6), x, = rsin(6), p extends
to R?\{(0,0)} and is given by

—xpdx1 + x1dxo
2 .2
X7+ X3

+ dh(x1,x2).
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¥ *)

&“\Ufg) Figure 2.1: The curve represented by

X __// @(t) unwinds in IR?. Polar coordinates
kﬁ are denoted by r(t) and w(t), which es-

tablishes the winding number.

By taking ¢ = 1/27 it follows that [, # = 1. Let

1 —xpdx1 + x1dxp
271 X2+ x3

be the standard ‘volume’ form on S!. A direct calculation shows that f g 0=
Js1 ¢*0 and therefore

W(p0)i= o [ 90 =deg(p) = deg(y) (223)

which is called the winding number ¢ about 0.

Conversely, starting with a mapping ¢ : S' — S, Tietze’s extension theorem
yields that for any extension f to B1(0) the degree deg(f,B;1(0),0) is given by the
winding number defined in (2.2.3).

It remains to show that represents the classical winding number for
piecewise smooth curves in R?. The mapping ¢: S — R?\ {0} represents a closed
curve in the plane which avoids the origin. Assume without loss of generality that
the curve is smooth. In terms of coordinates this yields

where ¢(t + 271) = ¢(t) for all t and r?(t) := &2(t) + n>(t) > & > for all t. Via polar
coordinates {(t) = r(t)cos(w(t)) and 77(t) = sin(w(t)) define the winding number
as:

w(2m) — w(0)

W= 21

(2.2.4)

Since ¢(t + 2m) = ¢(t) for all t if follows that w(27r) = w(0) + 2k, k € Z, see Fig.
This implies that the winding number is an integer.
The normalized mapping ¢: S! — S! is expressed in coordinates as follows:

P(t) = (cos(w(t)),sin(w(t))), teR.
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Q Figure 2.2: Two linking embeddings of S'. One circle

intersects any ‘filing” of the other circle, which yields a

non-zero linking number.

Now ¢(t) represents a parametrized unit circle in R? centered at the origin. Con-
sider the integral

— — 1 *0 __ 1 27 / /
deg(p) =deg(y) = 5[ ¥70= E/o (=n&’ +¢n')dt
1, _ w(2m) —w(0)
which show that the mapping degree is equal to the planar winding number
defined in (2.2.4).

7

Linking numbers

The usual example of linking are two tangled closed loops in R?, but also the
winding of a closed loop around a point in the plane is an example of linking in
R2. Similarly, a compact orientable surface in R? separating the inside from the
outside is an example of lining in R3. The concept of linking can be formulated in
terms of degree degree for objects of higher dimension as well.

Let K,L C R" be smooth embedded manifolds of dimension k and ¢ respec-
tively. Assume that both K and L are compact and orientable. Moreover KN L = &
and k + ¢ = n — 1. Define the mapping

¥Y:KxLcR”— S 1cRY (x,y) — 15:;,

which is a continuous mapping between orientable manifolds. The orientation

on K x L is the product orientation and the orientation on S"~! the orientation
induced by R".

2.25 Definition For two disjoint, smoothly embedded compact and orientable
submanifolds K and L in R", the linking number is defined by

link(K, L) := deg(¥),
provided thatk + ¢ =n — 1.

For the traditional linking of embedded circles in R® we can compute some
simple examples, see Fig.



64 Axiomatic Degree Theory

2.26 Example Consider embedded circles K and L in R®. In order to compute
the linking number we need to compute the degree of the map ¥ : K x L =
T2 — S2. We start with a Volume form on 52 Define w = indx, where dx =
dxy AN dxy N dxz and n = x; ax + xp2 ax + X352 ax the unit normal vector field to
S%2 C R3, then

w = x1dxy; N dxz — xodxq A dxs + x3dxq A dxs.

The integral [, w = 47 gives the area (volume) of S*. The map ¥ is a compo-
sition of the ®(x,y) =y — x: K x L — R3\{0} and the retraction p(x) = ﬁ :
R3\{0} — S2.

Now

w(@n) = (P*(C) p«(11))
= P,dxz/\dxg,((j 1) — x |3dx1/\dx3((f )+ |T3dx1/\dx2(§,77)

det(x,¢,7)
xp

where we used the fact that for &, 7 € T,.S? it holds that p. (&) = ‘17|§ and p.(77) =
7. Under the map ® we obtain

w(in) = w(—¢n)=—-w(n)
= —det(y —x,&n) =det(x —y,&1).

IX\

For the map ¥ this implies that

det(x —y,¢,
Y'w(in)= et(li—i\;: ’7).

Parametrize K and L and denote the parametrizations by x and A respectively.

Then,
. 2727 det(x (S & (8),A'(s))
KXLT w = / / (S)’ dtds.

The linking number is given by

link(K, L) /zn/zn det( K(th Als).x e §|) A6 g (2.3.5)

This integral may be hard to compute. Consider an example of two circles in

the x1, xz-plane, then
t+— (cos(t),sin(t),0), s (2cos(s),2sin(s),0),

and det(x(t) — A(s),«’(t),A’(s)) = 0, which shows that link(K,L) = 0.
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Before doing some more elaborate examples let us derive some properties of
the linking number.

2.27 Theorem The linking number satisfies the following properties:
(i) link(L,K) = (1) +DED link(K, L);
(ii) if K and L are separated by a hyperplane in R”, then link(K, L) = 0;
(iii) let K¢ and L; be 1-parameter families of embedded circles such that K; N
Ly = @ for all f € [0,1], then link(Kp, L) = link(Ky,L1).
As a matter of fact the linking number is an isotopy invariant.

Proof. For the pair L, K we have the map ¥ (y, x) = ‘x - 7+ Define the maps r(x,y) =

(y,x) and a(x,y) = (—x,—y). Then deg(r) = (—1)* and deg(a) = (—1)*+1. For
the map ¥ it holds that ¥ = 7! o ¥ 0 a and and by the composition property of
the degree we derive the desired statement in (i).

As (ii) if a hyperplane exists then ¥ is not surjective onto S"~1 and therefore
deg(¥) = 0, which proves (ii).

Property (iii) is a direct consequence of he homotopy principle for the degree.

2.28 Example Consider the circles K= {x € R® | x2 + x3 =1, x3 =0} and
L={x€R3|(xx—1)2+x3 =1, x; =0}. On K consider the orientation form
Ox = —xpdx1 4+ x1dx; and on L the orientation form 0 = —x3dx, + (xp — 1)dxs.
Choose the following parametrizations

t+— (—sin(t),cos(t),0), s+ (0,14 cos(s),sin(s)),

again denoted by x and A respectively. Upon substitution in Equation (2.3.5)
yields the following expression

2 21 _ —
link(K, L) / / cos(s) — cos(t)cos(s) — cos(t) —dtds
(3+2cos(s) —2cos(t)cos(s) —2cos(t))

Under the mapping ¥ the inverse image of a value p € S? is characterized by
the following relation

Y ' (p)={(xy) EKxL|y—x=pup, p>0}.

Such a value is regular if ¥*w is nondegenerate at points in ¥ ~(p). By our
previous calculations this means when det(x — y,¢,77) # 0, where ¢ € T,K and
1 € T, L. If we choose p to be a regular value, then the degree can be computed
by adding the signs of the determinants at points in ¥~!(p). Let us carry
out this calculation for the above situation. Choose p = (0,1,0), then ¥~1(p)
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consists of the point pairs (0,1,0) € K, (0,2,0) € L, (0,—1,0) € K, (0,2,0) € L and
(0,—1,0) €K, (0,0,0) € L. The determinants are —1, +2 and —1 respectively,
and therefore link(K,L) = —1.

= 2.29 Remark In order to compute link(K,L) in Example one can also try
to evaluate the integral with brute force. We the help of Maple we obtain that

. 2 2m cos(s) — cos(t) cos(s) — cos(t)
link(K, = dsd
et am / / (3 +2cos(s) —2cos(t)cos(s) — 2cos(1f))3/2 t

1 27T2-Elhpt1cK(2 —1 + cos(t))
N H/ 5— 4cos()

_ 6 EllipticE(2/cos(t) — 1) g

5 —4cos(t )

which follows by numerically integrating the elliptic integrals. .

The Brouwer fixed point theorem

A classical application of the Brouwer degree is the Brouwer fixed point theorem
for continuous maps of the n-disc. A fixed point for a mapping f : R" — R" is a
point x € R"” which satisfies the equation

f(x)=x.

As a matter of fact the Brouwer fixed point theorem can be stated for sets homeo-
morphic to the n-disc, or closed unit ball B, (0).

2.30 Theorem Let Q) C R" be an open subset such that Q) is homeomorphic to
B1(0), and let f : O — R” be any continuous map. If f(Q) C O, then f has a
fixed point in Q).

Proof. Let ¢ : Q — B1(0) be ahomeomorphism. Then the mapping g:=@o fo g~}
B1(0) — B1(0) is continuous. The maps f and g are conjugate and thus f has a
fixed point if and only g has a fixed point.

I 2.31 Exercise Show the above claim for conjugate mappings. n

The Brouwer fixed point theorem can be proved by showing the theorem holds
for g. Suppose that ¢ has no fixed points in B; (0), then g(x) # x, for all x € B;(0).

Consider the homotopy h;(x) = x — tf(x). In particular, f(x) # x for x € 9B1(0).
This implies that 0 ¢ hy(x). Observe that tf(x) € B1(0) for all 0 <t < 1 since
|tx|» < 1. Consequently, if x € 9B1(0), then h;(x) # 0 for all 0 < t < 1. The Brouwer
degree deg(h;,B1(0),0) is well-defined and independent of ¢t € [0,1]. For t =0,
deg(ho,B1(0),0) = deg(Id, B1(0),0) = 1. On the other hand, since f(x) # x for
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all x € B1(0) we have that 4, (0) = @, which implies that deg(h,B1(0),0) =0, a
contradiction. n

Another proof of the Brouwer fixed point theorem is based on the observation
that continuous mappings from B;(0) to 9B;(0), which are the identity on 9B;(0)
do not exit. This uses the boundary dependence property of the Brouwer degree
discussed in Section and holds in a much more general setting of bounded

and open subset () C R".

2.32 Theorem There are no continuous maps f : 3 — 9Q), with f|yq = Id.

Proof. By Proposition deg(f,Q,p) =deg(ld) =1, for any point p € Q), which
implies that the equation f(x) = p has a solution, a contradiction. ]

Another theorem worth mentioning in this context is the Hairy Ball Theorem,
which, in dimension two, asserts that a 2-sphere ‘covered with hair” cannot be
combed in a continuous manner. Here the theorem is formulated for the embedded
sphere S"~! = 9B (0). Consider a function X : $"~! — R", with the property that
(X(x),x) =0, for all x € S"~1. Such a function is called a tangent vector field on
s,

2.33 Theorem — Theorem (Hairy Ball Theorem).. The (1 — 1)-sphere S" ! allows
a non-vanishing tangent vector field X(x) # 0 if and only if n — 1 is odd.

Proof. If n — 1is odd a non-vanishing vector field is easily given:

X(x) = (_xZ,X’l, —X4,X3,° " 1_xn,xn71),

which is clearly tangent to S"~! and non-vanishing.
As for the converse argue as follows. Suppose there exists a non-vanishing

tangent vector field X (x) on $"~!, then normalization defines a unit tangent vector
field Y = X/|| X||. Consider

hy = cos(7tt)x + sin(7tt) Y (x).

It is clear, since (x,Y) =0, that ||l] =1 and h; : S"~! — §"~! for all ¢ € [0,1].
Moreover, hp = Id and 7y = —Id and are thus homotopic mappings. Fromand
Proposition [2.20]it follows that deg(/1) = deg(—Id) = (—1)". By the homotopy
invariance of the degree, 1 = deg(Id) = deg(ho) = deg(h;) = (—1)" and thus n — 1
is odd. (]
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Homotopy types and Hopf’s Theorem

For continuous mappings f from a compact domain Q) C R" to R”, the question
of solvability of the f(x) = p is determined only by the mapping degree, when
formulated in the following setting. It was proved in Section[2.2)that the degree
deg(f,Q,p) is determined only by the degree of the boundary map ¢ = f|yq :
0Q) — R"\{p}. Non-triviality of deg(¢) implies that any continuous extension f
of ¢ to O has a solution to the equation f(x) = p. In this chapter it is proved that
the converse also holds, i.e. if every continuous extension f of ¢ to Q) has a solution
to f(x) = p, then deg(¢) # 0. This already indicates that the question of solvability
is strongly related to the problem of extending a mapping ¢ to all of ). To be more
precise, if ¢ : 90 C R” — R"\{p} has a continuous extension f : Q — R"\{p},
then the boundary map ¢ does not force solvability of f(x) = p for all continuous
extensions f, with f|3n = ¢. In this case ¢ is said to be inessential with respect to
). When ¢ is not inessential with respect to (2 it is said to be essential with respect
to O, which implies there are no continuous extension f : O — R"\{p}, and thus
for continuous extension f takes values in R” in general and the equation f(x) = p
has non-trivial solutions in (). A fundamental theorem by Hopf is used to prove
that essential versus inessential is completely determined by the mapping degree
of ¢.

The goal of this chapter is to broaden the above question to cases where the
degree cannot decide between essential versus inessential, or when the mapping
degree is not defined. An important case is for mappings

f:QCR" - R,

where 7 is not necessarily equal to k. In this case the degree as introduced before
is not defined. The question is whether ¢ = f|5q : 9Q — R¥\{p} still determines
the solvability if f(x) = p, for any continuous extension f of ¢.

Consider mappings ¢ : 9Q C R" — S"~!, where 5”1 C R" is the standard unit
sphere. In this equal dimension situation an important version of the extension
problem holds which can be regarded as a version of Hopf’s Theorem.

2.34 Theorem Let Q2 C R"” be a connected, bounded domain. A continuous
mapping 1 : 90 C R"” — S"~! extends to a continuous mapping f : QO C R —
S"=1, with f|aq = ¢ if and only if deg(y) = 0.

Theorem [2.34]is also referred to the extension problem for mappings ¢ : 902 —
$"~! C R" and connected boundaries of bounded open sets Q C R". In the
forthcoming sections this problem will be put in a more general context. As
explained above the extension problem is directly linked to the solvability problem,

see Corollary
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= 235 Remark The connectivity condition Theorem can be omitted by
replacing the condition on the degree. Let ¢’ = |5, where Q' are the connected
components of (), then the condition on the degree becomes deg(y') = 0 for all
connected components Q' of Q). The proof is obvious by applying Theoretho
each component. .

2.36 Definition A family of mappings ¥; = Y (-,t), with ¥ : 9Q x [0,1] — S"~!
is continuous, is called a homotopy between 1,11 : 9 — S"~1. The mappings
Yo and ¢ are called homotopic.

Homotopy is an equivalence relation on C°(90);S"!) and its equivalence
classes are called homotopy types or homotopy classes. The homotopy type of a
map 1 in C°(90); S"~1) is denoted by [] and the collection of all homotopy types
or equivalence classes is denoted by [9(%;S" 1] = {[¢] | p € CO(a0);S" 1) }.

2.37 Exercise Show that homotopy type introduced above defines an equiva-
lence relation on C%(9Q); S"1). .

Theorem can be proved by using the following fundamental property of
the generalized winding number (see Section [2.2), which is a special case of Hopf’s
Theorem.

2.38 Lemma A continuous mapping ¢ : S" ! — S"~1, where S"~! C R" is the
standard unit sphere, has trivial homotopy type if and only if deg(¢y) = 0.

Proof. The proof follows by combining Lemma ?? and Theorems ?? and ??2. [

2.39 Exercise Give an elemtary proof of Lemma (Hint: use an induction
argument in n). ]

Proof of Theorem If there exists a continuous extension f : Q C R" —
S"=1 c R"\ {0}, then deg(f,,0) = 0, and thus by definition deg(y) = 0.

Now suppose deg(y) = 0. Let g¢: QO C R" — R" be a continuous extension
(use Tietze’s Extension Theorem), with ¢|3q = 1. By construction ¢~1(0) C U C Q,
where U is compact. Moreover, g can be chosen to be C! on U, and such that
0 is a regular value (see Chapter ??). In this case g~ 1(0) is a finite set of points
in U C Q. Now connect the points x/ € ¢~1(0) via a path 7, such that ¢ has no
self-intersections.

Since 7y C U is a compact set it can be covered by finitely many small open
ball B!, which yields a compact set V C U which contains -, and has a piecewise

smooth boundary 9V. Moreover, V is homeomorphic to the unit ball By (0), with
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Figure 2.3: The zeroes of g are contained
in U C Q) and are connected by a non-
intersecting path <y [left]. The path y C U
can be covered by a union of open balls
V c U [right].

homeomorphism a : V — B;(0). On the domain ) = Q — V it holds that

¢: 0/ CR" - R"\{0},

and deg(g,Q’,0) = 0. Since 9Q) = 02 U dV, Lemma (somewhere in Section
implies that

deg(y) = deg(g,BQ,S”_l) = deg(g,0V,R"\{0}) =0.

Now on 9V, define ¢’ = ¢/|g|, and ¢’ : S"~! — S"~1 is continuous. By Lemma
¢’ is homotopic to a constant map, and thus also g|yy is. Let h: 9V x
[0,1] — R"\{0} be a homotopy between g|s and a constant map. Invoking the
homeomorphism introduced above, then k =hoa~1:S5""1 x [0,1] — R"\{0} is
also a homotopy. The map

p(tx) =k(x,t), xes",

defines an extension to B;(0), and p o a is an extension of g|yy to V, and poa :
V — R"\{0}. Now adjust ¢ with p o a on V to obtain an extension g to (3, which
takes values in R"\{0}. The normalization f = g/|g]| yields the desired extension
that maps from Q to 5" 1. =

The following theorem due to E. Hopf shows that the homotopy types in
C%(90;S"1) are characterized by the mapping degree, which is therefore the
only homotopy invariant on C°(9Q);S"~1), which generalizes Lemma and
is a direct consequence of Theorem Theorem below is referred to as
the classification problem and generalizations will be discussed in forthcoming
sections.

2.40 Theorem Let 0Q) C R" be compact, connected, smooth hypersurfacef]
Then, two continuous mappings o, 7 : 92 — S"~! are homotopic if and only if

deg (o) = deg(i1).

A smooth hypersurface is the level set H~1(0) of a smooth function H : R” — R, where 0 a

regular value. Such a hypersurface is an embedded codimension-1 submanifold of R”. Moreover,

0Q) is orientable.
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Figure 2.4: Deformation of 0Q) via the normal-

ized gradient flow on H.

Proof. Two mappings o, {1 : 90 — S"~! are homotopic if and only if there exists
a homotopy ; = ¥ (-, ) between y and 91, where ¥ : 9Q x [0,1] C R"+1 — g1
is a continuous mapping. Let F: Q x [0,1] — R” be an extension of ¥ (use Tietze’s
Extension Theorem), then

deg(f,2,0) = deg(fo,2,0) = deg(f1,Q,0),

and therefore deg(iy) = deg(y1).

Now suppose deg(1y) = deg(i;). By assumption 9Q = H~1(0) for some
smooth function H : R" — R, with 0 a regular value. Therefore the interval [—¢,€],
€ > 0 sufficiently small, consists of regular values. The function is assumed to be
negative on (), H < 0, and thus bounded from below. Define the domain

A:={xeR"| —e<H(x) <0},

is connected with A = 9Q) — H!(—¢). The deformation lemma in Section can
be used now to show that there exists an isotopyﬂ from 0Q = H~1(0) to H~!(—e¢).
Indeed, consider the normalized gradient flow

dx VH(x)

dt —  |[VH(x)]?
The solution of the initial value problem for x € 0Q) is given by ¢(x,t), with
¢(x,0)=x, H(¢(xt))=H(x) -t

For details see Section The mapping 7(x,t) = ¢(x,t(H(x) + €)) defines an
isotopy from 9Q) to H(—¢);

7:0Q % [0,1] — R,

where each 7;(-) = 5(+,t) is diffeomorphism from 9Q to H~!(—et). Let ¢ be a
mapping from A to S"~! defined as ¢ on dQ and ¢y o 57, on H™!(—€). By
Theorem

deg(y)= [ wr=[ win— [ on) 'k

5 An isotopy is a homotopy h; for which h; is a diffeomorphism for each € [0,1].
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Since 771 is a diffeomorphism, it holds that [, (1 07y Yu= [,q¢in and
therefore deg(¢) = 0. By Theorem there exists a continuous mapping f: A C
R" — §"~1 C R". Now define

¥(x,t) = f(n(x,t)):0Q2 x [0,1] — g1

which is a homotopy between 1y and ¢, and therefore proves the theorem. =

2.41 Corollary There exists a mapping ¢ : 9Q — S"~! of any degree m € Z. In
particular [0Q),S" 1] > Z.

Proof. Under construction. n

Theorem is derived from the extension problem in Theorem On
the other hand Theorem can be derived from the classification problem in
Theorem in the special case when 9Q) = S"~ 1.

= 2.42 Remark Hopf’s Theorem (Theorem still holds in the case that 0}
is a triangulable set. Recall that a set is triangulable if it is homeomorphic to
n-dimensional simplicial complex A,,. The result also holds for maps ¢ : X — "1,
where X is a triangulable topological space, with dim(X) =n — 1, see [14]. In
particular (abstract) smooth manifolds M are triangulable, and therefore Hopf's
Theorem extends to maps ¢ : M — S"~1. In Chapter ?? the notion of degree for
maps between smooth manifolds will be introduced. .

2.43 Example Consider the annulus Q = {(x,y) € R? | 1 < x? + y* < 2}, and

the mapping
- (25T
' x/\E+yr )’

acting from Q) to R?\ {0}. The boundary 9Q) of the annulus is disconnected and
deg(y) =0, where ¢ = f|yq : 9Q — S'. Clearly, [¢] # 0, which shows that the
connectivity condition in Hopf’s Theorem cannot be removed.

Connectivity of Q) is not required for Theorem [2.34] The degree gives the
proper invariant and and a straightforward calculation shows that deg(y) =0,
which is in compliance with the extension f.

The above theorem states that i is inessential with respect to () if and only
if deg(¢) = 0. The extension problem in Theorem can be rephrased into
a solvability property for the equation f(x) = p, with f: QO C R" — R", and
¢ = floa- This problem will be referred to as the solvability problem. In the
latter case the boundary mapping is denoted by ¢ : 90 C R" — RF\{p}, and the
extension problem becomes; given ¢, does there exist a continuous extension f :
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QO CR" — R", with ¢ = f|yq. This version of the extension problem is equivalent

to the version in[2.34} Indeed, a normalized mapping ¢ = % :0Q C R — Sk1

is inessential with respect to () — there exists a continuous extension g : Q C
R" — S¥~1 — if and only if ¢ : 9Q C R" — R¥\{p} is inessential — there exists
a continuous extension f : O C R" — R¥\{p}. Indeed, if ¢ is inessential then
g= ﬁ gives the desired extension for ¢, and conversely, if ¢ is inessential, then
f =r-g+ pis the desired extension for ¢, where r : 3 C R" — R™ is a continuous

extension of p = |@ — p| : 002 C R” — R via Tietze’s Extension Theorem.

2.44 Corollary Let () C R" be a connected domain. A continuous mapping
¢ :0Q C R" — R"\{p} is essential with respect to Q) if and only if deg(¢) # 0.

Proof. By the discussion above and Theorem @ is inessential with respect to
Q if and only if deg(¢) = 0. Therefore, ¢ is essential with respect to ) if and only

if deg(¢) # 0. (]

» 2.45 Remark If ) is not necessarily connected, then the condition on the degree
has to be replaced with deg(¢') # 0, for some i, where ¢' = f|;:, and Q' are the
connected components of (). ]

Problems

2.46 Problem (Borsuk’s Theorem) Let (2 C R” be a bounded domain satisfying
the property that x € Q) implies that —x € Q). Let ¢ : 002 C R” — R"\{0} such that
¢(—x) = —¢(x). Prove that for any continuous extension f : 3 C R” — R" of ¢ it
holds that deg( f,(},0) is an odd integer.

2.47 Problem Give a homological description of the local mapping degree for
continuous mappings f: N — M between closed manifolds (compare [9], pp.
266).

2.48 Problem Formulate and prove the axioms of degree theory for continuous
mapping f: N — M.

Theorem [2.40|can be generalized to continuous mappings f: N — 5", where
N is a closed, connected, orientable manifold of dimension 7, i.e. two mappings
f,8: N — M are homotopic if and only if deg(f) = deg(g), and is called the Hopf
Degree Theorem.

2.49 Problem Prove the Hopf Degree Theorem.

The following result implies an extension of the Hairy Ball Theorem and will

be addressed in (5.8.10) and Problems and
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2.50 Problem Let N be a smooth, closed, connected, orientable manifold with
Euler characteristic x(N) = 0. Show that N allows smooth non-vanishing vector
field f: N — TN (Hint: Use the Hopf Degree Theorem).
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A natural question to ask is if there exists a degree theory for mappings on infinite

dimensional spaces? The answer to this question is not so straightforward as
the following example will show. Consider the space of sequences defined by
(?:={x=(x1,x3,---) | £;x? < co}. The space /* = R™ has a natural norm || x||%, :=
Y.;x? and inner product (x,y) := ¥, x;y; and is a complete normed linear space —
a Hilbert space. Let B*® = {x € £ | ||x||;2 < 1} and define a mapping f as follows:

£ = (1= lxlZ ),

which is a continuous mapping from B* to dB® =: S®. The mapping f has no
fixed points in B®. Indeed, for x € S® it holds that f(x) = (0,x1,x2,---) # x. On
the other hand f(B®) C B® and the mapping f satisfies the requirements of the
Brouwer fixed point theorem, which therefore does not holds for continuous
mappings on 2.

Notation

The infinite dimensional spaces under consideration in this chapter are normed
linear vector spaces are their subsets. Extensions will be discussed in the next
chapter. Let X be a (real) linear vector space. On X we define a norm || - ||x, or
|| - || for short which satisfies the following hypotheses:
() Ilx+ vl < ] + yll, forall x, € X,
(i) ||Ax]| = |Al||x]], forall x € X, and forall A € R,
(iii) ||x|] = 0if and only if x = 0.

If there is no ambiguity about the space involved we simply write || - ||.
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The combination (X, || - ||) is called a normed linear vector space. If in addition
X is complete it is called a Banach space. A normed linear space is complete
if every Cauchy sequence has a limit in X; {x"} C X, with ||x" — x™|| — 0, as
n,m — oo, implies that there exists a x € X such that ||x" — x|| — 0, as n — oo.
Normed vector spaces and Banach spaces are examples of metric and complete
metric spaces respectively, where the metric is given by

d(x,y) = llx =yl

For the remainder of this chapter X is assumed to be complete, i.e. a Banach space.
As in the previous chapter () C X denotes an open and bounded subset of X.
The closure in X is denoted by Q) and the boundary is given by 0Q = Q\ Q.

Continuity

Throughout this section X, and Y are (real) Banach spaces with norms || - ||x and
| - ||y respectively. We omit the subscripts is there is no ambiguity about the
notation.

3.1 Definition A mapping f : X — Y is continuous if x" — x (in X) implies that
f(x") = f(x) (in Y). A map is uniformly continuous on X, if for for any € > 0
there exists a ¢ > 0 such that ||x — y|| < ¢ implies that || f(x) — f(y)|| <e. The
latter can also be defined with respect to a closed subset A C X.

A continuous function f : X — Y is bounded if f(Q)) C Y is bounded for any
bounded subset (2 C X. Continuous mappings on R" are necessarily bounded, i.e.
bounded sets in IR are mapped to bounded set under f. This is however not the
case in general Banach spaces.

3.2 Exercise Give an example of continuous map between Banach spaces that
is not bounded. .

3.3 Lemma A uniformly continuous map is bounded.

Proof. We need to show that for any bounded set A C X the image f(A) C Y is
also bounded. Choose R > 0 such that A C Bg(0), and let n > 28, Then for any
two points x,y € A it holds that ||x — y|| < 2R, and one can define the line-segment
xt =x+t(y —x), t €[0,1], in Bg(0). For t; = 1 we obtain point x C Bg(0), with
||xfi — xfi+1]| < 6, by the choice of 1. Since f is uniformly continuous it follows that
| f(xfi) — f(xt+1)|| <€, for all i. From the triangle inequality we then get

1f ) = FWIl < LN f(x") = fF(x=1)]| < me,

which proves the boundedness of f. ]
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The space of continuous mappings from X to Y is denoted by C°(X,Y). For
mappings on bounded domains f: Q C X — Y we write f € C°(Q;Y) or C°(Q)
in the case that X = Y. Furthermore, define

CHXY):={f: X—>Y: sgzﬂf(x)”y < oo},

In case of f: Q C X — Y we have C)(Q;Y), or C)(Q). On C} the following norm
is defined

1fllco := suplf(x)]ly,

xeQ)

which makes CJ () a normed linear space.

3.1.b Differentiability

3.4 Definition A mapping f € C(X,Y) is called Fréchet differentiable at a point
xp € X, if there exists a bounded linear map A : X — Y such that

1f (%) = £ (x0) = A(x = x0) | = o([|x = xo]]),
in a neighborhood N of x.

We use the notation A = f/(xg) for the Fréchet derivative. If the map x —
f'(x) is continuous as a map from X to B(X,Y), then f is of class C!; notation
fecClXx,Y).

3.5 Definition A mapping f € C(X,Y) is called Gateaux differentiable in the
direction i € X, at a point xo, if there exists a y € Y such that

lim || f(x0 + th) — f(x0) — ty[| = 0,
t—0
with x¢ + th defined in a neighborhood N of xy.

The Gateaux derivative at at point is usually denoted by df(xo, /) and is
commonly referred to as the directional derivative in the direction k. In R" is
notion is known as partial derivative and is a weaker notion of differentiability.

3.6 Exercise Give an example of a function that is Gateaux differentiable in a
point, but is not Fréchet differentiable. "

For functions on R" there is an important relation between the two notions
of differentiability, i.e. the partial derivatives exist and are continuous, then the
function is differentiable. In the Banach space setting the same result holds.
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3.7 Theorem If f € C(X,Y) is Fréchet differentiable at a point xo, then f is
Gateaux differentiable at xo. Conversely, if a function f € C(X,Y) is Gateaux
differentiable at x( for all directions / € X, and the mapping x — df(x,-) €

B(X,Y) is continuous at x, then f is Fréchet differentiable at xo.

In the latter case we write, by the linearity of df in h, that df(x,h) = df (xo)h =
f'(x)h.

Proof. The first claim of the theorem simply follows from the definition of the
Fréchet derivative. For the converse we argue as follows. By assumption the map
f(x0 + th) is differentiable in t (sufficiently small), and df(xo + th,h) = df (xo +
th)h is continuous in t. Therefore,

1
Flxo+h) — f(x) = /0 df (xo+ th)hdt.

Using this identity we find the following estimate:

(o +) = fa0) —df o)kl = | [ (@f (o + 1) - df o), )]

1
< [ @ o+ th) = df o) 1)
1
<[ f o+ ) = df (xo) s 11t
= o),
by the continuity of df (xo + th). n

The notions differentiability can be further extended to higher derivatives
and we leave this to the reader. Furthermore, one can easily prove various basic
properties of derivatives:

3.8 Exercise Prove the chainrule: Let f: X =Y, ¢:Y — Z, and f and g are
differentiable at xo and yo = f(xo) respectively. Then (g(f(x0))) = g’ (f(x0)) -
f ,(Xo). (]

3.9 Exercise Prove the product rule: Let f : X — R, and g : X — Y be differen-
tiable at xo, then f - g is differentiable at xo, and (f - )’ (x0)h = f'(x0)h - g(x0) +
f(x0) - §'(x0)h. !

A value p €Y is called a regular value if f'(x) € B(X,Y) is surjective for all
x € f~1(p) and p is singular, or critical if it is not a regular value. A point x € X
is called regular if f'(x) is surjective and otherwise a point is called singular, or
critical point.
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Compact and finite rank maps

An important subspace of continuous mappings are the compact mappings. A

mapping k: X — X is compact if k(€)') is compact for any bounded subset Q' C X.

Compact mappings are bounded since k(€)') is bounded for any bounded set
Q) C X. The space of compact mappings on X is denoted by K(X). This definition
of compact mappings also holds for continuous mappings on subsets of X.

3.10 Definition A continuous map k: Q C X — X is called compact if k(Q)) is
relatively compact.

In particular for any Q' C Q) it holds that k(()’) is compact since k(Q)) C k(Q)).
The space of compact continuous mappings on Q) is denoted by K(Q) C C)(Q)).
Compact maps are examples of mappings which are close to mappings in finite
dimensional Euclidean space.

The following lemma explains how compact maps can be approximated by
maps of finite rank. To be more precise, a finite rank map is a mapping whose
range is contained in a finite dimensional subspace of X. The subspace of finite
ranks mappings is denoted by F(Q); X) C C°((); X).

3.11 Lemma Let k € K(Q)), then for any € > 0, there exists a finite rank map

k¢ € F(Q) such that ||k — k€||cg <e.

Proof. We follow the proof given by Berger[7]. Since k((}) is compact it can be

covered by finitely many balls B.(x'), with x' € k(Q). Define

M)
B YN (x)

W (x)

where A(x) = max(0,e — ||k(x) — x'||). This maximum is zero whenever k(x) ¢
B.(x') and therefore u'(x) = 0, unless ||k(x) — x'|| < €. Set

K(x) = Z ()

Now k€(Q)) C span(x'). As for the approximation we obtain

Ik = kllg = [k = ey = ||k — )
1 1

4

<
using the fact that Y, ' = 1. By construction ||u/(x) (k(x) — x')|| < #’(x)e and thus
k=Kl = sup|[Lw(x)(k(x) - x)

xeQ i

< sup )| () (k(x) )| < L' (x)e =e,

xeQ i i
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which completes the proof. m

The converse of this lemma can be formulated as follows:

3.12 Lemma For any sequence {k°} C F(Q)) N CP(Q)), with k¢ — kin C)(Q)), as

€ — 0, it holds that k € K(Q)).

Proof. See Berger[7] for a detailed proof. ]

Finally, using the above characterization of compact mappings, it is worth
mentioning a version of Tietze’s extension theorem for compact mappings.

3.13 Proposition Every compact mapping k € K(€)) extends to a compact map-
ping k € K(X).

For differentiable mappings k the derivative inherits the compactness properties
of k which play in important role in the generic treatment of the Leray-Schauder
degree.

3.14 Proposition Letk € K(Q)) N C'(Q), then for any x € Q) the linear operator
k' (x): X — X is compact.

Definition of the Leray-Schauder degree

We define a degree theory which extends the Brouwer degree on subclass of
continuous mappings.

Infinite dimensional spheres are contractible

In the introduction to this chapter we gave an example of a fixed point free
mapping satisfying the conditions of the Brouwer fixed point theorem. Following
the proof of the Brouwer fixed point theorem, define the continuous mapping
r(x)=x+A_(x)(f(x) —x), where A_(x) < OEI Since f has no fixed points it holds
that r(B®) = S*.

A consequence of the above construction is that two mappings g1,g> from S
to S® are homotopic. Indeed, i (x,t) = r((1 —t)g1(x) + tgz(x)) gives a homotopy
bewteen g1 and g». This implies in particular that S* is contractible. This is far
from the situation in finite dimensions.

The problem with degree theory in infinite dimensional spaces is that ho-
motopy invariance, a basic property of the degree, prevents the existence of a

1Con’cinuity can be proved in a similar way as in Theorem
2One easily verifies that

[(1—#)g1 +t82ll7 <1,
provided ||g,-\|%2 =1,i=12
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non-trivial degree theory (compare the axioms for degree theory, Section2.1). We
can alter the notion of homotopy invariance in order to build a degree theory, or
limit the types of maps for which a degree is well-defined. The Leray-Schauder
degree does both by considering specific types of mappings, namely mappings of
the form

f=id—k,

where id is the identity map on X and k € K((Q)). Homotopies are considered in
the same class.

The Leray-Schauder degree

Denote the function class by C),(Q) = {f =id—k | k € K(Q)} and by C%(X) for
mapping defined on X. These classes are affine subspaces of Cg (Q) and CS(X)
respectively.

3.15 Lemma Let () C X be a bounded set. Then, d() is a closed and bounded
set in X. Due to the specific form of f the set f(dQ) is also closed and bounded.

Proof. Indeed, let x* € 9Q) such that f(x") — x*. Since k is compact we have
that k(x") has a convergent subsequence and k(x"r) — x**E| Therefore, x" =
Fx™) + k(x") — x* +x** =x € BQH which, by continuity, implies that x* =
x — k(x) = f(x), proving the closedness of f(9Q}). For the boundedness we argue
as follows: k(0Q) is pre-compact and thus f(9Q) is bounded. n

3.16 Lemma For p € f(0Q)) we have

inf ||p— — inf —yl=56>0.
xggQHr) f)l ye}r(lame yl|=0>

Proof. Indeed, if not, there exists a minimizing sequence x" € dQ) such that f(x") —
p. By the closedness of f(0Q)) then p € f(0Q)), a contradiction. ]

3.17 Definition Let f be a continuous map of the form f =id —k, with k € K(Q)),
and let p ¢ f(9Q2). Let k° be a finite rank perturbation with ||k — k¢[|co < € and

€ < 6/2 (6 as given above) and with k°(Q)) C Y© C X (subspace). Then for any
finite dimensional subspace X¢ containing both Y¢ and p, define the Leray-

3This uses the boundedness of 9Q).
4Due to the closedness of 9Q).
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Figure 3.1: Zeroes for p-values restricted to the

subspace F.

Schauder degree as

degLs(f,Q,p) :=deg(f, QN X, p),

where f€¢ =id — k€.

The remainder of this section is devoted to showing that the Leray-Schauder
degree is well-defined. By the choice of domain ()N X€ it follows that f¢: QN X¢ —
X€ and p € X€. Moreover, if p ¢ f(9Q2), Lemma implies

inf ||p— f¢ = inf |p—x—+k°
nf Jlp— f(2)ll Anf [[p—x + K (x)]
> inf |[p—x+k(x)||—3/2>6/2>0,
x€0Q)

which proves that p ¢ f€(9Q) and in particular p ¢ £¢(9Q N X¢) | Consequently,
the degree deg(f€,Q) N X, p) is well-defined. We show now that the definition is
independent of the chosen subspace X¢ and approximation k€.

Let p = id —¢, where ¢ : Q C R” — F C R", and F a linear subspace of dimen-
sion m < n. The restriction to of ¢ to F is denoted by ¢ : QN F — F. We define
deg(yr, QYN F,p) as the degree of go o g~ !, where g(F) = R" &0 is a linear
change of variables, see ?? and

3.18 Lemma Letp € F\ 9(0Q), then deg(y, ), p) = deg(yr, QN E,p).

Proof. Let q(x) = y be a linear change of variables on R” such that g(F) = R™ & 0.
The transformed function gopog~! =id —go ¢ og~! is a again denoted by ¢ =
id —¢, and we prove the lemma for F = R @ 0. Identify R™ & 0 with R”". On R"
we use coordinates (§,7), with € R™ and 7 € R" ™. For p € R" we have that
x € ¥~ 1(p) satisfies: x = p + ¢(x) € R™ and thus x € Q NR™. This shows that
p=i(p) = (p)-

In order to compute and compare the degree we assume without loss of
generality that ¢ is C! and p is regular. The mapping ¢ is given by ¥(&,7) =

5For a linear subspace X¢ C X it holds that 9(Q2 N X¢) = 9Q) N X€.
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(&+ ¢(¢,m),m) and the derivative at zeroes x = ({,0) is

) [ Irm+dz¢(8,0) dyp(3,0) \ _ [ ¢E(5,0)  x
¢(€’”)_< 0 o )‘( 0 IRM,>

This expression shows that the signs of the determinants are the zeroes are the
same for both ¢/(¢,0) and ¥;(¢,0), and since ¥~ (p) = ¢ '(p) we obtain the
desired identity. n

Let QO C X be abounded set and let f =id —¢, where ¢ : Q C X — E C X, with
E C X a finite dimensional subspace of X. Suppose p € f(9Q)), then define F C X
to be a finite dimensional subspace that contains both E and p. The restriction
fr = flgnp = id —¢|gF is a mapping fr: QN F C F — F. We may think of F as R"
via a linear isomorphism. The degree is then defined for the transformed mapping
and the degree does not depend on the particular choice of the linear isomorphism.
We have

3.19 Lemma The degree deg(fr,QQ N F,p) is independent of the choice of sub-
space F C X.

Proof. Let F be another subspace that contains both E and p, then also F N F
suffices. Note that ¢(Q) C FNFand p € (FNF) \ f(dQ). Then by Lemma
we have that

deg(fr, QN F,p) = deg(f|5mmg,ﬂﬂlfﬁf,p),

The same identity holds for the degree deg(fz Q2N F,p), which proves the lemma.

We return to the mapping f€: Q C X — X, with p ¢ f¢(9Q)), which follows
from the assumptions on k¢ with e <4/2.

3.20 Lemma Let X¢,X¢ C X be finite dimensional subspaces such that Y¢ C
X¢,X¢ and p € X¢,X¢. Then deg(f¢,Q2N X¢,p) = deg(f¢, QN XE,p).

Proof. Apply Lemma to¢p =k°, fr = f¢and F = X°. [

The final step is to show that Definition is independent of the chosen
approximation k€.

3.21 Lemma Let k€ and k¢ both be finite rank approximations for k with ||k —
keHcg <e, |k _EGHCQ <eand e < /2. Then

deg(f¢,QNXep) = deg(fe,Q N Xe,p),
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for any subspaces X¢ and X¢ containing both p and the ranges of k¢ and ke
respectively.

Proof. Let Z¢ C X be a finite dimensional linear subspace containing both X¢ and
X¢. From Lemma it follows that

deg(f¢, QN X¢,p) =deg(f,QNZp),
deg(f¢, QN X, p) =deg(f5, QN Z¢,p).
Consider the compact homotopy k§ = (1 — £)k® + tk€, which yields a homotopy
fi =id —k{. By the choices of k. and ke, the homotopy k{ is a proper homotopyﬁ
By Property (ii) of Sectionthen deg(fe,Q1N Z¢,p) = deg(f<, Q2N Z€, p) which
then proves that
deg(f, QN X, p) = deg(f*, QAN X°, p).

The Leray-Schauder degree is well-defined. ]

Properties of the Leray-Schauder degree

The properties of the (Brouwer) degree listed in Section 2.1/ hold equally well for
the Leray-Schauder degree. For this list we refer to Section[2.1} For proving these
properties for the Leray-Schauder degree one has to make sure that approximations
are constructed such that the conditions for the Brouwer degree are met.

Validity of the Leray-Schauder degree
An important property is the validity property.

3.22 Proposition If p & f(Q), then deg; o (f,Q,p) = 0.

Proof. By the same token as Lemma the set f(Q)) is closed and since p ¢ f(Q)
we have that inf, ;) [|[p —y|| =6 > 0. Let f€ be an approximation for f as
described in the definition of the Leray-Schauder degree (Definition 3.17) and with
X€ such that f¢(Q)) C X€ and p € X¢. If we choose € > 0 small enough, i.e. € < 5/2,
then forall || f — f€”C§ < eiiholds that inf, e xe) lp—yll > inf ¢ r@) llp —yl —
0/2>6/2>0and p & (O N X). From the properties of the Brouwer degree we
now have that deg(f¢,Q N X¢,p) =0. (]

As an immediate consequence it now holds that

deg;s(f,Q,p) #0,

implies that f ~(p) # @. Indeed, if f!(p) = @, then d;5(f,Q,p) = 0, a contradic-
tion.
®Estimate || f£ (x) — p||, x € 9Q by same token as inw
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Degree theories

Another way to treat the Leray-Schauder degree is to show that the axioms of a
degree theory are satisfied and derive the properties from that. We start with the
Leray-Schauder degree theory and explain the axioms in a more general context
later on.

Consider triples (f,Q,p) with 3 C X a bounded and open set in a Banach
space (X, |- 1), f € C(Q) and p € X\f(9Q)). For such triples we assign the
Leray-Schauder degree

(f,Q,p) — deg;s(f,Q,p).

3.23 Theorem The Leray-Schauder degree satisfies the following properties:

(A1) if p € O, then deg, ;(id, O, p) = 1;

(A2) for Q1,0 C O, disjoint open subsets of Q, and p & f(Q\(Q1 UY,)), it
holds that deg; 5(f,Q, p) = deg; s(f, ', p) + deg;s(f, Q% p);

(A3) for any continuous paths t — f; =id —k;, k; € K(Q) and p &€ f;(9Q)), it
holds that deg; < (f;, Q, p¢) is independent of ¢ € [0,1];

(A4) deg;(f, 0, p) = deg(f — p.Q,0).
and deg; ; is called a degree theory.

Proof. Under construction. [

As in the case of the Brouwer degree the essential properties of the Leray-
Schauder degree follow from (A1)-(A3). In Section 2.1jwe choose to prove these
properties of the degree using only the axioms. Therefore most properties hold also
for the Leray-Schauder degree with the same proofs. There are some differences
though.

Properties
Let us go through the list in Section 2.T]and point out the differences.

3.24 Property (Validity of the degree)lf p & f(Q)), then deg; s (f,Q,p) = 0. Con-
versely, if deg; s(f,Q),p) # 0, then there exists a x € (), such that f(x) = p.

Proof. Under construction. ]

3.25 Property (Continuity of the degree)The degree deg; ;(f,(), p) is continu-
ous in f =id —k, i.e. there exists a 6 = d(p, f) > 0, such that for all g =id —k
satisfying ||k — %Hcg < 6, itholds that p ¢ ¢(9Q)) and deg(g, ), p) = deg(f,Q, p).
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I ||
Proof. Under construction. [

3.26 Property (Dependence on path components)The degree only depends on
the path components D C X\ f(9Q}), i.e. for any two points p,q € D C X\ f(9Q2)
it holds that deg; (f,Q), p) = deg;s(f,,q). For any path component D C
X\ f(0Q)) this justifies the notation deg, s (f,, D). .

Proof. Under construction. [

3.27 Property (Translation invariance)The degree is invariant under translation,
i.e. for any g € X it holds that deg; ;(f — q,Q0, p — q) = deg, s(f, 0, p). .

Proof. Under construction. [

3.28 Property (Excision)Let A C Q) be a closed subsetin Q) and p & f(A). Then,
deg;s(f,Q, p) =deg;s(f, Q\A,p). u

Proof. Under construction. ]

3.29 Property (Additivity)Suppose that Q'cO,i=1, -,k are disjoint open
subsets of (), and p ¢ f(ﬁ\(UiQi)), then deg, o (f,Q), p) = Y;deg; ¢ (f,Q,p). =

Proof. Under construction. ]

As for the Brouwer degree the Leray-Schauder degree can also be defined in the
Cl-case. Let p € X\ f(9Q)) be a regular value then by the Inverse Function Theorem
the set f~!(p) consists of isolated points. Let x, € f~1(p), then x, = p + k(x,)
which has a convergent subsequence by the compactness of k and therefore f~1(p)
is compact. Combined with isolation this yields that f~!(p) is a finite set. Using
the excision and additivity Properties and we derive thatdeg, ;(f,Q,p) =
Y ;deg;o(f, Ne(x/),p), / € f~(p). It holds that

degLS(f,Ne(xj),p) = degLS(f,Be/(xf),p) = i(f,xf),

for all for any 0 < €’ sufficiently small. The integer i(f,x/) is called the index of an
isolated zero. For the Brouwer degree the index is given by the sign of the Jacobian
at x/. Since for each x € f~!(p) the operator f'(x) = I — k'(x) € B(X)[is invertible

"The identity operator x — x is denoted by id and it linearization by I.
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and the index given by the following spectral formula. Let A > 1 be an eigenvalue
of A=1—k(x),ie. AE=A{ X > #0, then

ny = dim ([ ker(AI — A)¥) < oo,
k=1

by the compactness of k’(x).

3.30 Lemma Let x € Q) be a regular point of f = C,(Q)), then

i(f,x) = (-1),

where B =13 ).1n,.

» 3.31 Remark The formula for the index can also be given for the Brouwer
degree because (—1)f = sign(J¢(x)) is the finite dimensional case. The above
consideration also shows how the Leray-Schauder degree is defined axiomatically
and leads to a similar expression as a sum of indices in the C!-case. The latter can
also be used as a first definition and we can mimic the steps in Sect.[I.2]to construct
a Cl-Leray-Schauder degree. One can then show that this yields the same degree
as constructed here. n

The Schauder fixed point theorem

In this section we give an extension of the Brouwer fixed point theorem to Banach
spaces due to Schauder, cf.[21] A open set Q) C X is convex if (1 — t)x + ty € Q) for
all x,y € Q and all t € [0,1]. For convex sets we have the following analogue of
the Brouwer fixed point theorem.

3.32 Theorem Let () C X be a bounded, open and convex set with 0 € () and
let g: OO C X — X be compact mapping. If ¢(Q) C Q, then g has at least one
fixed point.

Proof. We argue by contradiction, i.e. suppose ¢(x) # x for all x € (). Consider the
homotopy h;(x) = x — tg(x). In particular, g(x) # x for x € 0Q). This implies that
0 g ]’ll (x)

Observe, since () is open, contains 0 and is convex, that tg(x) € Q for all
0<t<landforallx e Q.

I 3.33 Exercise Prove the above statement. "

Consequently, if x € 9Q), then h;(x) # 0 for all 0 < t < 1. The Leray-Schauder
degree deg; ;(h,9,0) is well-defined and independent of ¢ € [0,1]. For t =0,
deg; s (ho,0,0) = deg, ;(id,0,0) = 1. On the other hand, since g(x) # x for all x €
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O we have that hy 1 (0) = @, which implies that deg; s (/11,Q),0) = 0, a contradiction.
n

= 3.34 Remark The Schauder point theorem formulated above is also true if we
replace the condition 0 € (), by () # @. In these let xg € () be an interior point.
Define y = x — xo and §(y) = g(y + x0) — xo. Now apply Theorem 3.32]to § on the
domain Q) = Q — xo. n

As an application of the Schauder fixed point theorem we now consider the
Peano’s Theorem which guarantees the existence of solutions to initial value
problems in IR". Consider the equation

y(t)=f(ty)), ylt) =y €R", teR, (3.5.1)

where y: R -+ R" and f: R x R" = R" is a continuous function. Note that we
only assume continuity of f.

3.35 Theorem — Peano’s theorem. Consider Equation (3.5.1) with f continuous.
Let yo € R". Then there exists a time T > 0 and C!-function y: [ty — T,to + T] —
R" which satisfies Equation (3.5.1).

Proof. We will restrict the proof to the case tp = 0 and yo = 0 without loss of
generality. We start with reformulating Equation (3.5.1) in terms of an integral
equation. Integration of (3.5.1) over [0, ] yields the variation of constants equation:

u(t) = [ Fls(s)ds = g(u(0) 652

which provides a fixed point problem for the mapping g¢. Let Y = C)([—7,7];R")
with norm ||y|| := SUPje|_rq] ly(t)]and Q= {y €Y : ||y|| < M} is closed, bounded
subset containing 0. The mapping ¢ maps from () in to Y. We first need to choose
the constants T and M such that ¢(Q) C Q. We have for y € Q

81 < [ /() |ds < | (s.y(s)] < TN,

where N = max(s )|, x[-mm] | f(s,¥)]- This implies ||g(y)[| < TN. If we choose
T < M/N, then g(Q) C Q.

Finally the mapping g is compact. Indeed, g(y)(t) is continuously differen-
tiable and (d/dt)g(y)(y) = f(t,y(t)). We now use the fact that the embedding
Ci([—7,7]) < C)(—1,7]) is compact. Therefore, ¢ maps bounded sets to pre-
compact sets in Y. The existence of a solution to y = ¢(y) is now guaranteed by

the Schauder fixed point theorem (Theorem 3.32), which completes the proof. =

= 3.36 Remark In order to prove Peano’s Theorem for every ¢y and yp we can use
the extension of the Schauder fixed point theorem discussed in Remark .
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Semi-linear elliptic equations and a priori estimates

In this section we will give a application of the Leray-Schauder degree in the
context of nonlinear elliptic equations. We follow the notes by L. Nirenberg. The
methods that we discuss apply in general for elliptic differential operator of any
order. In order to simplify matter here we will restrict ourselves to the Laplace
operator with Dirichlet boundary data. Let D C IR" be a bounded domain with
smooth boundary dD. Consider the problem

—Au=g(x,u,Vu), u=0, xe€adD.

For the nonlinearity ¢ we assume that C®-function of arguments, i.e. g € C®(D X
R x R"), and
lg(x,u,Vu)| <C+C|Vul”, <1,

uniformly in x € D, and u € R. Under these conditions we can prove the following
result.

3.37 Theorem Under the assumptions on ¢ the above elliptic equation has

a solution u € C*(D). Moreover, if ¢(x,0,0) # 0, then the solution u is not
identically zero.

Proof. The idea behind the proof is the formulate the above elliptic equation as a
problem of finding zeroes of an appropriate function f on a (infinite dimensional)
Banach space. Let us start with choosing an appropriate space in which to work.
Define X = H?> N Hé (D) to be the intersection of two Sobolev spaces. For details
on Sobolev space we refer to the next chapter. We will use the implications of this
choice with respect to the well-defined of the elliptic equation, and postpone to
proofs to the next chapter. The space H? N H} is a Hilbert space with norm ||u||x =
[p |Au|?dx. Due to the Dirichlet boundary conditions the Laplace operatmﬂ —A:
H>N H)(D) c L*(D) — L*(D) has a compact inverse (—A)~1: L*(D) — L?(D).
We rewrite the elliptic equation as

u—(—=AN)"tg(x,u,Vu) =0, (3.6.3)

The above equation can be regarded as a seeking zeroes of the (Nemytskii) map-
ping f(u) =u — (—A)'g(x,u,Vu) on H> N H}(D). By the estimate on ¢ we have
that

[ lgteu@), Vu@Pax < C [ [1+]Vu(x)P]dx
D D
< C’</D[1+\Vu(x)|2}dx)7

< c(1+liul)’,

8To get a sense of these fact on may consider the one-dimensional problem — i,y = f on D = (0,1)
and use the sine-Fourier series to derive the properties for Laplacian, see Sect.
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which proves that for u € X, g(x,u, Vu)(x) is an L?-function. Consequently, the
composition (—A) ! [g(x,u, Vu)] € X, proving that f : X — X is well-defined. The
latter follows from the fact that R((—A)~1) = H> N H}(D). As a map from L? to
H? N H, the inverse Laplacian is an isometry. Concerning the continuity of this
substitution map we refer to the next section. If we define Y = H}(Q) then f is a
map from Yto Y, and f =id — k, where k: Y — Y is a compact map. Indeed, k is
a composition of the Nemytskii map u + ¢(x,u, Vu) (from Y to L2), the inverse
Laplacian (—A)~! (from L? to X), and the compact embedding X < Y, which
proves the compactness of k. This brings us into the realm of the Leray-Schauder
degree.

Suppose u € X is a solution of the equation (3.6.3), then the estimate on
g(x,u, Vu) can be used now to obtain an a priori estimate on the solutions:

¥ < Cllullk = Clig(x,u, Vu)|Z,
2\
< C(1+ully)
which, since v < 1, implies that || x|y <R.

3.38 Exercise Prove the inequalities || u||;2 < C||u||x, and Hu||H5 < C||u||x, for
all u € X. [

Define the domain Q) = Byg(0) C Y. Clearly, f is a continuous map from Q
into Y, which is of the form identity minus compact. Due to the above a priori

estimate f~1(0) C Bg(0) C Y, and therefore 0 & f(dB,r(0)). Consequently, the
Leray-Schauder degree

deg; s(f,Q,0),

is well-defined.
In order to compute this degree we consider the following homotopy:

fi(u) =u— t(—A)’l[g(x,u,Vu)], te[0,1].

Notice, for t € [0,1] we have via the same a priori estimates, that ;! (0) C Bg(0),
and therefore 0 ¢ f;(9Q)) for all t € [0,1]. Homotopy invariance of the Leray-
Schauder degree then yields

deg; ;(f,Q,0) = deg,; ;(id,0Q,0) =1,

which implies, by validity property of the Leray-Schauder degree, that f~1(0) #
@. Equation thus has a solution u € Y. The equation yields u =
(—A)"[g(x,u, Vu)] € X, which implies that the solution also lies in X.

To prove regularity we use a bootstrapping argument. The integral estimates
on g can be adjusted to LP-estimates. This gives, by the Sobolev embeddings that:

ue H"? — g(x,u,Vu) e LV — uec H*» — ue H,
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— 1 provided n > p. This yields the recurrence relation

1 1 1

Pie1 Pe 1
The starting point is p = 2. We can repeat these recurrent steps until k times until
2(k+1) > n > 2k, and then u € H>Px, where py = -2%-. Again by the Sobolev
embeddings, we have that

H*Px(D) — C**(D),

wherea =1~ 7, since ;- =% —k,and k +1> 5 >k, it holds that 0 <a < 1. We

P’ Pk
now repeat the bootstrapping in the Holder space:

ueCH — g(x,u,Vu) € COM —s 4 e C2¥,

where &’ = yx. The idea now is the use the elliptic regularity theory for the
Laplacian by differentiation the equation. Let v; = g—;, then

0v;
—Av; = 9y,9 + (9u8)vi + Zanga—;.
]' 1

Since g is a C*-function of its arguments, and u & C2% | the right hand side is
in C%, implying that v; € C2¥, and thus u € C>*'. We can repeat this process

indefinitely, which proves that u € C*(D).
If g(x,0,0) #Z 0, then u = 0 cannot be a solution, and thus u # 0. n

Problems
3.39 Problem Prove Proposition@}

3.40 Problem Remark describes a construction of a C!-mapping degree for
mappings f of the form f = id —k, k compact. Carry the construction and show
that this defines a degree theory, cf. Sect.

3.41 Problem Consider the equation —uyy = f on D = (0,1) with the Dirichlet
boundary conditions u(0) = u(1) = 0.
(i) Use the spectral theorem to expand f and u;
(i) Compute (;l—;) ~! it terms of the basis obtained in (a);
(iii) Describe the Sobolev spaces L?(D), H}(D) and H? N H{(D) is terms of the
basis;
(iv) Show that (;l—;) s an isometry from L?*(D) to H?> N HY(D) where
ol gy = 1
(v) Show that the embeddings H> N H} (D) — H}(D) and H} (D) < L?*(D) are
compact.






4.1

Prototypical examples of dynamical systems are systems of ordinary differential

equations. But also iterations of mappings or homeomorphisms define dynamical
systems (discrete time). In this part we will consider a topological theory of
dynamical systems designed to understand global features of the dynamics. There
are also links with degree theory. For example the problem of finding solutions for
equation f(x) =0, where f : R” — R", can be reformulated in terms of dynamical
systems. The mapping f is regarded as a vector field on R” and integrating the
vector field yields the differential equation x’ = f(x), x(0) = x9. The solution
operator x(f;xp) is denoted by ¢(t,x) and satisfies the properties that: ¢(0,x) = x
and ¢(t+s,x) = @(t,¢(s,x)), forall x € R" and all s, € R. We do assume here that
f is for example Lipschitz and bounded (otherwise consider f/(1+ |f]|) as vector
field). The mapping ¢ is called a flow on R" and fixed points of ¢ correspond to
zeroes of f.

Preliminaries and notation

Let (X,d) be a metric spaceEl X with metric d and the space of time variables is IR.

4.1 Definition A (continuous time) dynamical system, or flow on X is a continuous
mapping ¢ : R x X — X that satisfies the following two properties:

(i) ¢(0,x) =xforall x € X, and

(i) ¢(t ¢(s,x)) =¢@(t+s,x)foralls,t € Rand all x € X.
The latter is referred to as the group property for ¢.

!Most of the concepts in this section and chapter work for more general topological spaces X.
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From the group property it follows that a dynamical system is a one-parameter
family of homeomorphisms of X and ¢~ !(t,-) = ¢(—t,-). A continuous time
dynamical is also referred to as a (global) flow on X. A vector field generates a
local flow (local in the time variable). By renormalizing the vector field one obtains
a global flow (reparametrizing time).

4.2 Exercise Let f : R” — IR" be a Lipschitz continuous and bounded on R".
Show that x’ = f(x) generates a dynamical system on X = R", satisfying Defi-

nition 4.1] "

4.3 Definition An orbit through x € X is the image of the function t — ¢(t,x)
and is denoted by 7.

= 44 Remark An orbit is also referred to as trajectory and for simplicity of
notation, 7y, will be used both to denote the function 7y, : R — X which defines a
trajectory through x and its image {7« (f) € X |t € R} which is the trajectory. =

Invariant sets

Complete orbits are examples of subsets of X that have the property that the set
is invariant under the action of ¢. In other words, complete orbits are invariant
under the dynamics of ¢. This leads to the following definition.

I 4.5 Definition A set S C X is invariant if ¢(t,S) = S for all t € R.

The set of all invariant sets of a dynamical system is denote by
Invset(X, ) :={S C X | ¢(t,S) =S, Vt € R},

If there is no ambiguity about the dynamical system ¢ we write Invset(X). Observe
that for any dynamical system, the empty set is an invariant set, i.e @ € Invset(X).

4.6 Exercise Show that S is an invariant set for ¢ if and only if ¢(t,S) = S for
allt e RT. (]

If S C X is an invariant set, then the restriction of ¢ to S is defined as ¢||s(t,x) =
¢(t,x) forallx € S, t € R, and the mapping ¢||s : R x S — S is a dynamical system
onS.

4.7 Exercise Show that S is an invariant set if and only S C ¢(¢,S), forall t € R.
Equivalently, show that S is invariant if and only if ¢(¢,S) C Sforallt € R. =

A set S is forward invariant if ¢(t,S) C S for all t € R* and the set of for-
ward invariant sets is denoted by Invset™ (X, ¢). A set S is backward invariant
if ¢(t,S) C S for all t € R~ and set of backward invariant sets is denoted by
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Invset™ (X, ¢). For flows it holds that a sets S C X is invariant if and only if it is
both forward and backward invariant, Invset(X, ) = Invset™ (X, ¢) NInvset ™ (X, ).
The following lemma is additional characterizations of invariant sets.

4.8 Proposition The following statements are equivalent:
(i) S isinvariant;
(i) S=Nier @(t,S) and ¢||s is surjective;
(iii) for all x € S there exists an orbit v, C S;
(iv) ¢(t,S) =S forallt € (0,7], for some T > 0.
Similar characterizations can be given for forward /backward invariant sets.

I 4.9 Exercise Prove Proposition@ "

Set inclusion C induces a partial order on the set of (forward/backward)
invariant sets (see also Appendix[D.I). From the definition of invariant set one
derives that unions and intersections of invariant sets are again invariant. As a
consequence Invset(X, ¢) is a lattice.

4.10 Theorem The set (Invset(X,q)),\/,/\) with
SvsS' =Sus, SAS =8NS, (4.1.1)

is a bounded distributive lattice. The sets @ and X are the neutral elements.

4.11 Exercise Show that the sets Invset' (X, ¢) and Invset (X, ¢) are bounded,
distributive lattices with respect to N and U, and @ and X are the neutral
elements. "

The mapping S — S is a lattice anti-isomorphism between Invset™ (X, ¢) and
Invset™ (X, @).

4.12 Corollary The set invariant sets Invset(X, ¢) is a Boolean algebra.

The above described algebraic structures become interesting if consider special
invariant sets such as attractors and repeller, which will be discussed in the next
chapter.

Asymptotic limit sets

A point x € X need not have a limit under ¢ as t — co. For example points
y = ¢(t,x) approaching a periodic orbit. In order to describe the limiting behavior
of a point x one can consider limiting behaviors for arbitrary time sequences
t, — oo.
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4.13 Definition A point y is called a omega limit point of a set U C X under ¢ if
there exist times f, — o0 and points x, € U such that lim, e ¢(t4,%,) = y. The
set of all omega limit points y is called the omega limit set of U and is denoted

by w(U, ).

I 4.14 Exercise Construct an example to show that in general w(U) # Uyey w(x). n

If there is not ambiguity about the dynamical system ¢, the short hand notation
w(U) is used. The following lemma gives a convenient characterization of omega
limit sets and which is sometimes used as a definition.

4.15 Proposition Let U C X be a non-empty set. Then

w(U) = () cd(p([t,e0),U)). (4.1.2)

t>0

The omega limit set w(U) is invariant, and contained in cl(I' (U)) F|If U C X is
forward invariant, then

w(U) = () d(e(t,U)), (4.1.3)

t>0

and w(U) = cl(U). If U is connected, then also w(U) is connected.

“The 7-forward image if a set U is defined as T'{ (U) := ¢([t,00),U). The T-backward image
is defined similarly.

I 4.16 Exercise Show that 7 (U) € Invset™ (X, ¢). .

4.17 Proposition Suppose I'f (U) is precompact for some 7 > 0. Then,
(i) w(U,¢) is compact.
(i) U # @, implies w(U, ¢) # &;
(iii) U connected implies that w(U, ¢) is connected;
(iv) if o(t,U) C U forall t > T > 0, then w(U, ¢) = Inv(cl(U)), in particular,
for general U, w(U, ¢) = Inv(cl(T] (U)));
(v) forallx e U, d(¢(t,x),w(U,9)) — 0, as t — .

Let U C X, then the maximal invariant set in U is defined as
Inv(U, ) :={x e U| Iy, C U}.
The omega limit set of U has the property that w(U) = Inv(cl(I'f (U))).

I 4.18 Exercise Prove Proposition[4.15] .
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The following lemma provides an additional list of useful properties of omega
limit sets.

4.19 Proposition Let U,V C X, then the omega limit sets satisfy the following
list of properties:
(i) if V.U, thenw(V) Cw(U);

(i) w(UUV)=wU)Uw(V)andw(UNV) Cw(U)Nw(V);

(iii) if V C w(U), then w(V) C w(U);

(iv) w(U) =w(cl(U)),ie. d(w(U)) =w(cl(U));

v) w(U) =w(g(t,U)) forall t € T.

(vi) if there exists a backward orbit v; C U, then x € w(U).

I 4.20 Exercise Prove Proposition[d.19] .

Describing the limiting behavior of ¢ as t — —oc is identical to t — oo by simply
reversing time t — —t.

4.21 Definition A point y is called a alpha limit point of a set U C X under
¢ if there exist times t, — —oo and points x, € U, v, € ¢(t,,x,) such that
limy, ey = y. The set of all alpha limit points y is called the alpha limit set of
U and is denoted by a(U, ¢).

As for omega limit sets we have a similar characterization for alpha limit sets.

4.22 Lemma Let U C X be a non-empty set. Then,

a(U) = () c(p((—oo,t],U)). (4.1.4)

t<0

The alpha limit set a(U) is non-empty, compact, invariant, and contained in
cl(e(,R—,U)). If U C X is backward invariant, then

a(U) = cd(ep(t,U)), (4.1.5)

t<0

and a(U) = cl(U). If U is connected, then also a(U) is connected.

I 4.23 Exercise Prove Lemma[4.22] n

It follows from the invertibility of ¢ that a(U, ¢) = w(U, ¢~ !). This way the
analogue of Proposition holds for alpha limit sets.

4.1.c Stable and unstable sets and connecting orbits

Related to the idea of a limit set is the notion of a stable or unstable set of an
equilibrium point or more generally of an invariant set.
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4.24 Definition Let S C X be an invariant set, then
Wi(S,¢) = {xeX]|lim d(e(t,x),S) =0}
— 0
WS, ) = {xeX| tlirn d(e(t,x),S) =0},
——00
are called the stable and unstable sets for S respectively.
By definition, S is always included in W*(S) and W*(S), and it can happen that
both W*(S) = W*(S) = S. In the case that S = {x} is a hyperbolic fixed point for a
smooth dynamical system on R”, then the stable and unstable sets are immersed

submanifolds. If x is an attracting fixed point, then W*(S) = S. If x is a repelling
fixed point, then W*(S) = S.

4.25 Proposition Let S C X be an invariant set for ¢, then both W*(S) and
WH(S) are invariant.

I 4.26 Exercise Prove Proposition@] "

The space of connecting orbits between two invariant sets S and S’ are points
that lie in the stable set of S and the unstable set of S’. More precisely:

4.27 Definition For two invariant sets S and S’ the set of connecting orbits from
S’ to S is defined as C(S/,S) := W*(S) N W"(S/, 9).

For each x € C(S',S) there exists an orbit v, C C(S,S) such that both
limy e d(7yx(t),S) =0 and limy—, _c d(yx(t),S’) = 0. Such an orbit is called a con-
necting orbit from S’ to S.

4.28 Proposition Let S,S’ C X be invariant sets, then
(i) C(S,S)=W?3(S) N WH(S') is invariant;
(i) SNS" =@, implies that C(S/,S) NS’ =@ and C(S',5) NS = &;
(iii) if the sets S and S’ are compact, then the connecting orbits are characterized
by C(8',S) ={x | w(x) CS, and a(x) C §'}.
This yields the decomposition X = SU S"'UC(S,S) UC(S,S').

I 4.29 Exercise Prove Proposition@ "

Attractors and repellers

In order to obtain robust decompositions of dynamical systems we need to study
the behavior of ¢ as t — d-co. We define sets that absorb trajectories as t — co.
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Attracting neighborhoods
4.30 Definition A subset U C X is called an attracting neighborhood if there there
exists a T > 0 such that ¢(¢,cl(U)) C int(U), for all + > t. The set of all such
subset in X is denoted by ANbhd(X, ¢).

By reversing time t — —t the above definitions are use to define repelling
neighborhoods and repelling blocks. These sets are denoted by RNbhd(X, ¢) and
RBlock(X, ¢) respectively. Since the definitions of these lattice depend only on
time-reversal the same properties hold.

Attracting neighborhoods have have natural binary operations which play a
crucial role in the theory of decompositions.

Binary operations

From the definitions above it follows that ABlock(X, ¢) C ANbhd(X, ¢). Another
property that follows is that unions and intersections of attracting neighborhoods
and blocks are again attracting neighborhoods and blocks. Indeed, let U, u' e
ANbhd (X, @), therf]

e(t,(UUU")) Co(t,d(U)Uc(U) = (t,c(U)) U e(t,cd(U))
Cint(U) Uint(U") Cint(U U U"),

for all t > max{t, 7'}, which shows that U U U’ € ANbhd(X, ¢). Similarly[]|

e(t,d(UNU")) Co(t,c(U)Ncl(U’)) C o(t,cd(U)) Ne(tc(U))
Cint(U) Nint(U') = int(U N U"),

for all t > max{t, 7'}, which shows that U N U’ € ANbhd(X, ¢).

The same follows for attracting blocks and therefore U,U’ € ABlock(X, ¢)
implies that U U U’,U N U" € ABlock(X, ¢).

Summarizing, ANbhd(X, ¢) and ABlock(X, ¢) are bounded, distributive lattices,
cf. Sect.

Worth mentioning are the natural mapping;:

¢: ANbhd(X, ) —> RNbhd(X, ),

4.31 Proposition The above defined mapping is an involutive lattice anti-

isomorphisms.

2We use that cl(U U U’) = cl(U) U cl(U’) and int(U) Uint(U’) C int(U U U').
3We use that cl(U NU’) C cl(U) Necl(U’) and int(U) Nint(U’) = int(U N U").
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I 4.32 Exercise Prove Proposition[4.31] .

Attractors

The link with invariant sets is not immediately clear in general metric spaces
X. For example, consider parallel flow on X = R" generated by the differential
equations X1 =1 and x; =0,i > 2. Then, N = {x : x; > 0} is an attracting block
and Inv(N, ¢) = @. In general, for an isolating neighborhood U C X we may
consider consider Inv(U, ¢) = w(U), which is invariant but may be the empty set.

4.33 Definition A trapping region is a forward invariant set U € Invset™ (X), such
that ¢(t,cl(U)) C int(U) for some T > 0.

4.34 Lemma A neighborhood U C X is a trapping region if and only if U is a
forward invariant attracting neighborhood.

Proof. If U C X is a forward invariant attracting neighborhood, then ¢(t,U) C U
forall t >0, and ¢(t,cl(U)) C int(U) for all t > T > 0 by definition. This implies
that U is a trapping region.

If U is a trapping region, then U is forward invariant, and there exists a 7 > 0
such that ¢(7,cl(U)) C int(U). By the group property

p(t+T,c(U) = o(T,(tc(U))) C o(T,cl(e(tU)))
C o(t,c(U)) Ccint(U) Vt>0,
which proves that U is an attracting neighborhood. [

We write
TrapR(X, @) := ANbhd(X, ¢) N Invset™ (X, ).

A repelling region is defined by reversing time and the repelling sets and given
by

RepR(X, ¢) := RNbhd(X, ¢) N Invset™ (X, ¢).

As before TrapR(X, ¢) and RepR(X, ¢) are bounded distributive lattice with binary
operations M and U.

By definition trapping regions are attracting neighborhoods and the same
holds for repelling regions. The next lemma shows that trapping/repelling regions
exist whenever attracting/repelling neighborhoods exist. Attracting and repelling
blocks are special trapping and repelling region respectively.
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4.35 Lemma Let U € ANbhd(X, ¢), then there exists a closed trapping region
U’ C U. Similarly, if U € RNbhd (X, ¢), then there exists a closed repelling region
ucu.

Proof. See proof of Theorem ??. ]

Since trapping region and attracting blocks ‘contract” onto their maximally
contained invariant set we introduce the notion of attractor via trapping regions.
The same is carried for repelling regions and repellers.

4.36 Definition A set A C Xis called an attractor if there exists a trapping region
U € TrapR(X, ¢) such that A =Inv(U, ¢). A set R C X is called a repeller if there
exists a repelling region U € RepR(X, ¢) such that R = Inv(U, ¢).

We denote the set of attractors by Att(X, ¢) and the set of repellers by Rep(X, ¢).
Since an attractor is given by A = Inv(U, ¢) = w(U) it is a closed invariant set
(possibly the empty set) and

AUA =wU)Uwl) =wlul).

The union U U U’ is again an attracting neighborhood and therefore A U A’ is an
attractor. Because also A N A’ is closed an invariant we have that

ANA =w(AnA)=wUnU) coU)Nwl’)=ANA,

which proves that A N A’ is an attractor and w(-) is a lattice homomorphism. The
same holds for repellers. The sets Att(X, ¢) and Rep(X, ¢) are therefore bounded
distributive lattices with binary operations N and U.

The mapping U — U° = X \ U is a lattice anti-isomorphism. Therefore, trap-
ping regions are mapped to repelling regions and vice versa. Let U be a trapping
region, then

o (%, (cl(W))) = g(x,cl(U))* > (int(L))",
and thus (cl(U))° D ¢(—1, (int(U))¢). Using the fact that (cl(U))¢ = int(U°) and
(int(U))° = cl(U°) we obtain

¢(—7,c(U°)) Cint(U°),

which proves that U is a repelling region. The same holds for repelling regions U.
The following commuting diagram relates the trapping/repelling regions and
attracting /repelling neighborhoods.

TrapR(X, ¢) «+—— RepR(X, ¢)

ANbhd(X, @) «—— RNbhd(X, ¢)
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Lyapunov functions and blocks

Attractors and repellers characterize directionality of ¢. Lyapunov functions
provide an alternative method to characterize order in dynamics by mapping
orbits into IR monotonically. The following definition is a general one that allows
us to establish orders in the global dynamics of ¢.

Lyapunov functions

4.37 Definition Let U = {U,};cs be a set of pairwise disjoint subsets of X. A
continuous function | : X — R is a Lyapunov function for ¢ relative to U, or a
Lyapunov function for U for short, if
(i) for each forward orbit ;" C X the function o 7f: RT — R is non-
increasing;

(ii) ] is constant on each Uj;

@ii) J(yif(t)) <J(x)forallt >0and x € X\ (U; U;).
Moreover, if a Lyapunov function exists with respect to U, the dynamics is said
to be gradient-like on X \ (U; U;).

= 4.38 Remark In the above definition the space X may be replaced by an arbitrary
set Y C X. Under the same conditions (i)-(iii), the notion of Lyapunov function
for (Y,U) is well-defined, with U; C Y C X. If Y = X we simply say a Lyapunov
function for U instead of (X, U). n

4.39 Proposition Suppose ] is a Lyapunov function for U and 7,: R = X isa
complete orbit. Then ] o 7,: R — R is decreasing. Moreover, | o v, is strictly
decreasing on any interval I € R with v (I) € X\ (U; U)).

Proof. By part (i) of the definition, J o 7y, is decreasing on [7,o0) for all T € R, and
hence decreasing on all of R. Suppose I = [a,b] and choose ty,t; € [a,b]. Consider
the orbit 7, (). Then J oy, on [to,#1] is the same as | o Voelty) ON [0,t; — to]. By
part (iii) of the definition,

Jovx(to) =T 0 Y t9)(0) > T 0o t) (1 — to) = J o x(t1),
which completes the proof. (]

If we do not specify the sets U then ] is a function which satisfies the require-
ments of Definition [4.37]for some U. This could be U = {X} in which case ] is a
constant function and called the trivial Lyapunov function. When U = {@}, then |
is everywhere strictly decreasing along the flow.

A value a € R is called a regular value for a Lyapunov function [ if J(y{ (¢)) <
J(x) for all x € X such that J(x) = a and for all t > 0. We say that a Lyapunov is
nontrivial if there exists a regular value for J.
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Whether non-trivial Lyapunov functions exist depends on ¢. For example for
¢(t,x) = x, the trivial Lyapunov is the only one. For example if U is a finite set of
subsets U; # X, then every number a € R\ U; J(U;) is a regular value.

I 4.40 Exercise Prove the above statement. "

Attracting and repelling blocks

4.41 Definition A closed subset N C X is called an attracting block if ¢(t,N) C
int(N), for all t > 0. The set of all such subset in X is denoted by ABlock(X, ¢).

Note that both @ and X are both elements of ANbhd(X, ¢) and ABlock(X, ¢).
This implies that ANbhd (X, ¢) and ABlock(X, ¢) are always non-trivial. One can
find an example where both ANbhd(X, ¢) and ABlock(X, ¢) have two elements,
eg. consider a rotation on a disc X. Repelling blocks are defined in a similar way
and are denoted by RBlock(X, ¢).

= 442 Remark By definition ¢(¢t,N) # @ if N # @ and therefore int(N) # @,
which shows that attracting blocks are neighborhoods. .

Non-trivial Lyapunov functions can be used to construct attracting/repelling
blocks.

4.43 Proposition Let | be a non-trivial Lyapunov function for ¢ and leta € R
be a regular value. Then, N = J? := {x € X | J(x) < a} is an attracting block for
¢. Theset N* =], = {x € X | J(x) > a} is a repelling block for ¢.

Proof. By definition N = int(N) UoN, with int(N) = {x e N : J(x) <a} and
ON ={x € X : J(x) =a}. By Definition[t.37(i) ] (¢(t,x)) is non-increasing and thus
if x € int(N), then J(¢(t,x)) < J(x) < a and therefore ¢(¢,int(N)) C int(N) for all
t > 0. If x € ON, then, since 4 is a regular value it follows that J(¢(t,x)) < J(x) =a
for all t > 0. These facts combined yield that ¢(¢t,N) C int(N) for all ¢+ > 0 and
thus N is an attracting block.

As for N* = cl(N¢) we have N° = {x € X : J(x) >a} and cl(N°) = {x €
X : J(x) > a}. This is a repelling block by definition since * is an anti-isomorphism.
One may also prove this via time reversal. u

Proposition .44 shows that non-trivial Lyapunov functions define attracting
and repelling blocks. The converse can also be obtained.

4.44 Proposition Let N € ABlock(X, ¢) be an attracting block, then there exists a
non-trivial Lyapunov function | such that N occurs as a sub-level set,i.e. N = J*
for some regular value a € R.
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Proof. Use the construction via exit time. Under construction. Us the fact that exit
times are well-defined as continuous functions. [

Existence of Lyapunov functions and blocks

It is clear that attracting blocks are trapping regions and therefore also attracting
neighborhoods. We now reverse the question. Given an attracting neighborhood
U, is there an attracting block? From Lemma we have a trapping region
U’ C U. The next step is to find an attracting block N C U’ C U.

4.45 Proposition Let U C X be a trapping region. Then there exists an attracting
block N C U. Similarly, for a repelling region U there exists a repelling block
NcU.

Proof. The idea of the proof is to construct a Lyapunov function that allows the
definition of an attracting block. Since U is a trapping region we have that
¢(t,cl(U)) Cint(U) and

p(t+ 7,c(U)) t,

1(U))) € p(T.cl(e(t,u)))

@ (T, ¢(t,cl(
), V>0,

(
C g(re(U
which implies that A = ¢(t,cl(U)) C int(U) is a closed forward invariant. By the
same token B = ¢(—71,cl(U°)) C int(U°) is closed backward invariant. Moreover,
ANB=0®.
We now claim the following property for points x € X\ (A U B):

xeX\(AUB) = ¢(21,x) € A, and ¢(—27,x) € B. (4.3.6)

Indeed, if x € U, then ¢(7,x) € A by definition, and since A is forward invariant
also ¢(27,x) € A. If x € cl(U°) \ B, then ¢(7,x) € U. Suppose ¢(7,x) € cl(U°), then
x € ¢(—7,cl(U°)) = B, which is a contradiction. Therefore, ¢(27,x) € ¢(t,U) C A.
Summarizing, x € X \ B, then ¢(27,x) C A. Via time-reversal we also prove that
x € X\ A implies that ¢(—27,x) € B.

Now consider the distance potential

d(x,A)

8():= 3 Ay + d(x, BY’

which is a continuous function 8: X — [0,1] which satisfies 6 *(0) = A, (1) =B
and 8(x) € (0,1) for x € X\ (A U B). Define

A(x):=supd(¢(t,x)), V(x):=infd(¢(t x)).

£>0 <0

Due to Property (£.3.6) we have that A(x) = max;c(g278(¢(f,x)) and V(x) =
mine[_o7,00(¢(t,x)). Since 5o ¢: R x X — R is continuous the maximum of
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t € [0,27] and minimum over t € [-27,0] are continuous function of x € X.

I 4.46 Exercise Prove the above statements. "

Consequently, A(x) and V(x) are continuous functions on X with values in
[0,1]. We have that A~1(0) = A and A~!(1) = B. Since A is forward invariant it
follows that A(A) = 0 and thus A € A~1(0). On the other hand if x € X \ A, then
/\(x) >0, which shows that A~1(0) C A and therefore A~1(0) = A. Since A(x) is
defined as a maximum and &(x) is at most 1 we have that if x € B, then A(x) =1
and thus B C A~1(1). Since B is backward invariant we have that B° = X \ B is
forward invariant. This yields x € B¢ implies ¢(t,x) € B for all t > 0 and therefore
5(p(t,x) <1and A(x) <1 for all + > 0. Consequently, A~!(1) C B and thus
A~Y(1) = B. Similarly, v-1(0) = Aand v~!(1) = B.

Another property that follows immediately from the definition is:

Ag(t,x)) < Ax), vVt >0,
V(x) <v(e(tx)), Vt<L0.

We start with the definition of the following function:

J(x):= /Oooe_sA(q)(s,x))ds,

which defines a continuous function J: X — [0,1]. The next property follows from
the fact that A(¢(t,x)) is non-increasing in ¢ > 0:

](x):/Oooe_sA(cp(s,x))dsg/oooe_sA(x)ds:A(x).

We also define the function:

I(x):= /_OooesA(go(s,x))ds,

which also defines a continuous function I: X — [0,1]. Since V(¢(t,x)) is non-
decreasing in t < 0 we obtain:

v(x):/o esv(x)dsg/o eV (p(s,x))ds = I(x).

—o0 —00

We now show that both | and I are non-trivial Lyapunov functions for ¢. We
show that | is a Lyapunov function and the proof for I is identical. By definition

Hp(tx) =T = [ e (8ol +5,%) — Algls,x))ds <0

For x € A it holds that J(¢(t,x)) = 0 for all t > 0 by the forward invariance of
A. If x € Inv(B, ) C B, then J(¢(t,x)) =1 by the invariance of Inv(B, ¢). Now
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suppose x € X \ (AUInv(B, ¢)), then ¢(s,x) € Inv(B, ¢) and therefore exists T/ > 0
such that ¢(7/,x) € B®. by the previous ¢(27 + 7/,x) € A. Consequently, there
exists a s > 0 such that A(¢(t +5s,x)) =0 and A(¢(s,x)) > 0. This proves that
A(@(t+s,x)) — A(@(s,x) is not identically equal to 0 on R™ and therefore

J(p(t,x)) <J(x), VxeX\(AUInv(B,¢)), and Vi >0,

which proves that | is a non-trivial Lyapunov function. In the same way we prove
that

I(g(t,x)) < I(x), Vxe X\ (Inv(A,¢)UB), and Vt > 0.

We can use both functions now to construct specific attracting and repelling
blocks. By Propositionwe have that I¢, 0 < € < 1, is an attracting block and
since V(x) < I(x) <, it holds that I C V€. Since V¢ N B = @ we have by
that ¢(27,v¢) C U and therefore also N := ¢(27,I¢) C U. By construction N is an
attracting block.

In exactly the same way we use | to construct a repelling block inside U°. =

Sublattices and filtrations

In the previous sections we established two important lattice embeddings:
TrapR(X, ¢) C ANbhd(X, ¢) C Set(X),

where Set(X) is the Boolean algebra of subsets of X and the binary operations are
N and U.

For arbitrary metric spaces X the lattices and Boolean algebras described above
may be very big. In order to extract robust information from a dynamical system
one considers finite sublattices. Recall that a sub-lattices are always assumed
to contain X and . Finite sub-lattices allow a representation theory which we
summarize now.

Birkhoff’s Representation Theorem

Consider a poset (P, <). A subset A C P is attracting if x € A and y < x implies that
y € A. Under the operations of intersection and union the collection of attracting
subsets of (P, <) defines the lattice of attracting sets denoted by O(P). Observe that
@,P € O(P) and act as the 0 and 1 elements, respectively.

4.47 Example Consider the poset P = {1,2,3,4} with the order indicated in
Figure[d.T| Then the lattice of attracting sets is given by

O(P) = {@,{1},{1,2},{1,3},{1,2,3},{1,2,3,4}}
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{1,2,3,4}
{1,2,3}
2 3 {1,2} {1,3}

{1}

%]

Figure 4.1: The linking sets S and 9Q.

| and can be visualized as in Figure

4.48 Exercise Prove that O(P) is a distributive lattice with operations given by
intersection and union. n

Notice that given any x € P, the set |x:={y € P |y < x} € O(P). To see that
not every element of O(P) has this form, consider the element {1,2,3} € O(P)
from Example As the following proposition indicates in the setting of finite
posets these sets describe the join-irreducible elements of O(P).

4.49 Theorem Let P be a finite poset. The function
+:(P,<) — (J(O(P)),C)
p = dp={qePlg<p}

is a poset isomorphism.

Before beginning the proof we state the following lemma which is of interest
in its own right.

450 Lemma Tf I € O(P), then I = V/pcmax( +(p).

I 4.51 Exercise Prove Lemmal4.50] n

Proof of Theorem .49} We first show that |(P) C J(O(P)). Let p € P and assume
L(p) =BV C=BUCwhere B,C e O(P). Observe thatif B # |(p), then B C |(p).
Thus there exists x € |(p) \ B. The fact that B is attracting implies that p ¢ B. Since
p € L(p), either B = |(p) or C = |(p) and hence |(p) € J(O(P)). The opposite
inclusion, J(O(P)) C |(P), follows from Lemma 4.50} n

Notice that given any p € P, the set |p:={g € P | g < p} € O(P). To see that
not every element of O(P) has this form, consider the element {1,2,3} € O(P)
from Example In O(P) sets of the form | p are examples of join-irreducible
elements defined as follows. An element ¢ € L is join-irreducible if
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(i) c #0and

(ii)) c=aVbimpliesc=aorc=>bforallabecl.
The set of join-irreducible elements in L is denoted by J(L). Similarly, an element
x € L is meet-irreducible if (i)-(ii) are satisfied with V replaced by A. The set of
meet-irreducible elements in L is denoted by J*(L). The sets J(L) and J*(L) are
posets as subsets of L. An element b € L is join-irreducible if and only if it has a
unique predecessor 4 in the covering relation, i.e. 2 < b, and hence we can define
the unique predecessor map < J(L) — L. An element a € L is meet-irreducible if
and only if it has a unique successor b in the covering relation which leads the
unique successor map THL) LA representation a = \/;¢; is redundant if
a = \/iz;ci for some j, otherwise the the representation is irredundant.

4.52 Theorem Let L be a finite distributive lattice. For every a € L there exists a
unique set of irredundant join-irreducible elements ;¥ (a) C J(L) and a unique
set of irredundant meet-irreducible elements (" (a) C J*(L) such that

a:\/b:/\c.

berY (a) cerN(a)

Proof. See Roman [?], p. 124, Theorem 4.30. ]

When P is a finite poset, then the irredundant meet- and join-irreducible
representations of elements in the lattice O(P) are characterized as follows. Let
I € O(P), then I =V, | p, where the join is taken over all maximal p € I. Similarly,
I'=\,(Tp)¢, where the meet is taken over all minimal p € I°. Fundamental in the
theory of finite distributive lattices is Birkhoft’s Representation Theorem, which
states that all finite distributive lattices are of the form O(P) for some finite poset
P.

Now consider a finite distributive lattice (L, V,A). Using the order relation on
L the set of join-irreducible elements J(L) is a finite poset. This in turn can be used
to define the lattice O(J(L). In analogy with the case of posets we can ask what is
the relationship between L and O(J(L)?

4.53 Theorem (Birkhoff’s Representation Theorem) Let L be a finite distributive
lattice and let P be finite partially ordered set. Then

L:P—=J(0O(P))
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is a poset isomorphism and
il — 0O(J(L))
x = JV(x):={yell)|y<x}

is a lattice isomorphism.

Proof. To be typed. m

We will often have need move between posets and lattices, and so to maintain
clarity we adopt the language of category theory. Let £ath, denote the category
of finite distributive lattices, whose morphisms are (0,1)-homomorphisms, and
Posety denote the category of finite posets, whose morphisms are order-preserving
mappings. The following two results follow from [?, Theorem 8.24]. If L and K are
objects in £ath and f: L — K is a lattice homomorphism. Then

J(f): IK) — J(L)
a — min{beJ(L)|a<f(b)}

is an order-preserving. If P and Q are objects in Posety and ¢: P — Q is an
order-preserving mapping. Then

O(y): 0(Q) — O(P)
I = v (D=Uv '(p)

pel

is a lattice homomorphism. Consequently we have the following theorem.[?, ?]

4.54 Theorem The mappings J : Cath, — Posety and O : Posety — Lath define
contravariant functors.

In purely combinatorial setting, Birkhoff’s Representation Theorem provides
a precise description of the relation between posets and lattices. Our interest in
this theorem is that it provides a tool by which we can relate objects of dynamical
interest such as Morse decompositions and attractors.

Booleanization and duality

The spectral functorﬁ J: FDLAT — FPOSET is a contravariant functor that assigns
the poset of join-irreducible elements (J(L), C) to a finite distributive lattice L. The
down-set functor O: FPOSET — FDLAT is a contravariant functor that assigns a fi-
nite distributive lattice (O(P),N,U) to a finite poset P. By Birkhoff’s representation
theorem for finite distributive lattices we have that O(J(L)) = L and J(O(P)) =P

“We use the fact that the spectrum of a finite distributive lattice can be represented in terms of
the join-irreducible elements in the lattice.
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are natural isomorphisms. Consider the forgetful functor F: FPOSET — FSET and
define the covariant functor B := O o F o J and B is a functor from the category
FDLAT to the category of finite Boolean algebras FBOOL.

4.55 Proposition For every lattice homomorphism h: L — C, with C a Boolean
algebra, there exists a lattice monomorphism j: L — B(L) = 2(') and a unique
lattice homomorphism B(h): B(L) — C, such that the diagram

C

L —*
]I A’O (4.4.7)

B(L)

commutes. The mapping B(h) : B(L) — C is Boolean.

The convex sets in a poset (P, <) play a central role in (Boolean) decomposi-
tions; e.g. the subsets {p} are convex. The meet semi-lattice of convex subsets in
P is denoted by Convex(P) = {a \ B | a,8 € O(P) }. From Booleanization we have
that the mapping

a\Bpr=>B(h)(a\p) =h(a) \h(B) =enp apcO(P)

from Convex(P) to C is a well-defined meet semi-lattice homomorhphism, i.e.
a\ B=a'\ p"implies e, g = e, p and the mapping is meet semi-lattice homomor-

phism since B(h) is Boolean.

The fundamental commuting diagram for dynamics and Morse operations can
be formalized by the following duality diagrams:

K s K* K x K* SELEN Convex
hl kh* hxh*l lg (4.4.8)
L L* LxLl* — 1)

where Convex and J are semi-lattices and g: Convex — J is a semi-lattice homomor-
phism. Combining the duality with Booleanization yields the cob-web diagram:



4.4.c

4.5

4.5 Regular closed sets and attracting blocks 111

C \K : o / C
E l { 49
D / \ D

where 1 = B(h). We assume that a Morse operation yields the following commut-
ing diagram with respect to Booleanization:

.
K x K* —— Convex

k><k*J/ [ (4.4.10)

BxB — 1 B

An important consequence of the above diagrams is the following characteri-
zation of 1 on the convex sets in C.

‘ 4.56 Proposition LetaMb* =a' Mb'*, then h(a) N h*(b*) = h(a") N h*(b™).

In the forthcoming sections we will use this theory in order to provide a
lattice-order theoretic setting for the dynamical Morse decompositions.

Filtrations and tilings

Let U C TrapR(X, ¢) be a finite sub-lattice. Then Booleanization yields a tiling of X
denoted by T(U). The elements in T are isolating neighborhoods. If U is a totally
ordered sub-lattice then it is called a filtration of trapping regions. The associated
tiling also have a canonical linear order.

If we carry out the same procedure with U C ABlock(X,¢), or U C
TrapR4 (X, @), then the tiles, i.e. the isolating neighborhoods, are regular closed
sets.

Regular closed sets and attracting blocks

It turns out that attracting/repelling blocks have special properties which are
advantages for decomposing X via blocks. We start with an intermezzo on regular
open and closed sets.
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Regular open and closed sets

A closed sets A C X is a reqular closed set if A = cl(int(A)). An openset A C X is
an regular open set if A = int(cl(A)). Denote the class of regular closed subsets in
X by #Z(X) and the regular open sets by #°(X).

For regular closed sets we define an alternate complement:

A" = cl(A°). (4.5.11)
For regular open sets we define
At = (cl(A))". (4.5.12)

Recall the relation between int and cl: cl(A€) = (int(A))° and int(A¢) = (cl(A))".
For alternate complements we have:

cl(int(A*)) = cl(int(cl(A%))) = cl(int((int(A)))) = cl((cl(int(A)))°)

which shows that A* € Z(X). In same way it follows that int(cl(A+)) = A+ and
thus A € Z°(X).

4.57 Lemma A closed set A C X is a regular closed set if and only if A™ = A.

Proof. By definition A* = (A*)* and therefore
A" = cl((int(A))*) = cl(int(A)),

which proves the lemma. ]

For regular open set a similar statement follows along the same lines.

4.58 Lemma An open set A C X is a regular open set if and only if A+t = A.

Proof. By definition A*+ = (A+)" and therefore
At =int((cl(A))%) = int(cl(A)),

which proves the lemma. m

The application
A AS,

defines in involution from Z(X) to #°(X). Let A € Z(X), then A® =
(cl(int(A)))¢ = int((int(A))¢) = int(cl(A°)), which proves that A is a regular
open set. The same holds for the mapping : #°(X) — Z(X).
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4.59 Proposition — Walker [35]. Let X be a topological space. The family Z(X)
of regular closed subsets of X is a Boolean algebra with the following operations:
(i) A<A'ifandonlyif A C A’;
(i) AVA :=AUA;
(i) ANA":=(ANA")"¥ =cl(int(ANA"));
(iv) A*:=cl(A%);
where 0 =g and 1 = X.

= 460 Remark In [35], Proposition 2.3, it is proved that #Z(X) is a complete
Boolean algebra, i.e. \/, Ay := cl(U,int(Ay)) and A, Ay = cl(int(N, Ax)) are
well-defined. the same holds for #°(X) by duality. .

If we utilize the duality between #Z(X) and #°(X) we can prove a similar
structure for Z°(X) and show that A — A€ is a Boolean (anti-)isomorphism. Let
A, A" € #°(X), then

(ANA=AUA" = AV A",
and

(int(cl(AU A")))¢ = cl((cl(A U A’))%) = c(int((A U A"))) = cl(int(A° N A))
=ANA°

For A,A’ € #°(X) this motivates the definition AV A’ := int(cl(AU A’)) and
ANA":=ANA" To complete the statement we have that

(A)S = (cl(A%))° =int(A) = (A9)",

which proves that ¢ commutes with the operations * and * in Z(X) and %°(X)
respectively. We have the following result for regular open sets.

4.61 Proposition Let X be a topological space. The family %°(X) of regular
open subsets of X is a Boolean algebra with the following operations:
(i) A<A'ifand only if A C A’;
(i) AVA :=(AUA)* =int(cl(AU A"));
(iii) ANA:=ANA;
(iv) At :=(cl(A))S;
where0 =@ and 1 = X.

In the Boolean algebras #(X) and #°(X) we can also define the alternate
difference of sets.

462 Lemma Let A, A’ € Z(X). Then A— A" := A A (A)* =cl(A\ A").
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Proof. By definition A — A" := A A A” = cl(int(A N A")) = cl(int(A N cl(A))).
Since A’ is a regular closed set the complement A’ is a regular open set and
therefore int(cl(A)) = A’°. This yields

A— A" =cl(int(ANcl(A))) =cl(int(A) Nint(cl(A))) = cl(int(A) N A").

Finally, since A is a regular closed set we have that cl(int(A)) = A and thus
c(int(A) N A’®) = cl(AN A"), see [35]. Combining this with the previous we
obtain

A—A =d(int(A)NA")=cl(ANA")=cl(A\ A),

which proves the lemma. ]

The notion of difference of sets is easier yo characterize in %Z°(X).

4.63 Lemma Let A,A’ € %#°(X). Then A — A" := AN (A)t = A\ cl(A").

Proof. By definition
A—A:=AnA"=AN(d(B)*=AN(XN(cl(B)))=AN(cl(B))*=A\cl(B),

which proves the lemma. ]

4.64 Lemma Let A, A’ € Z(X), then AN A’ = @ if and only if ANint(A") = .

Proof. By definition
ANA =cl(int(ANA")).

Using the property int(A N A’) = int(A) Nint(A’),
ANA =cl(int(A) Nint(A")).

Also, if U C X is open and B, B’ C X with cI(B) = cl(B’), then cl(BNU) = cl(B'N
U). Taking U = int(A’), B=int(A), and B’ = A implies

ANA =c(ANint(A)).
Therefore
ANA =g iff d(ANint(A") =92 iff ANnint(A") =g,

which proves the equivalence. [

Sets A, A’ C X for which A A A’ = & will be referred to as regularly disjoint sets.
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Attracting and repelling blocks

Attracting and repelling block as introduced before are regular closed set in canon-
ical way.

4.65 Lemma ABlock(X, ¢) C Z(X) and the inclusion is a lattice embedding.

Proof. Let N € ABlock(X,¢), then cl(int(N)) C N. Let x € N \ cl(int(N)). By
assumption y, := ¢(t,,x) € int(N) and y, — x as n — co. This implies that x €
cl(int(N)), a contradiction. n

We will regard ABlock(X, ¢) with the binary operation V and A defined above
unless specified otherwise. With respect to these binary operations ABlock(X, ¢)
does not embed into ANbhd (X, ¢).

If we consider a different algebra of sets, i.e. the regular closed sets Z(X)
then the same question can be formulated for attracting and repelling blocks.

4.66 Proposition Let N € ABlock(X,¢) and M € RBlock(X, ¢), then N A M €
INbhd (X, ).

Proof. We can follow the proof of Proposition 5.7 which yields
A (N AM) Cint(N N M).

It remains to show that int(N N M) C int(N A M). Observe that
int(NNM) Cel(int(NNM))=NAM,

and since int o int = int we have int(N N M) C int(N A M), which concludes the
proof. ]

This property plays a role latter on when we discussed isolating blocks.
Summarizing, the operations

N: ANbhd(X, ¢) x RNbhd(X, ¢) — INbhd(X, ),
A: ABlock(X, @) x RBlock(X, @) —» INbhd(X, @),

define well-defined mappings and are called Morse product. The Morse product is
a useful operation to find isolating neighborhoods.

Isolating neighborhoods that arise as the Morse product of an attract-
ing and repelling neighborhood are called Morse neighborhoods and are de-
noted by MNbhd(X, ¢). Regular closed Morse neighborhoods are denoted by
MNbhdg (X, ¢). In particular, the Morse product of an attracting block and a
repelling block yields a regular closed Morse neighborhood.
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We can also discuss the above theory within the Boolean algebra of regular
closed subsets of X in which case we obtain the following commuting diagram:

TrapR5(X, ¢) «—— RepRz(X, )
{ |1~
ANbhd.7(X, ¢) +—— RNbhd(X, ¢)
Here we use the definitions:
TrapR, (X, ¢) := ANbhd(X, ¢) NInvset™ (X, p) N Z(X),

RepR4(X, ) := RNbhd(X, ¢) NInvset™ (X, ¢) N Z(X).



5.1

In this chapter we will discuss the Conley index for isolated neighborhoods and

for isolated invariant sets if the necessary compact is assumed. The treatment of
the Conley in this chapter is based on Benci’s approach to the Conley index which
allows the theory to be developed in arbitrary metric spaces. Conley index theory
unifies the topological tools in this book and we will explain how for degree theory,
variational methods and Morse theory are connected.

Isolating neighborhoods

In order to better understand the behavior of ¢ on attracting neighborhoods and
blocks we define the forward-backward image mapping. Following Benci[5] we
introduce the following notion of isolating neighborhood.

5.1 Definition A subset U C X and 7 > 0, then

A(U):= (] e(tcU)), (5.1.1)

te[—7,7]

which is a closed subset of X by definition ]

? Arbitrary intersections of closed sets are closed.

If T = o0, then define

Aw(U) := () Ac(U) = Inv(cl(U), p).

>0
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Note that if U € Invset™ (X, ¢), then Ae(U) = w (U, ¢)[[| For U € Invset™ (X, ¢) we
obtain that Aw(U) = a(U, ¢).

5.2 Lemma Let U,U’ C X. Then,
(i) U c U implies A-(U) C A(U’) forall T > 0;
(i) T> 1 > 0implies A-(U) C A (U);
(iii) AT(AT’(U)) = AT—H’(U)}
(iv) A-(U) Cint(U) implies Apr(U) C int(A(U)) C int(U).

Proof. Under construction. ]

A consequence of (ii)-(iii) above is that if A-(U) C int(U), then Ay -(U) C
int(U) for all t > 0. In particular Inv(cl(U), ¢) = Ae(U) C int(U). Since we do not
suppose any compactness properties on U and X, the invariant set A (U) may be
the empty set. The same holds for A;(U). The set A (U) is a closed invariant set.

Define the set

INbhd (X, ¢) := {U C X : A-(U) C int(U), for some T > 0}.
Moreover, INbhde (X, ¢) := {U C X : Inv(cl(U),¢) C int(U)} and
INbhdeo (X, @) C INbhd (X, ).

In particular ANbhd(X, ¢), RNbhd(X, ¢) C INbhd (X, ¢).

I 5.3 Exercise Prove the above inclusions. "

I 5.4 Exercise Let U € INbhde(X, ¢). Show that Inv(cl(U), @) = Inv(U, ¢). =

Let U, U’ € INbhd(X, ¢), then there exist 7,7’ > 0 be such that A-(U) C int(U)
and A (U’) C int(U’). Define T = max{t, 7'}, then by Lemma [5.2{i)-(ii) we have
that Ao (UNU") C Apr(U) and A (UNU') C Apr(U') and A (U) C A (U) and
A (U") € Ap(U'). Consequently,

A (UNU) CAw(U)NAp(U') C A(U) N A (U
Cint(U) Nint(U') = int(U NU"),

which shows that U N U’ € INbhd(X, ¢) and N is a well-defined binary operation
on INbhd(X, ¢).

5.5 Proposition The set INbhd(X, ¢) is a bounded N-semi-lattice.

1We use the fact that cl(¢(t,U)) = ¢(t,cl(U)), since ¢(t,-) is a homeomorphism for all t € R.
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I 5.6 Exercise Show that INbhd(X, ¢) is not closed under U in general. .

The complement operation are not well-defined on INbhd(X, ¢) in general.
However, another important operation can be defined. Let U € ANbhd(X, ¢) and
V € RNbhd(X, ¢), then ¢(t,cl(U)) C int(U) for all t > 7 > 0 and ¢(t,cl(V)) C
int(V) for all t < 7/ < 0. Define T = max{t, — 7’} As before we have

e(t,l(UNV)) C @(t,cd(U)) Cint(U), fort>T1>0,
o(t,d(UNV)) Coe(tc(V)) Cint(U), fort <1 <0,

which implies

Ar(UNV)= (] e(td(UNV))Co(t,cd(lU))Cint(U),

te[—1",t"]

Ar(UNV)= (] etd(UNV))C (T, d(V))Cint(V),

te[—1",t"]

from which we derive
A (UNV) Cint(U) Nint(V) =int(U N V).

We conclude

5.7 Proposition Let U € ANbhd(X,¢) and V € RNbhd(X,¢), then UNV €
INbhd (X, ).

Summarizing, the operations
MN: ANbhd(X, ¢) x RNbhd(X, ¢) — INbhd(X, ¢),

define well-defined mappings and are called Morse product. The Morse product is
a useful operation to find isolating neighborhoods.s

Isolating neighborhoods that arise as the Morse product of an attracting
and repelling neighborhood are called Morse neighborhoods and are denoted by
MNbhd(X, ¢).

Index pairs

Let UNV, with U € TrapR(X, ¢) and V € RepR(X, ¢), be a Morse neighborhood,
then

Unv=un(ves=u\Ve,

which is the difference of two trapping regions U and V. These sets are not
necessarily nested, but the Morse neighborhood can also be realized by considering

2Note that we use T and —1'!
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a nest pair of trapping regions. Indeed, U N V¢ is an trapping region and U NV C
U, and

Uu\Uunv)=unUnv)*=unUuv)=unv (5.2.2)
For a single Morse neighborhood U N V we have the following filtration:
gcunvecucik, (5.2.3)

which is a linearly ordered sub-lattice of TrapR(X, ¢). This filtration for U NV is
also called the canonical index pair for U N V. The filtration in (5.2.3) is usually
denote by (U N V<, U).

A pair of trapping regions defines a isolating neighborhood. We generalize the
notion of index pair without assuming trapping regions.

5.8 Definition A pair (N, Np) of closed subsets, with Ny C N C X, is called an
index pair if
(i) Ni\ Np is an isolating neighborhood;
(i) ¢(t,No) N N1 C Ny for all t > 0 — Nj is forward invariant relative to Ny;
(ili) x € N7 and ¢(t,x) € N; for some t > 0, implies there exists ty < t; such
that ¢(tp,x) € No — Ny is a exit set for Nj.

n 5.9 Remark If Ny and N; are both forward invariant then (ii) and (iii) are
automatically satisfied, and if (ii) and (iii) are satisfied then Nj is forward invariant
if and only Nj is forward invariant. If Ny = @, then (i) - (iii) implies that Nj is
trapping region. n

5.10 Definition Let U C X be an isolating neighborhood. An index pair (N7, Np)
is an index pair for U if

A (U) Cc(Ny\ Np) Ccl(U),
for some T > 0.

For an index pair (N7, Np) the set N7 \ Ny is an associated isolating neighbor-
hood. The question now is. Given an isolating neighborhood U € INbhd(X, ¢), is
there an index pair (N7, Np) for U, i.e. (5.2.2) is satisfied? Define

A7 :={x e A:(U) : 7:([0,7]) NoU # &}. (5.2.4)

5.11 Theorem Let U C X be an isolating neighborhood. Then, there exists a
time T > 0 such that (A-(U),A; (U)) is an index pair for U.
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Proof. We start by showing that A7 (U) is a closed subset of dA-(U). Let x" — x €
A7 (U) and let t" € [0, 7] be such that ¢(",x") € oU. Then, along a subsequence
t"e — t* € [0,7] and @(t",x") — ¢(t*,x) € U by the continuity of ¢ and the
closedness of oU. This proves that A7 (U) is closed.

For every x € A7 (U) there exists a t € [0,7] such that ¢(,x) € dU. Choose
x" € X\ U such that x" — ¢(t,x) and thus ¢(—t,x") — x. By definition ¢(—t,x") €
X\ U and x € A-(U) and since dA(U) = A-(U) Ncl(X \ A-(U)) we conclude
that x € 0A-(U). Consequently, A7 (U) C oA (U).

The next step is the verify (i)-(iii) in Definition To verify (i) observe that,
since A7 (U) C 0A(U), we have cl(A-(U) \ A7 (U)) C A(U). Therefore, by
Lemma [5.2[(iii) and (iv)

Ar(A(U) \ AL (U)) C Age(U) Cint(Ar(U)) Cint(Ac(U) \ A7 (U)).

The latter uses the fact that int(A-(U)) C A-(U) \ A7 (U). This concludes the
verification of (i). We also derive that

A (U) Cint(A-(U) \ A7 (U)) C (A (U)\ A7 (U)),

which verifies Definition [5.10 n

The above theorem states that index pair and isolating neighborhoods are
equivalent, i.e. one implies the other and vice versa. In order to define invariant
we introduce equivalence relations of index pairs and isolating neighborhoods.

5.12 Definition Two index pair (Nj, Np) and Nj, Nj) are equivalent if
Ar(N1 \ No) Ccl(N7\ Ny), and A;(Nj\Nj) Ccl(N;\ Np),

for some T > 0. The equivalence classes are denoted by [Ny, Np| = [Nj, N}] and
will be referred to as index classes. The set of isolating neighborhood classes is
denoted by IC(X, ¢).

A similar notion can be introduced for isolating neighborhoods.
5.13 Definition Two isolating neighborhoods U and U’ equivalent if
A(U) Ccc(U'), and A (U")Cc(U),

for some 7T > 0. The equivalence classes are denoted by [U] = [U'] and will be
referred to as isolating neighborhood classes. The set of isolating neighborhood
classes is denoted by INC(X, ¢).
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5.14 Lemma Let (N7, Np) ~ (N7, Njj) be equivalent index pairs. Then, Ny \ Ny ~
Nj \ NJ.

Proof. By assumption
A+(N1\ No) Ccl(N;\ Ng), and A-(Nj\Npy) Ccl(Ng\ Np),

for some T > 0, which proves the lemma. n

5.15 Lemma Let U ~ U’ be equivalent isolating neighborhoods with index pairs
(N1,Np) and (Nj, N)) respectively. Then, (N7, Np) ~ (N7, N{).

Proof. By assumption there exist T,7" > 0 such that

A-(U) Cc(Ny \ No) Ccl(U),
Ap(U') C (N7 \ Ny) Cel(U).

This implies A-(N; \ Np) C cl(N; \ Np) C cl(U) and Lemma [5.2(i) and (iii) we
have that Ay (N7 \ No) C A-(U) C cl(U’), since U ~ U'. In the same we prove
that Ao (N7 \ Nf) C Ap(U') C cl(U). Now, Lemma 5.2}(ii)

AZ(T+T/)(N1 \No) C A2T+T/(N1 \ NO) - AT/(U/) - CI(N{ \ Né),
and similarly

Ag(rey (N \ Np) C Arsar (N1 \ No) C Ar(U) C cl(N7 \ No),

which proves the equivalence of (N7, Np) and (N7, Nj). ]

We can now define the following mapping from 1: IC(X, ¢) — INC(X, ¢):
[N1, No] — [N1 \ NoJ,

which is well-defined by Lemmal[5.14} From Lemma we have that the mapping
j: INC(X, @) — IC(X, ¢) given by

U] = [Ac(U), Ar (U)],

for T > 0 sufficiently large, is also well-defined.

5.16 Proposition The mapping 1 and j are bijections and 10 j =jo1=id.
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Proof. We show that j o1 = id as the other identity follows along the same lines.
We have that 1([N1,Np)] = [N1 \ No] and let U € [N; \ Ny|. Then, by Theorem5.11|
(A-(U),A7 (U)) is an index pair for U. Since U ~ N; \ Ny, Lemma [5.15)implies
that (A (U),A;7 (U)) ~ (N1,Np), which show that the composition

[N1,No] = [N1\ No] = [(Az(N1\ No), A7 (N1 \ No))J,
is the identity. n

»5.17 Remark From the above equivalences we have the mapping INbhd(X, ¢) —
INC(X, ¢) defined by U +— [U]. If we define the following binary operation on
INC(X, ¢): [U] A [U'] := [UN U], then this map is a semi-lattice homomorphism.

Before we introduce index theory in the next section it is worthwhile to rec-
ognize the importance of index classes and isolating neighborhood classes. As a
matter of fact index theory will be a way to organize or label these equivalence
class but for every index theory we introduce one does loose information, i.e. the
index will not be able to characterize the classes. Different classes may have the
same index. To avoid this, or to use the best index is to consider the equivalence
classes itself — the equivalence classes are the ultimate index theory. This is
too much information however and is nearly impossible to compute or use in a
practical way. The equivalence classes do however satisfy a fundamental validity
principle.

5.18 Proposition Let U C X be an isolating neighborhood. If A.(U) = & for
some T > 0, then U € [&].

Proof. We show that U ~ @. By assumption A-(U) =@ C cl(@) and A (&) =2 C
cl(U), which proves that U and & are equivalent. (]

5.19 Corollary Let U C X be an isolating neighborhood. If U ¢ [&], then
A+(U) # @ for all T > 0.

A suitable index theory for index and isolating neighborhood classes will be
able to determine when U ¢ [&] and thus give information about A, (U).

Invariants for index pairs

Let (N1, Np) be an index pair, then the following topological space can be assigned
to it. Define the pointed space (N;1/Np,*). For [x] € N;/Ny we have [x] = x if
xGNl\Noand [X]:*ifXENo.
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5.20 Proposition Let (N3, Np) ~ (Nj,N{) be equivalent index pairs. Then, the
spaces (N1/ Ny, *) and (Nj/Nj, *) are homotopy equivalent.

Proof. By assumption
Az(N1\ Np) Ccl(N7\Ny), and A:(Nj\Npy) Ccl(Ny\ Np).

Also A+(N7 \ Np) Cint(Ny \ Np) and A¢(Nj \ Nj) C int(Nj \ N}). From Lemma
5.2(iv) we then derive that

A2r(N1\ Np) C Ar(N7\ Ng) Cint(Ng \ Np),

and similarly Ay-(Nj \ Njj) C int(N;7 \ Np). Define the homotopy ¢: [2T,00) X
N1/Ny — N{ /Né

[p(6t,x)] if,9([0,4t],x) C N1\ No
P(t, [x]) = and ¢([2t,6t],x) C Nj \ N{;

* otherwise.

The above defined homotopy is continuous. Similarly, we define a continuous
homotopy ¢': [27,00) x Nj/N} — N1/Np. Yet another continuous homotopy is
given by

h(t, [x]) = :
* otherwise.

{[(p(th,x)] i, ([0,12¢],x) C Ny \ No;

Observe that ¢’ o = h(7,[x]) and h(0, [x]) = id. By the same token we construct
a homotopy /' such that ¢ o ¢/ = 1'(7,[x]) and 1/(0, [x]) = id, which proves that
(N1/Ny, *) and (Nj/Nj, *) are homotopy equivalent. n

= 5.21 Remark It follows from the above proof that there exist flow induced
homotopies. This is important for defining suitable invariants for index pair
classes. .

Instead of using homotopy type to define invariant for index classes we choose
to use homology theory of index pairs. However, relative homology of pairs
(N1/ Ny, *) and (N7, Np) is not necessarily isomorphic in all homology theories. To
guarantee an isomorphism we construct special index pairs.

5.3.a Regular index pairs
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5.22 Definition An index pair (N7, Np) is said to be regular if the inclusion Nj is
the sub-level set of a Lyapunov function.

5.23 Proposition For every index pair (Nj, Np) there exists a regular index pair
(N1, N{) with Ny C N.

Proof. To prove the existence of regular index pair we mimic the construction of
Lyapunov functions as discussed in Sect. By assumption A¢(N; \ Np) C
int(N7 \ Np). Define the closed sets A = Ny C Ny and B = A, (N7 \ Np) C cl(Ny \
Np) C Nj. The set A,_(N; \ Np) is characterized by the property that 7, ([0,27]) C
cl(Ny \ Np) for all x € A, (Nj \ Np). By construction No N A, (N; \ No) = @.
Indeed, if x € No N A, (N7 \ Np), then 7, ([—7,7]) C NoNcl(N; \ Np), withy =
¢(T,x), since Ny is forward invariant relative to Nj. This contracts the fact that
Nj \ Ny is an isolating neighborhood with t = 7.

The above properties imply that for every x € Ny \ (AU B), ¢(t,x) € A for
some 0 < t < 27. As before we define

d(x,A)

50) = G ) 1 d(x, BY’

Alx) = {maxte[o’mé((')(t’x)) for (0,27, %) C N,

0 otherwise.

As before the function A is continuous on Nj.

Observe that A™1(0) = A = Ny and A~1(1) = B=A,_(N; \ Np). This follow
along the same lines as in Sect. Another property that follows from the above
construction is that A(¢(t,x)) < A(x) for all t > 0 such that ¢(t,x) C Nj.

The following function

T(x)
J(x) ::/0 e *A(@(s,x))ds, T(x)=sup{t: ¢([0,t],x) C N1},
£>0

is continuous on Nj and is a Lyapunov function with respect to (A, B).
Having established | we now choose € > 0 and define Nj := J¢ D Nj. By the
above construction (N7, Nj) is an index pair, which completes the proof. n

Wazewski’s Principle

Recall the definition of deformation retract.
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5.24 Definition Let A C X. A deformation retraction of X onto A is a continuous
map h: X x [0,1] — X such that

h(x,0)=x forall xe€X,

h(x,1) € A forall x€X,

h(a,1)=a forall ac A.

If such an h exists, then A is called a deformation retract of X. The map h is called
a strong deformation retraction. If the third identity is reinforced as follows:

h(a,s) =aforalla € Aandalls € [0,1],
then the set A is a strong deformation retract of X.

Note that the map r: X — A defined by r(x) = h(x,1) has the property r, =
id 4. Any continuous map with this property is called a retraction and its image A
is called a retract. Thus a deformation retract is a special case of a retract.

In order to show that in the above example N’ is a strong deformation retract
we formulate the WazewskiPrinciple. Let W C X be any subset. Define

WY = {x € W | there exists t > 0 such that ¢(t,x) ¢ W}
and
W™ ={xeW|¢([0,t),x) ¢ Wforall t >0}. (5.3.5)

Then W and W™ are the sets of all points which eventually leave W and which
immediately leave W in forward time respectively. Note that W~ C W?, and both
sets could be empty.

5.25 Definition A set W is a Wazewski set if the following conditions are satisfied.
1. If x € Wand ¢([0,t],x) C cl(W), then ¢([0,t],x) C W.
2. W~ is closed relative to WP.

5.26 Theorem If W is a Wazewski set, then W™ is a strong deformation retract
of W% and WY is open relative to W.

Proof. The first step is to construct the strong deformation retraction
r: W9 % [0,1] — WO,
Define 7: W° — R by

T(x) =sup{t>0|¢([0,t],x) CW}.
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By the definition of W?, 7(x) is finite and by the continuity of the flow ¢([0,],x) C
cl(W). Since W is a Wazewski set, ¢(7,x) € W, and in fact the definition of T
implies that ¢(7,x) € W—. Observe that 7(x) = 0if and only if x € W~.

Assume for the moment that 7 is continuous and define r by r(x,0) =
¢(07(x),x). Now notice that

r(x,0) = ¢(0,x)=x
r(x,1) = ¢(t(x),x) e W~

and fory € W~

r(y,0) = p(ot(x),y) = ¢(0,y) =v.

Therefore 7 is a strong deformation retraction of W° to W~.

Returning now to the question of continuity we first prove that 7 is upper
semicontinuous. Let x € W? and € > 0, then ¢([7(x),T(x) +€],x) ¢ W. By the first
condition there exists ty € [T(x),T(x) + €] such that ¢(tp,)x) & cl(W). Thus we
can choose V be a neighborhood of x - g such that V N cl(W) = @. Now let U be a
neighborhood of x such that ¢(t,U) C V. Then fory € UNW, ¢(to,y) ¢ W. Note
that this proves that WY is open relative to W and that 7(y) < T(x) + €. Hence, T
is upper semi-continuous.

To prove lower semi-continuity of 7, let x € WO/W~ and let 0 < € < T(x).
Then ¢([0,7(x) — €],x) C W°. Since W~ is closed relative to W°, ¢([0,7(x) —
€],x) "W~ = @ and hence for all s € [0, T(x) — €] there exists a neighborhood U;
of ¢(s,x) such that Us "W~ = @. Of course {U;} covers ¢([0,7(x) — €],x) which
is compact and hence a finite number {Us, |i =1,...1} covers ¢([0,7(x) — €], x).
LetU = U}Zl Us,, then U is open which implies there exists V a neighborhood of
x such that ¢([0,7(x) —€],V) C U. Now UN W~ = & implies that forally € V,
¢([0,7(x) —€],y) "W~ = @. Thus, T(y) > t(x) — €. This implies that 7 is lower
semicontinuous and hence continuous. (]

Let (N1,Np) be a regular index pair and consider the set W = cl(N; \ Np).
Observe that

W™ =NoNnW,

since Ny is an immediate exit set and W™ is closed which implies that W is a
Wazewski set. By Theorem we then derive that W~ is a strong deformation
retract of W? and WY is open neighborhood of W~ in W. These properties imply
that the pair (W, W ™) is a neighborhood deformation retract pair, i.e. There exists a
homotopy i: W x [0,1] — W and a function u: W — [0,1], such that W~ = u~1(0),
h(x,0) = x for all x € W, h(x,t) = x for all x € W~ and for all t € [0,1], and
h(x,1) € W~ forall x € u=1([0,1)).
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I 5.27 Exercise Prove the above statement. n

Now consider then extension /i: Ny x [0,1] — Nj be taking & = id on Ny and
h=honW. Also ii = u on W and # = 0 on Nj. This then establishes (N;,Ny) as a
neighborhood deformation retract pair.

5.28 Lemma Let (Nj,Np) be a regular index pair. Then, Hi(N;/Nj) &
Hi(Ny, Np) for all k, where Hy(-) is singular homology with field coefficients

and Hy is reduced singular homology.

Proof. From homology theory we have that Hy(N;/Ny) = Hy(Nj/Np, *), where
* represents a point in N;/Np. Theset Ny is a strong deformation retract
of the set K = #71([0,1)) and K/Np is contractable via /.  This yields
Hi(N1/ Ny, *) = Hy (N1 /Ny, K/ Np). Excise the point * = [Ny] in the quotient space
N1/ Ny, then N7/ Ny \ [No] =N \ Ny and K/ Ny \ [No] =K \ Ny, which implies
Hi(N1/No,K/Np) = Hi (N1 \ No, K\ Np). Combining all isomorphisms we obtain

Hi(N1/Np) = Hi (N7 \ No, K\ No) = Hy(Ny,K) = H (N7, No),

which completes the proof. m

If (N1,Np) and (N7, N/) are equivalent regular index pairs then (N; /Ny, *) and
(N1/Nj,*) are homotopy equivalent by Proposition For reduced homology
this implies Hy(N1/Ny) = Hy(N;,N}) and therefore

Hi(Ny, No) = Hi(N],N{), Vk. (5.3.6)

Relative homology provides an invariant on index classes.

= 5.29 Remark If we use different homology theories the statement of Lemma
follows for every index pair. For example if we use Cech co-homology then
we can use arbitrary index pairs. .

The Conley Index

We are now in a position to define invariants for isolating neighborhood classes.

Definition of the index

Let U C X be a isolating neighborhood. Then, by the previous considerations
there exists a regular index pair (Nj, Np) such that A-(U) C cl(N; \ Np) C cl(U)
for some T > 0. This yields the following definition:
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5.30 Definition Let U C X be an isolating neighborhood and let (N7, Ny) be a
regular index pair for U. The Conley index of U is defined by

HC([U]) := Hy(N1,No), k€Z, (5.4.7)
where [U] is the isolating neighborhood class of U.

It remains to verify that the Conley index is well-defined. As explained above
every isolating neighborhood U allows a regular index pair (N7, Np) and by
we have that different index pairs yield isomorphic homologies, with canonical
isomorphisms. The appropriate way to define HCy([U]) would be to consider the
inverse limit of the associated inverse system. For purposes in this book it suffices
to interpret the Conley index by the definition in (5.4.7).

If U ~ U’ are equivalent isolating neighborhoods, then also the homologies are
isomorphic. Indeed, let (N1, Np) and (Nj, N))) be regular index pairs for U and U’
respectively. Then, by Lemmawe have that (N7, Np) ~ (N7, N]). Therefore, by
Proposition[5.20/and we then have Hy (N, Ny) = Hi(N], N{), which proves
that the Conley index is well-defined and is an invariant for the index class [U].

Traditionally the Conley index is defined for isolated invariant sets. However,
compactness is assumed in that case. in Benci’s approach to the Conley index
compactness is not introduced at this point which have great advantages as we
will see in the forthcoming sections. The the relation of the Conley in Definition
and the traditional definition is postponed until we discuss the compactness
issues. We have also chosen a homological definition of the Conley index instead
of a homotopy index.

The Conley index as defined in[5.30]yields an invariants for isolating neighbor-
hood classes [U]. Itis important to point out that this invariant does not necessarily
distinguish between different classes, i.e. HC,([U]) = HCy([U']) for all k does not
imply necessarily that U ~ U'. However, U ~ U’, implies HC,([U]) = HC,([U'])
for all k. As consequence, if HCy([U]) 2 HCy([U']) for some k, then U % U'.

5.31 Lemma If @ € [U], then HC,([U]) = 0 for all k.

Proof. Use A(U) = N; = @ for T > 0 sufficiently large. This proves the lemma. m

If we combine Lemma 5.31| with the previous considerations, then HCy([U]) #
0 for some k implies that @ ¢ [U]. Corollary 5.19|then implies that A.(U) # & for
all T > 0. With additional compactness assumptions this also contains information
about the maximal invariant set inside U.

If the Conley index HC([U]) # 0 the above validity principle implies that
A-(U) # @ for all T > 0, which does not necessarily imply that Inv(U, ¢) =
Inv(cl(U), ¢) = Neso A (U) is non-empty. Equivalence of isolating neighborhoods
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and invariance are related as follows:

5.32 Lemma If U ~ U’ are equivalent isolating neighborhoods, then Inv (U, ¢) =
Inv(U', ).

Proof. By definition there exists a T > 0 such A(U) C cl(U’') and A-(U") C cl(U).
Moreover, A-(U) C cl(U) and A (U") C cl(U’), which implies that

S=Inv(U,¢@) CdU)nc(U"), S =Inv(U,¢)Cc(U)Nnc(U).
Since both S and S’ are invariant we derive that
S CInv(cl(U) Nc(U'),p) C Inv(cl(U"),9) =5,

and similarly, S’ C S. =

Compactness properties

The converse of this statement need not be true. In order to achieve a statement
about Inv(U, ¢) in relation to equivalence we need to impose certain compactness
conditions on the isolating neighborhoods U.

5.33 Definition Let U C X be an isolating neighborhood with the following
property: for every neighborhood V of Inv(U, ¢) there exists a T > 0 such
that A-(U) C V. The set of isolating neighborhoods with this property will
be denoted by INbhd. (X, ¢) and are called tight isolating neighboroods. Isolated
invariant sets for which there exists a compactly supported isolating neighbor-
hood U C X such that Inv(U, ¢) = S are called tight isolated invariant sets and
are denoted by Isol (X, ¢).

The notion of tight neighborhood allows us to obtain a validity principle
concerning isolated invariant sets.

5.34 Lemma Let U, U’ € INbhd (X, ¢), then Inv(U, ¢) = Inv(U’, ¢) implies that
u~u'.

Proof. Observe that V = U N U’ is a neighborhood of S = Inv(U, ¢) = Inv(U’, ¢).
By assumption there exist 7,7/ > 0 such that A (U) C V C U’ C l(U') and
A (U')CcV CUcCc(U).Set v =max{t, 7'}, then

AT//(U) C AT(U) C Cl(u/), AT//(U/) - AT/(U/) - CI(U),

which proves the lemma. n

As consequence of Lemma we have that U ¢ U’, with U, U’ € INbhd.(X, ¢),
implies that Inv(U, ¢) # Inv(U’, ), which yields the following proposition.
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5.35 Proposition Let U € INbhd. (X, ¢), then HCi([U]) # O for some k, implies
that Inv(U, ¢) # @.

Proof. 1f HC([U]) # 0, then Lemma implies that U »% @. Lemma 5.34implies
that Inv(U, ¢) # @. n

Important question is when isolating neighborhoods are tight. We now give
some criteria.

If X is a compact metric space then A,(U) is compact for all T and therefore by
Cantor’s intersection theorem Inv (U, ¢) is non-empty and compact. This implies
that if HC,([U]) # 0 for some k then Inv(U, ¢) # @. It also follows in the case that
X is a compact metric space that every isolating neighborhood is tight. Indeed, for
every neighborhood V of Inv(U, ¢) one can choose T > 0 large enough such that
A(U)CV.

In the case that X is compact it also holds that U is an isolating neighborhood
for Inv(U, ¢) if and only if U is an isolating neighborhood.

If X is a locally compact metric then every bounded isolating neighborhood is
tight. Indeed, A-(U) is a closed and bounded subset of U and therefore compact.
Therefore also Inv(U, ¢) and tightness follows.

Suppose an isolating neighborhood U C X has the following property: for
every sequence {x"} C U and every sequence " — oo such that ¢([0,"],x") C U,
the sequence {¢(",x")} has a limit point. Isolating neighborhoods with the above
property are tight.

In the classical treatment of the Conley index, X is a compact, or locally compact
metric and the focal point is compact isolated invariant sets S. Compact isolating
neighborhoods U are tight. For compact isolating neighborhoods the following
equivalence can be proved.

5.36 Proposition Let X be a locally compact metric space and let U, U’ C X be
two compact isolating neighborhoods. Then, U ~ U’ if and only if Inv(U, ¢) =
Inv(U', p).

Proof. If U, U’ C X are compact isolating neighborhoods, then U, U’ are tight and
by Lemma equivalence of U and U’ follows if Inv(U, ¢) = Inv(U’, ¢). The
converse follows from Lemma ]

Proposition implies that S = Inv(U, ¢) is an invariant for [U] if U is a
compact isolating neighborhood in a locally compact metric space. This justifies
the notation HC(S) as the Conley index of [U]. This retrieves the classical Conley
index as introduced by C.C. Conley.
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= 5.37 Remark We sometimes write HC,([U], ) and HCi(S, ). However, if
there is no ambiguity about the dependence on the flow, then ¢ is omitted from
the notation. .

Index filtrations and the Morse relations

In order to derive the Morse relations for the Conley index we start with the easiest
case: filtrations of isolating blocks.

Filtrations of isolating blocks and trapping regions

Consider a filtration of attracting blocks
FCN C---CNyCX,

with N; C ABlock(X, ¢) fori=1,---,m. A filtration is a sub-lattice of ABlock(X, ¢)
which is linearly ordered. We denote a filtration by N = {N;}. A filtration of
trapping regions is defined in exactly the same way. By construction every nested
pair N; C N;, i <jis an index pair. This holds for both attracting blocks and
trapping regions. The following lemma provides a relation between filtrations of
isolating blocks and trapping regions.

5.38 Lemma Let N C TrapR(X, ¢) be a (finite) filtration. Then, there exists a
filtration N’ C ABlock(X, ¢) such that (Nj,N;) ~ (N}, N;) for alli < j. Two such
filtrations are said to be equivalent: N ~ N'.

Proof. Under construction. [

It is important to point out that the above notions also apply to arbitrary
finite sub-lattices of ABlock(X, ¢) and TrapR(X, ¢). This will play a role in the
applications in Chapter 9] If we have a sub-lattice N C TrapR(X, ¢), then the
analogue of Lemma remains true and there exists an isomorphic sub-lattice
N’ C ABlock(X, ¢) such that (Nj, N;) ~ (N}, N}) for every nested pair. We again
write N ~ N’. The above idea of filtrations and sub-lattices can be extended to

index pairs.

Filtrations of index pairs

Let (N, L) be a regular index pair. Let L’ be a set, with L C L' C N, such that (N, L")
is a regular index pair. Such a situation already occurred with regular index pairs.
Denote the set of sets L’ as described above by ExitR(N, L, ¢).

5.39 Proposition Let L/,L” € ExitR(N, L, ¢), then L' UL"” € ExitR(N, L, ¢) and
L' L" € ExitR(N, L, ).
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Proof. Since L',L" are forward invariant relative to N, so are L' L” and L' U L".
Similarly, L’ N L"” and L' U L" are exit sets since they both contain L. It remains
to show that N\ (L' L") and N \ (L' U L") are isolating neighborhoods. Firstly,
N\ (L'UL")=(N\L')N(N\ L") and therefore by Proposition5.5 N \ (L' U L")
is an isolating neighborhood.

Secondly, for N\ (L’ N L") we argue as follows. Since L' and L” are regular
they are given as sub-level sets of Lyapunov, i.e. L' = J’“ and L” = J”¢. The function
min{]J’,]"} is a Lyapunov function for L’ U L” which ensures that N \ (L’ N L") is
isolating. [

Proposition shows that ExitR(N, L, ¢) is a bounded distributive lattice. For
the case (N,L) = (X, @) we obtain ABlock(X, ¢). Filtrations will now be discussed
in terms of sub-lattices of ExitR(N, L, ¢). As before filtrations contain both L and
N, i.e. a filtration L C ExitR(N, L¢) is given by

LcL;cCc---CLy,CLyus1=N.

If every index pair in an index filtration L is regular, then L is called an regular
index filtration.

5.40 Lemma LetL C ExitR(N, L, ¢) be a (finite) filtration. Then, there exists a
filtration L” C ExitR(N, L, ¢) such that (Lj, L;) ~ (L}, L;) for all i < j. Two such
filtrations are said to be equivalent: L ~ L’.

Proof. Under construction. [

The Morse relations

Let L C ExitR(N, L, @) be a regular index filtration, then the Conley index HCy([L; \
L;]) is well-defined for all i < j. The fact that L is a filtration yields a relation
between the different Conley indices. We start with a general statement about
filtrations of subsets and homology. For a topological pair (X,Y) the Poincaré
series of homology is given by P;(X,Y) := ¥ y>orankH(X,Y).

5.41 Proposition Let Xy C --- C X, be a filtration (of metric spaces), then

Z Pr(Xiy1,Xi) = Pr(Xn, Xo) + (1 +)Qs, (5.5.8)

where Q; has non-negative coefficients.

Proof. For a triple X, 1 C X, C X;,11 we have the long exact sequence

9 i Jx 9
& Hk(Xp/Xp—l) i> Hk(Xp—i-l/Xp—l) i> Hk—l(Xp—i-erp) _k> Tty
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with keri; = im dy 1, kerj; = im if and kerd; = im j;. For the ranks of the sub-
spaces involved we obtain:

rankH (X, X,,_1) = rankim i} + rankkeri] = rankim i; 4 rankdj4
rankH (X, 1, Xp—1) = rankim j; + rankkerj; = rankim j; + rankim i}
rankHy (X, 11, Xp) = rankoy + rankker oy = rankdy + rankim jj,

which gives the relation

rank H (Xp, Xp—1) + rankHy (X, 1, Xp) — rankH (X, 11, Xp-1)
= rankdy + rankoy,q, Vk.

This yields
Pi(Xp, Xp-1) + Pi(Xps1,Xp) = Pi(Xp11, Xp-1) + (1 +1)QF,

where Q! = Y- orankdt* > 0. This shows that Equation (5.5.8) holds for n = 2.
Suppose Equation (5.5.8) is true for 1, then consider the topological triple X, C
Xy C Xy11, which yields Pi(Xy, Xo) + Pe(Xnt1,Xn) = Pe(Xnt1,X0) + (1 + 1) Q.
Then,

n

Y Pi(Xis1,Xi) = Pi(Xu,Xo) + Pr(Xug1, Xu) + (1+1)Qs,
i=0

= P(Xp1,Xo0)+ (1+6)QF + (1 + )0
= DP(Xus+1,X0) + (14+H)Qy,

which proves the proposition. (]

For the Conley index we can define the analogue of the Poincaré series:

5.42 Definition Let (N, L) be a regular index pair. Then the Conley series is given
by the Poincaré series

PC/([N\ L)) := kzorankHck([N \ L)),

Let L C ExitR(N, L, ¢) be a (finite) index filtration for an index pair (N, L), then
Proposition we have that

m

Y Pi(Liy1,Li) = P(Lys1,Lo) + (1 +1)Qy,

i=0
where Q; = Yorankdxt’ > 0. By definition Pi(L;i1,L;) = PC¢([Li11 \ L;]) and
Py(Ly+1,L;) = PCi([N \ L]). This gives the following theorem.
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5.43 Theorem Let L C ExitR(N, L, ) be a (finite) index filtration for an index
pair (N, L). Then, the Conley indices of the index pairs (L;1,L;) satisfy

3" PC([Lisa \ L)) = PC(IN\ L]) + (1 + ), (5.59)
i=0

and which are called the Morse relations of L.

= 5.44 Remark If we consider arbitrary sub-lattices L C ExitR(N, L, ¢), then the
Morse relations remain unchanged. As a matter of fact a sub-lattice contains
information about connecting orbits. Some of this information is lost in the Morse
relations. We will come back to this issue in Chapter [9} .

» 545 Remark If the index pair (N, L) is tight, i.e. N\ L is a tight isolating
neighborhood, then the Morse relations provide a relation between invariants for
invariant sets:

Y PC(M;) = PC,(S) + (1 + )Q,
i=0

where S =Inv(N \ L and M; =Inv(L;;1 \ L;). The sets M = { M} obtained via the
index filtration L is referred top as a Morse decomposition. .

Continuation

Here we discuss the continuation theory for the Conley index at least in the
compact case. Further extensions pending.

Cup-length estimates

In this section we discuss topological invariants that can be derived from the ring
structure of the cohomological Conley index. This is used for multiplicity results.
Maybe mention Ljusternik-Schnirelmann theory and Ljusternik-Schnirelmann
category.

Problems

Let N be a smooth, closed, orientable manifold of dimension n and f: N — TN be
a smooth vector field on N. Generically f has finitely many zeroes and denote the
index of a zero by i(x) := (f,N,0), see Sect. Then, the Poincaré-Hopf Index
Theorem states:

Y. %) =x(N), (5.8.10)
xef1(0)

where x(N) is the Euler characteristic of N.
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5.46 Problem Let f,g: N — TN be vector fields on N with finitely many zeroes.
Show that }.c 110y L(X) = Lreg1(0) H(X).-

5.47 Problem Let x be a zero of a (negative) gradient vector field —V]: N — TN.
Show that if u = u(x) is the Morse index of x, then (x) = (—1)*®),

5.48 Problem Use Problems and to prove the Poincaré-Hopf Index Theo-
rem in (5.8.10).

The following problem gives a generalization of the Hairy Ball Theorem, cf.
Theorem 2.33

5.49 Problem A smooth, closed, connected, orientable manifold N admits a non-
vanishing vector field f: N — TN if and only if x(N) # 0.
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Variational methods are used for finding critical points of differentiable functions.

In general the functions are defined on an infinite dimensional space. Such prob-
lems typically occur for large classes of ordinary and partial differential equations
and are called variational problems. In classical mechanics the functions, or func-
tionals are called Lagrangians and the critical point equations are referred to as
the Euler-Lagrange equations. In this Chapter we discuss a class of methods, also
referred Morse Theory, that is used to find critical points of functions on finite
and infinite dimensional spaces. The main characteristic is to link topological
properties of the space to the set of critical points of the function in question.
Certain aspects of Morse Theory can regarded as a special case of Conley Theory
in the case of gradient and gradient-like flows.

Gradient-like flows on compact spaces

An important class of flows that mimic gradient flows in the continuous case are
called gradient-like flows and are defined as follows. Assume that X is a compact
metric space.

6.1 Definition A dynamical system ¢ : R x X — X is called gradient-like if
there exists a continuous function V : X — R such that V(¢(t,x)) is strictly
decreasing in t forall x ¢ E = {x € X | ¢(t,x) = x, Vt € R}, where E is the set
of equilibria of ¢.

Every gradient flow is trivially gradient-like. Compact invariant sets S have a
special structure.
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6.2 Lemma If S is a compact invariant set of a gradient-like dynamical system,
then S consists of equilibrium points and heteroclinic connecting orbits, i.e.
bounded orbits 7, with a(x),w(x) C E.

Proof. Since V(¢(t,x)) is non-increasing, if v» = ¢(RR, x) is a bounded orbit, then
V(¢(t,x)) is a decreasing, bounded function which has limits V(¢(t,x)) — c4 as
t — too. Suppose y € w(x). Then by the definition of omega limit set there exist
times t, — oo such that ¢(t,,x) =y, and hence V(y) = cy. Suppose y ¢ E. Then
for any T > 0, we have V(¢(7,y)) < cy+. However, ¢(t, + 7,x) = ¢(7,y) so that
V(g(ty + T,x)) = ¢y implying V(¢(7,y)) = c4, a contradiction. n

In particular, when E N S is a finite set, then every orbit 7, C S converges to
equilibrium points in E. Indeed, since a(x) and w(x) are connected sets, it follows
that if E is finite, then a(x) and w(x) consist of single points.

Let us continue with the case where E is a finite set. Then Lemma 6.2/ implies
that E is a Morse decomposition for X. Note that the same holds in general (E not
necessarily finite) if we take finitely many connected components of E. Let S C X
be an isolated invariant set (for example when S = X), then the Morse relations in
Theorem ?? yield:

Y CPi({x},9) =CP(S, @) + (1 +1)Q;, 6.1.1)
x€ENS

where CP;({x},¢) are the Poincaré polynomials of HC.({x},¢). The latter is
defined via an isolating block for x € EN S.

There is a way to compute the Conley index of an equilibrium point by using
the function V. In the case that V(x) = c is a different for every x € EN S, then
VeteE={xeX|c—e<V(x) <c+e}, with e > 0 sufficiently small, is an isolating
block. Then, (V¢7€,V¢~€) is an index pair of attracting blocks, where V¢*¢ =
{x|V(x)<cxe}and HC.({x},¢) = H.(VT¢,V°€). Since the Conley index of
x € E does not depend on ¢, the limit € — 0 formally implies that HC, ({x}, ¢) =
H, (Vete,vee) =2 H, (Ve Ve \ {x}). We will give a complete proof of this fact in
Section [6.4] via the deformation lemma. The latter isomorphism also gives an
idea on how to compute CP;({x}, ») when the values of V are not necessarily
different on EN S. In that case the deformation lemma gives HC,({x},¢) =
H.(VSNN,(Ve\ {x}) N N), where N is an isolating neighborhood for x.

The Morse relations for gradient-like systems described above can be applied
to the special case of gradient flows. Let X be a smooth, closed (compact, no
boundary) manifold of dimension n < oo, and f : X — R is a smooth function.
Then the differential equation

X' =—=Vgf(x),
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defines a smooth flow ¢ : R x X — X, where V,f(x) is the gradient of f with
respect to a chosen Riemannian metric ¢ on X. The equilibrium points of ¢ are
exactly the critical points of f. Equation[6.1.1|gives the classical Morse relations for
functions f with finitely many critical points. In case the critical points are all non-
degenerate, i.e. f”(x) is invertible for all critical points x, then the Conley index
is given by CPi({x},9) = t*¥), where y(x) = #{negative eigenvalues of f"(x)}.
The latter is called the Morse index and the function f is a Morse function. These
consideration remain valid for open manifolds (finite dimensional) if we consider
compact isolated invariant sets S. If ¢ is a gradient flow on a compact, finite
dimensional manifold with boundary, then the same Morse relations apply.

When X is not compact, or locally compact, then finite sets of equilibrium
points of a gradient, or gradient-like flow do not necessarily define Morse decom-
positions. However, one does find Morse tiling for which the Morse relations hold.
For gradient systems we use a compactness condition, called the Palais-Smale
condition, that replaces compactness of X and makes Conley Theory applicable to
gradient flows on non-compact spaces.

Palais-Smale functions and compactness

Let X be a real Hilbert space with inner product (-,-) and f : X — R is a continu-
ously differentiable function. We are interested in the equation

fl(x)=0, xeX. (6.2.2)

Equation (6.2.2) is a special case of the equations studied in Part ??. Indeed, the
gradient of f at x is the unique vector V f(x) given by the Riezs Representation
Theorem: (Vf(x),y) = f'(x)y for all y € X. The gradient define a continuous
mapping Vf : X — X and Equation is equivalent to V f(x) = 0. Since the
mapping in question is a gradient the problem has additional structure and is
called a variational problem. The additional structure allow different techniques
for finding zeroes of Vf(x) = 0.

Variational problems, especially those coming from differential equations
are stated on infinite dimensional spaces and therefore compactness issues may
occur when searching for critical points. For function f on a smooth, closed
manifold (compact, no boundary) it holds that if f'(x") — 0, then there exists
a subsequence x" — x, and f’(x) = 0. Such a sequence is called a Palais-Smale
sequence and they play an important role in variational methods. Consider the
function f(x) = arctan(x). Clearly, f has no critical values, and thus no critical
points on R. The values ¢ = £71/2 are special however. One can for example
take sequences {x"}, x" = +n, such that f(x") — c and f'(x") — 0. Regardless
of the fact that f’ goes to zero along such sequences there are no critical points.
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One could argue that there exist critical points at “infinity’. This would require
compactifying our setting.

This simple example already goes to show that due to the non-compactness of
R, the domain of definition of f, the notion of critical value and critical point lacks
unform estimates. For this very reason Palais and Smale, in their work on Morse
theory in infinite dimensions, introduced the following compactness condition.

6.3 Definition A function f € C!(X;R) is saidf to satisfy the Palais-Smale con-
dition at ¢ — (PS) for short —, if any sequence {x"} C X for which

has a convergent subsequence.

This condition was referred to as ‘Condition (C)” in the original work of Palais and
Smale. Functions may also satisfy (PS) for an interval of values c, i.e. a function
satisfies (PS) on an interval [ if it satisties (PS) for every ¢ € I. The same holds for
the Palais-Smale condtion on X. In that case we do not specify c beforehand.

The (PS) condition has various consequences for Palais-Smale functions. De-
note by Crit(f,I) the set of critical points of f with critical values restricted to the
interval I.

6.4 Lemma Let f € C!(X) satsify (PS) for some c, then the set Crit(f,c) is
compact. Moreover, Crit(f,I) is compact whenever I is compact.

Proof. Compactness is established by pointing out that compactness for a metric
space is equivalent to sequential compactness. The space (Crit(f,c),d) with the
induced metric is a metric space itself. For any sequence {x"} we have that
f(x") =¢, and f'(x") = 0. The (PS)-condition then implies that x"* — x € X.
Consequently, f(x) =c and f'(x) =0, and thus x € Cs(c), which establishes
sequential compactness. The same holds for Crit(f,I). n

Another important consequence of the (PS)-condition is uniformity on lower
bounds for f’ at regular values.

6.5 Lemma Let c be a regular value for f. Then there exists an € > 0, such that
| f'(x)||x >6>0forallx € f~l[c —€,c+el

Proof. The fact that c is regular implies that a neighborhood [c — €, ¢ + €], for some
€ > 0, consists of regular values. If not, one can choose ¢" — ¢, and x", with
f(x") =", and f'(x") = 0. By (PS) we have that x" — x, with f(x) = ¢ and
f'(x) =0, a contradiction.
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For any ¢, € [c — €,c + €] one can find a é., > 0 such that || f/(x)|

x> 06c, >0
for all x € f~!(c,). Indeed, otherwise one can find sequences {x"} such that
f'(x") — 0, which, by (PS), have convergent subsequences converging to a critical
point at level c,, a contradiction.

Finally, d., > 6 > 0 for all ¢ € [c — €,¢ + €], from the above arguments. n

The Morse relations for critical points

In order to study zeroes of f’ we use the canonical dynamical system generated by
the gradient flow equation

x'=-Vf(x). (6.3.3)

From this point on we will assume that f is twice continuously differentiable. In
that case Equation (6.3.3) generates a local C'-flow ¢ on the Hilbert space X. An
important property, intrinsic to gradient flows, involves the following identity:

(foo) =f(p)e =—Ff(p)Vf(p)=—|Vf(g)l*<0,

which implies that f is a Lyapunov function on X. Indeed, f is constant at
Crit(f,R) and f o ¢ is strictly decreasing outside Crit(f,R).

Gradient flows and Morse decompositions

Let a < b be regular values of f. Note that for smooth functions the regular values
form a dense subset of R. Consider the set f/ = {x € X | a < f(x) < b}. We
also use the convention that f*, =X, f! . = f' ={x € X| —oco < f(x) < b} and

f&=fa={xeX|a< f(x) <oo}.

6.6 Lemma Let f € C?(X) satisfy (PS) and let a < b be regular values of f. Then
the set B = f? is an isolating block for the gradient flow ¢.

Proof. By Lemmal6.5we have an € > 0 such that [a — €,a + €] and [b — €,b + €] are
intervals of regular values and ||V f(x)|| >J > 0 forall x € fi*¢ U gfee. In order
to show that B is a block we start with identifying sets B~ and B* as subsets of
B={xeX|f(x)=a}U{xeX| f(x)=b}. DefineB~- ={xe€ X | f(x) =a} and
Bt ={xeX| f(x) =b}. Wenote that B- N BT = 2. If x € BT, i.e. f(x) =D, then
for t < 0 it holds that

F(@(0.2) = flot,0) = - [ IVF (@) <18,

which implies that f(¢(t,x)) > b —t6* > b for all t < 0. In same why if follows
that f(¢(t,x)) <a—t5* <afor all t > 0. Summaring, ¢((—o0,0),x) N B = & for



6.3.b

142 Morse Theory

all x € B* and ¢((0,00),x) N B = & for all x € B~, which proves that B = f! is an
isolating block. n

In the same way it follows that sets f* are attracting blocks and set f, are
repelling blocks (a a regular value). By the theory in Section ?? we have that the
Conley index of f! is well-defined and is given by HC.(f?,¢) = H.(B,B™). Since
X is a non-compact space (not even locally compact in general), the interpretation
of the Conley index needs to be discussed in this case. The block B = f! is even a
Morse block via the observation that

gCficfcX,

gives a lattice of attracting neighborhoods and a Morse tiling f* < f < f,. From
the Lemmas ?? and ?? and the integral estimates in Lemma [6.6| it follows that

HC.(f7, @) = H.(B,B”) = H.(f*, f*).
We can find finer Morse tilings by considering sequences of regular values. Let

a=ag<m<---<ag_1<ap,=2»,
be regular values of f. Then,
gCfrrCfrc..-CffrCf"CX,
is a lattice of attracting neighborhoods (filtration), denoted by B(a) with 4 =

(ag,- -+ ,a,). The associated Morse tiling T(B) of X is given by f® < fal < .- <

an
an—1

< fa,- A Morse tiling of f? is given by
;01 < e <f;:71‘

The Morse relations of Theorem ?? for the Morse tiling T(B) are
n .
Y _CP(f ,¢) =CP(fl, @)+ (1+1)Qs, (6.3.4)
i=0

where CPy( f;:ﬁ @) = Pi(f%, f%). Whether a Morse tiling yields a real Morse
decomposition depends on compactness properties of Inv( f?). Morse functions on
X and the chosen gradient flow in Equation this need not be true. However,
for interpreting the Morse relations for critical points this does not play a role.

Morse relations and critical points

The interpretation of the Conley index HC,(f?, ¢) as an invariant to detect critical
points in B = f? only uses the (PS) condition.
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6.7 Theorem Let f € C?(X) satisfy (PS) and let a < b be regular values of f.
Then, HC.(f?, ¢) # 0, implies that Crit(f, [a,b]) # @.

Proof. If Crit(f, [a,b]) = @, then [a,]] consists of regular values and by Lemma
we have that ||V f(x)|| > 6 forall x € f2. Let x € f?, then, as before, for t > 0,

Flol ) - F90,) = - [ 19F(@I < ~12%

and therefore f(¢(t,x)) < b — t52. This implies that for t > 7 >0, ¢(t, f) C f*, and
thus by the Wazewski Principle (Theorem[5.26), f* is a strong deformation retract
of f?, see also the proof of Lemma ?2. We conclude that HC,(f?, ¢) = H.(f?, f*) =
0, which is a contradiction. ]

The above theorem also also for a = —oo, i.e. f', = f* and for b = oo, i.e.
fio = fa,orboth,ie. f& =X.

6.8 Theorem Let f € C%(X) satisfy (PS) and let a be a regular values of f. Then,
HCy(fa, ¢) = Hi(X, f*) # 0, implies that Crit(f, [a,00)) # 2.

Proof. Suppose [a,00) consists of regular values, i.e. Crit(f,[ac0)) = &. Define
W=f, W- = ffand WO = W. Then by the Wazewski Principle, f” is a strong
deformation retract of X and therefore H, (X, f*) = 0, which is a contradiction. m

Theorem 6.7 provides very basic information about the critical point of f in the
set B = f!. Consider the case that Crit(f, [a,b]) is a finite set. If Inv(f?) is compact,
then Crit(f, [a,b]) provides a Morse decomposition. In general, this need not be
the case for ¢. Leta < co < ---c, < b be the critical values. As a consequence of
the above Morse relations we obtain for any sufficiently small € > 0 that

Y CP(fis, ) =CP(f), @) + (1 +£)Qs. (6.3.5)
i=0

The fact that we can take 'S, for any sufficiently small € > 0, as a block fol-
lows from the fact that the index doesn’t depend on the particular choice of the
block. If we further analyze ¢ at critical levels we will be able to further compute
CPy( f;ff ,@). This will lead to the more traditional Morse relations as we will
explain in the next section.

The deformation lemma

In this section we study the flow ¢ near an isolated critical level.
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6.9 Lemma Suppose ¢ € R is an isolated critical value, then HC.(f{*€, ¢) =

H.(f*NN,(f°\Crit(f,c)) N N), where N is a sufficiently small neighborhood
of Crit(f,c). In particular, if Crit(f,c) is a finite set, then

k

HC.(f4E,0) = @ H. (f NN, (f°\ /) N NF),
j=1

where {x/} = Crit(f,c) and N/ are sufficiently small disjoint neighborhoods of
the critical points x/.

Proof. We start with proving that f€ is a strong deformation retract of f“*¢. Define
W = fete, W= = f&\ Crit(f,c) and WO = fe+e \ We(Crit(f,c)). It follows that
W~ is relatively closed in W (give more details) and W is closed and therefore
a Wazewski set. From the Wazewski Principle (Theorem it follows that
W~ = f¢\ Crit(f,c) is a strong deformation retract of W = ¢\ W5 (Crit(f,c)).
Jis anattractor, then 4 isa deforma- T8 also implies that f€ is a strong deformation retract of f°™¢. This implies that

H* (fc+e,fc—e) o H* (fc’fc—e)‘

Secondly, we show that f°~€ is a strong deformation retract of f¢\ Crit(f,c).
As before let W = f¢ _\ Crit(f,c), W~ = fi=¢ and W = W. The set W is a
Wazewski set and the Wazewski Principle gives that W™~ =
mation retract of WO = f¢__\ Crit(f,c), which proves that

HL(f, f°) = Ha(f5, £\ Crit(f, 0)).

Combining the isomorphisms gives H, (f¢*¢, f¢=¢) = H,(f¢, f°\ Crit(f,c)).
Let N be a neighborhoods of Crit(f,c) such that N C f*¢ and by U = U}, U; C

c—€
ct+e
c—€*

c—€

<< is a strong defor-

excision

H. (5, f\ Crit(f,¢)) = Ho(f* AN, (f\ Crit(f,¢)) N N).

If Crit(f,c) is a finite set we can choose N as a disjoint union of isolating neighbor-
hoods of ¥/ € Crit(f,c). ]

6.10 Exercise Give an alternative proof using the initial value problem x’ =

—(f(x0) = @) Vf(x)/|IV f(x)]]?, with x(0) = xo € f7. =

u6.11 Remark If f{*¢ is locally compact, then follows from the theory of isolated

invariant sets and Morse decompositions. Clearly, every x/ € Crit(f,c) is an

isolated invariant set and B/ and isolating neighborhood and Crit(f,c) is a Morse

decomposition with isolating block f£*¢. By Theorem ?? there exist isolating blocks

for x/. See Section [6.1| for more details. n
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For a critical value c € R we can define the critical groups as
Ci(Crit(f,c)) = H (f°N N, (f°\ Crit(f,c)) N N),

where N is a neighborhood of Crit(f,c). The same can be defined for any isolated
connected component of Crit(f,c). The definition of critical group is independent
of the choice of neighborhood N. For an isolated critical point x/ € Crit(f,R) we
define C.(x/) = H.(f* N N/, (f°\ x/) N N/), where N/ is a neighborhood of x/.

From the deformation lemma we derive the following version of the Morse
relations for critical points.

6.12 Theorem Assume f € C?(X) satisfies the (PS) condition and let a < b be
regular values such that Crit(f, [a,b]) is a finite set. Then,

Y, i) =P f)+(1+1Qy

xJ €Crit(f,[a,b])

where i;(x/) = P(f¢ N N/, f¢ \ ¥/ N N7), the Poincaré polynomial of C, (x/).

In the case that 0 is an isolated element of the spectrum of f”(x/) the Gromoll-
Meyer Theorem implies that i;(x/) is a polynomial and contains index information
about the spectrum. This property is satisfied by Fredholm functionals on X.

Homotopy types and the Morse index

A Morse function satisfies the property that all elements in Crit(f,R) are non-
degenerate, i.e. the operator f”(x) : X — X* is invertible for all x € Crit(f,R).
For any critical point x € Crit(f,R) we may linearize f, i.e. compute its Taylor
expansion up to order 2:

f(x) = f(x0) + %(f”(xO)(x — xp),x — xp) + o([|x — xol|*).

The Morse Lemma provides a local change of coordinates to the quadratic form
given by f”(x).

6.13 Lemma Let xo be a non-degenerate critical point. Then there exists an
neighborhood N of x¢, and a diffeomorphism /1 : N — h(N) C X, with h(xp) =0,
such that

F ) = £ (30) + 5 (F (20)yy),

for ally € h(N).

A function f is a Morse function on f? if all critical points in Crit(f,[a,b]) are
non-degenerate. Morse functions are prevalent.
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6.14 Proposition Let f € C?(X) satisfying (PS) on the strip f? for regular values
00 < a < b < co. Then for any € > 0 there exists a Morse function fsuch that
|f = fllcz < €, and which satisfies (PS) on the strip fZ.

The next step is to investigate the homology H.(f¢, f*\C(c)). For that we
invoke the Morse lemma. Before we state the main result of this section we first
introduce a characterization of the critical points.

6.15 Definition For a critical point x € Crit(f,IR) of a C> Morse function the
Morse index j(x) is defined as dim E~, where E~ is the negative eigenspace in
the decomposition X =ET @ E~.

The Morse co-index u‘(x) is defined as the dimension of E™. In the infinite
dimensional case both indices can be infinite, and Morse theory, as we present it
here, will be empty. Extensions such as Floer homology can be a way to obtain
a working Morse theory in that case and will be discussed in Section In the
infinite dimensional examples that we will see in the next chapter the Morse index
of a critical point is always finite. Such problems can be characterized as semi-
definite. Of course in the finite dimensional both the Morse index and co-index
are always finite.

Before we use the Morse lemma we recall that for a Morse function it holds
that

H(f%, £\ Crit(f,¢)) = D H(f NN (f\{}) N N).
]

6.16 Lemma Let x € Crit(f,IR) be a non-degenerate critical point and N a suffi-
ciently small neighborhood of x. Then

F for k=u(x),

Hi(f* NN, f\{x}NN) = .
0 otherwise,

where F is the coefficient field of H,.

In the next section we will use this information to count critical points.

Other homology invariants and the Morse inequalities

Here also discuss other (co)-homology theories in order to do strongly indefinite
problems.

In the previous section we have established a link between the topology of the
pair (f?, f*) and the critical points at the (only) critical level c. We recall

H(f'. f)~ @ z=z", (6.6.6)
i:p(xi)=k
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where my(a,b) =#{i : u(x;) =k, x; € C¢(f?)}. The next question is, what happens
the Morse index and co-index are infinite.
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Variational principles and critical points

In this chapter Morse theory will be applied to a model class of nonlinear elliptic
differential equations. For our purposes here we are concerned with elliptic
problems of the form

—Au=g(x,u), x€Q,
u=0, xedQ),

where Q) C R" is a bounded domain with smooth boundary 9}, and g(x,u) is a
C*®-nonlinearity that satisfies the growth estimate

gu(x,u)] SC+ClulP™, p>1,

uniformly in x € O, for all u € R. We will study solutions of this problem using
minimax and Morse theory. Standard regularity theory for this equation reveals
that solutions are C*(Q}). Regularity issues will be postponed till later.

As opposed to applying degree theory and fixed point arguments the equa-
tion above possesses a alternative formulation for finding solutions; variational
principle. Consider the integral

/Q[%wu(x)ﬁ—G(x,u(x))}dx,

where G(x,u) = fo x,s)ds. Clearly, the integral is well-defined for all u €
C®(Q) N C}(Q). Denote the integral as functional on functions u(x) by f. Let us
consider the first variation of the integral with respect to test functions ¢ € C°(Q2).
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This yields
fute)—f) = [ [Vu-Vo—glxu)p|dx

1 2 2
+ /Q[EIV(N — gulx,u+0p)g?|dx.

As explained before, under the assumption that p < 2, when n > 3, the function

f extends to the Sobolev space H} (Q) = clos; (C(Q)), with equivalent norm

Jullg =/ [ V)P

This uses the compact embeddings
cQ), n=1,

H}(Q) < { 1)

LP+1 (Q)

, 1=2, 0<p<oo,
, n>3, 0<p< 1’%%

If we use the above variation formula we obtain that for fixed u € H}(Q) it holds
that

flutg)—f) = [ [Vu-Vo—gxu)p|dx| = o(lgll),

which proves that f is differentiable on H}(Q)). Notation:

fl(u)g = /Q {Vu Vo — g(x,u)go] dx.

7.1 Exercise Prove the above identity for the Fréchet derivative in the case
¢(x,u) = Au + |u|P~lu, using the first variation and the Sobolev emebeddings.

7.2 Exercise 1t In Section[6.4we introduced the notion of gradient. Compute
the gradient Vf(u) in H} (Q). n

Similarly, the second variation yields

fut+9)o— e = [ [Ve- Vo guxuye]dx| = ol el

which proves that f twice continuously differentiable on H}(Q)). Notation: Nota-
tion:

f”(u)l,bgo:/Q[le-Vq)—gu(x,u)lpgo}dx.



7.1 Variational principles and critical points 151

7.3 Exercise Establish the expression for the second derivative in the case
¢(x,u) = Au+ |u|P~1u, by proving the identity for the second Fréchet derivative.

The expression for the first derivative explains that the elliptic equation is
satisfied in a ‘weak’ sense, i.e. weak solution u € H}(Q). If additional regularity is
known then a simple integration by part provides the identity

/Q [(—u—g(xu))g|dx =0,

for all ¢ € H}(Q, which reveals the equation again and u is a ‘strong’ solution.
This identity, without a priori regularity, can also be interpreted in distributional
sense, i.e. —A is regarded as a map from H}(Q) to its dual Sobolev space H~1(Q).

I 7.4 Exercise Interpret the above identity in the dual space H~!(Q). .

Having established all these preliminary differentiability properties we con-
clude that solutions of the elliptic equation can be regarded as critical points of the
function f. This variational principle allows us to attack the elliptic problem via
critical point theory.

Before going to the actual application in the next section we first prove a result
concerning the Palais-Smale condition.

7.5 Lemma Letgand (Qbeasaboveandletl <p <oo,forn<2,and1<p<

Z—f%, for n > 3. In addition assume that for some y > 2,

0<vG(x,u) <ug(x,u), for |u|>r>0.

Then, the function f satisfies the Palais-Smale condition on H}(Q}).

Proof. The requirements on p are needed in order for f to be well-defined and
differentiable. Let {u"} be a sequence satisfying

f(u")—=ceR, and f'(u")—0,

as n — co — a Palais-Smale sequence. In terms of the above integrals this reads:

/[1|Vu”|2—G(x,u”))}dx—>c, and
al2
‘/Q{Vu”-qu—g(x,u”)qo}dx)§eanoHH3, e, —0, Yoc HQ).

I 7.6 Exercise Derive the above inequalities from the definitions of f and f'. =



7.2

152 Morse Theory for Elliptic Equations

The first step is to show that a Palais-Smale sequence {u"} is uniformly
bounded in H}(Q), with the bound only depending on c. In the expression
for the derivative we choose ¢ = y~!u". This gives, upon substitution, that

1 2
—eullu gy [ [51V0 = geuw ) dx < el
Combining this inequality with the expression for f(u") we obtain:

1 1
(E — ;> /Q |Vu"|?dx = /Q {G(x,u”) - 'y_lu”g(x,u”)}dx
+ ctenteny Ul < CHaenlu |-

This inequality yields the estimate ||u" || m <C.

Since H} () is a Hilbert space the boundedness of {u"} implies that u"* — u
in H}(Q). Since the embeddings of H}(Q)) into LP™1(Q)) are all Compact, provided
p < Z*%, n > 3, it holds that " — u in LP*!. Consequently, [, G(x,u")dx —
Jo G(x,u)dx. If we combine this with the convergence of f we obtain:

1
5 [V Pax=f) + [ Glxum)d | Gl wd
2/Q| u"|*dx f(u)+Q (xu)x—>c+0 (x,u)dx

which proves that ||u"|| H [|ue]| n1, and convergence of {u"} in H}(Q)), complet-
ing the proof. ]

Having establish the Palais-Smale condition for f allows us now to apply
critical point methods.

Solutions via Morse Theory

Knowing now that our function f is a proper C>-function on H}, which satisfies
also the other conditions of (Hj’f), we can use the Morse relations of Section 6
(Chapter II). We recall

i(Cr 0 f2) = Pi(FE £ + (14 D) Q,

where a < b are regular values of f and

_1 2 A p+1
_E/DW”| 2 Jp" p+1/|”‘ P>l

By studying the geometry of the sets f?, for different values of a, we shall try to
compute the dimension of certain homology groups H,(f?, f*), for certain values
of a < b. Using the Morse relations as mentioned above we can find parts of the
Morse series i;(Cy N ff). By means of Theorem 7.3 (Chapter II) we can obtain
information about the existence of critical points of certain index.
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7.7 Theorem Let D C R"” be a smooth bounded domain. Assume that A < A4,
1<p<ooifn<2and1<p<2Zifn>3. Then f(u) has at least one non-trivial
critical point u € H} (D), w1th

p(u) <1< p*(u).

Proof. From Section 2 we already that f(u) satisfies Hypotheses (H ) Because

A < A1 we can define
w2 = [ [VuP=a [ w2
D D

as an equivalent norm on H} (D). We then have

+1
—flu 1.

— 1 2
Flw) =31l - 2

Using the sobolev-inequality (Lemma 1.2) we obtain the estimate

11
——lullb iy > S lull? -

+1
P> Jull* > 2 >0,

£ =l -

p+1 p+1

provided u € 9B,(0) € H} (D) and r > 0 sufficiently small. Computing f”(0) one
can easily see that 0 is a non-degenerate minimum (thus isolated), with i;({0}) = 1.
For any other critical point u of f(u) one can compute the critical values. We have

+1
=7 p ] P, vuec.

From (3.3) one easily sees that 0 is the only critical point at ‘energy-level” 0. The
levels below 0 (c < 0) are regular values of f, which is clear by (3.3) and the (PS)-
condition. The level ¢ = 0 is also an isolated energy-level, because suppose not,
then there exists a sequence of positive critical values ¢, — 0, critical points {u" }
with f(u") = ¢, and f'(u") = 0. By the (PS)-condition one deduces that u,, — 0in
H} (D), which contradicts the isolatedness of 0.

One can choose € > 0 sufficiently small, such that c = € is a regular value of
f(u). From (3.2) we have that an annulus {u; r1 < ||u|. <72} is not cantained in
f¢, provided € > 0 is small enough. Therefore f€ is not path-connected and f€ has
at least two path-connected components, i.e. a small neighbourhood of 0 (use the
Morse Lemma) and the set {u; ||u||« > R}, R large enough. This yields

dim Ho(f€) > 2

In order to find critical points of f (1) now we consider the pair (£, f¢) = (H{, f€).
Let us consider the exact sequence

— Hy(HL, £6) 25 Ho(f6,0) —% Ho(HL, @) — .
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Clearly dim Hy(H},@) = 1 and dim Hy(f¢,@) = dim Hy(f€) > 2. Using the exact-
ness of the above sequence we deduce that

dim Hy(H}, f€) > 1.

From Theorem ?? we conclude that Crit(f, [a,00)) # . ]

m 7.8 Remark In Theorem 3.1 the existence of a second critical point is given,
with additional information on the Morse-index of the critical point. If one is only
interested in the existence of a second critical point one can also do this using
the Morse relations of Theorem 4.6. One argues as follows. Suppose 0 is the only
critical point of f(u). Clearly f satisfies (Hy) in that case. The Morse relations then
give
I=t+p(t)+ 1 +1)Qs

which cannot be true for any t, therefore yielding a contradiction. So the assertion
that C; = {0} was false and so f must have at least one additional critical point.
The details of this reasoning are left to the reader as an exercise. .

7.9 Theorem Let D C RN be a smooth bounded domain. Assume that A ¢
o(—A),1<p<oif N<2and 1< p< X2 if N > 3. Then f(u) has at least one
non-trivial critical point u € H}(D), with

V(u)é{ e,

where n = m(0).

Proof. From the previous we know that if u € Cy its critical value c is non-negative.
Thus every negative level is therefore regular. In order to prove this theorem we
shall therefore compute the relative homology groups of the pair (H}(D), f~%),
with a > 0. We prove that Hy(H} (D), f~*) = 0 for all k > 0. To do so we proceed
as follows; Let u € 0B1(0) = S, then

t* +1
f(tu) = *—*fZH 172 || ull.

It is clear that £ f(tu) < 0, whenever f (tu) < —a, a > 0. Using the Implicite
Function Theorem (see e.g. 2?HV]) one concludes that there is an unique function
T(u),ie. T € C(5®,R"), such that

f(T(u)u) = —a, YueS™.
Using the Sobolev embeddings and the fact A ¢ o(—A) we obtain;

t2 L
B B _
ftw) = €)= =577,
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where C(A) is nonzero, which implies
|T(u)| >d(A) >0.
We have that B;(0) ¢ f~*, so we define

n(s,u) = {(1 = s)u+sT(— )il 20, f(u) = —a,

1
Hy

u, f(u) < —a.
It is clear that 7 € C([0,1] x H}(D)\Bs(0), H}(D)\B;(0)). One observes now that
f~" is a strong deformation retract of H}(D)\B;(0) and thus
Hy(Hy(D), f~*) = H(Hy (D), Hy (D)\Bs(0)), k.
Furthermore we define ¢(s,u) = Hu\LIl -, UE H{}(D)\Bs(0). Using the map &(s,u)
H

0

one easily proves that
Hy(Hy (D), Ho(D)\Bs(0)) = Hi(B%,S%), VK,
which, using Remark 3.2 (Chapter II), proves our assertion. We have
P/(H}(D),f ) = 0.

Let us continue now with the proof. Whenever A ¢ o(—A), the map f”(0) =
—A — A, seen as bounded map from H} (D) to H~}(D), is invertible. In that case 0
is a non-degenerate critical point with Morse-index m(0) = # negative eigenvalues
of f”’(0) (seen now a unbounded map in L?(D)). From Section 3 (Chapter II) we
repeat

Culf,0) = {IR if ,n =m(0)

0 otherwise.
and thus i¢({0}) = #"(0). For the Morse-index of the set C; N £, this yields

ir(CrN %) =" + p(t),

where p(t) is some positive formal series. From the Morse relations of Theorem
6.7 we have

"0+ p(H) = 1+ 1)Qy,
which indicates that Q; either contains the monomials #m(0) or #10)=1  For that
reason p(t) must contain either (941 or t”(0)=1, This yields;

O 4 O+ 2 (1),
tO) 4 O)=1 7 (8).

it(Cf ﬂfioa) = {

By Theorem 7.3 we then deduce the existence of a non-trivial critical point u €
Cr N f=, with the additional property as stated in this theorem. [
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Multiplicity results for critical points

If one take a closer look at the function f of our example, one observes that the
function is even, i.e.

fu) = f(—u)
Exploring this symmetry property together with the Morse relations we can find
infinitely many solutions of Problem (I).

7.10 Theorem Let D C R" be a smooth bounded domain. Assume that A ¢
o(—A),1<p<owifn<2and1<p<™2ifn>3. Then f(u) has infinitely
many critical points u € H} (D).

Proof. The conditions in order to apply Theorems 6.6 and 6.7 are satisfied by our
previous considerations. For the proof of this theorem we need some refinement
of the Morse relations in that case that f possesses certain symmetry properties.
Denote by G the class of functions satisfying (H}) and in addition possess an
symmetry property. The approximation procedure we carried out in section 6 can
now be performed using approximations having the same symmetry properties.
We obtain
il(Cr N f5G) = P, f%9) + (14 H)Qi(G).
We argue now by contradiction (see Remark 3.2). Assume now that the number
of critical points of f is finite. Again 0 is a non-degenerate critical point and all
other critical points are of course isolated. By the symmetry in the function f we
see that if u € Cy also —u € Cy. For it(Cy — {0}) this yields, using Theorem 7.1;
i(Cr—{0) =2 T oyt
k>0
where the sum is finite. The latter observation can be justified as follows. The
Morse-index of critical points of f is finite. This can be seen by analyzing f” (1)
(see e.g. ??). Nevertheless if critical points would have infinite index, they would
not appear in the Morse series i; and therefore we can restrict ourselves to critical
points with finite index p(u). By Theorem 5.2 (Chapter II) it follows then that the
dimensions of C,(f,u) are finite whenever n € [u(u),*(u)] and the dimensions
are zero if n ¢ [u(u), u*(u)]. This finally yields that the sum in (4.3) consists of
only finitely many terms.
Take a > 0, then

lt(Cf) = lt(Cf ﬂfioa) = tm(O) +2 Zaktk.
k>0

Now we use the Morse relations (4.2) together with (4.4);

O L2 Y at* = P(HY (D), f ) + (1 +1)Qr = (1 +1)Qs,
k>0



7.4

7.4 Functions lacking compactness 157

where Q; is a proper polynomial. Therefore we can evaluate (4.5) at t = 1. We
obtain
1+2M =2N, N,M < oo,

which is a conttradiction unless the number of critical points is infinite. u

Functions lacking compactness

N42 “the (PS)-condition is satisfied. In this section

N-2’
we shall take a closer look at the case p = %

starshaped, Problem (I) does not have a solution except from the trivial one (u = 0)

So far we have seen that if p <
For example, if A =0 and D is

and for this reason f has no critical points different from u = 0 (see Theorem 1.4,
Chapter III). This yields that C; = {0} and i;(Cs) = 1. If the Morse relations of
Chapter II were to hold we would have

1="P(f" ("), a<b<oo (regular), (5.1)

where Q; = 0. Choosing b = co and 4 < 0, we immediately obtain contradiction
because P;(f*, f*) = 0 in that case (choosing different values of 2 and b will also
lead to a contradiction). What is exactly the reason the Morse relations do not
hold? This question can be answered as follows. In the proof of Lemma 4.2 and
4.3 one uses the (PS)-condition in an essential way. If the condition is not satisfied
strange things can happen and the Lemmas 4.2 and 4.3 are no longer valid. This
can be seen by going through the motions of the proofs of these lemmas. To make
this more clear we shall illustrate this by means of the following example.
Consider the function

g(u) = < fuz € C°(R,R). (5.2)
Clearly ¢ = {1/2,—1/2} are the only critical values of f. The value ¢ =0 is
exceptional, because there are sequences of points {u"} such that g(u") — 0,
¢'(u") — 0 and u" — oo. This implies that ¢ can never satisfy (PS) in the strip g%,
witha <b <0or 0 <a <b. One can easily picture what happens if one tries to
deform g% onto g%

Let us consider the following function

Fly =5 [Vl = 52 [ g, 53)

This function does not satisfy the (PS)-condition in the strip f;°, 2 < 0. We have in
fact the following lemma;
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7.11 Proposition Let D C RN be a smooth bounded domain and N > 3. Then
function f, defined in (5.3), satisfies the (PS)-condition in ff if and only if
1 ~
b< =57, 54
< s+ (54)
where S is the largest constant such that
Sllull® ax, < IVullL2- (5.5)
The constant is given by
INCAIN
- -2 = . .
S=N(N )n(r(N)) (5.6)

Lemma 5.1 gives that (PS) is not satisfied in f;°. One can get more precise
statements about the behaviour of f as its ‘energy’ increases. For this we refer to
?? concerning the so-called concertration compactness method. Using Lemma 5.1
one can compute the Poincare-series of the pair (f?, f*) for the function f given in
(5.3).

7.12 Corollary Let D C RN be a smooth bounded domain and N > 3. Then for
the function f, defined in (5.3), we have

0 if,a>0

RS = 1 ifa<0

provided b < %S%

Proof. From Lemma 5.1 we have that f satisfies (PS) in f?, there b < %S%. The
point 0 is a non-degenerate local minimum of f. Let us assume there are more
critical points in f’. Let u be a non-trivial critical point. Then u satisfies the
following Euler equation

—Au=u~3, in HY(D) (5.7)

and
/D|W|2 = /Dyu|%, (7.4.1)
/D’V”|2_Nz_z\12 [ Ju#s = c<%5% (7.42)

combining (5.5) and (5.7) we obtain

/ (Vul? > 5% (5.10)
D
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Substituting (5.8) into (5.9) we get

c= [1vuP - S [l =5 [ vup > st

using (5.10), which leads to a contradiction. Therefore 0 is the only critical point in
fb. Thus it(CrN f2) =1, whena < 0and i (Cy N ff) =0, when a > 0. Using the
Morse relations we conclude the proof. ]

Now we perturb the above problem slightly, i.e. we consider the function;

f(u)—E/DWu] X +W/D|u|N2‘ (5.11)

As before f satisfies the (PS)-condition beneath some fixed energy-level. We
have the following lemma;

7.13 Lemma (2?) Let D C RN be a smooth bounded domain and N > 3. Then
function f, defined in (5.11), satisfies the (PS)-condition in f¢ if and only if

L
N

oz

b Sz,

Proof. The prove of this lemma is similar to the proof of Lemma 5.1. Because the
pertubation A [, u? has compact derivative (compactness of the embedding of
H} (D) into L?(D)), the critical energy-level is the same as in Lemma 5.1. ]

Using the Morse relations again we shall prove existence of critical points of f.

7.14 Theorem Let D C RN be a smooth bounded domain and let N > 4. If
furthermore 0 < A < Ay (first eigenvalue of —A), f has at least one non-trivial
(positive) critical point and consequently a solution (weak) to equation (0.1)
with p = % If the above condition A is not satisfied there are no (positive)

critical points and no solutions to (0.1).

Proof. From Lemma 5.3 we have that f satisfies (PS) in the strip f’ when b < &S 2,
In order to prove the existence of critical points we argue by contradiction. Suppose
f has no critical points besides 0 in ¢, ¢ = %S% Clearly then c — 4, 6 > 0 small, is
a regular value of f. We shall apply the Morse relations now in the strip f¢=¢, for
suitably choosen a,6 > 0. From the proof of Theorem 3.1 (Chapter III) we already
know that dim H(g f%) > 2, provided a > 0 is sufficiently small. Next we want to be
able to choose a 6 > 0 such that ¢ contains a path connecting 0 and an arbitrary
point ug € f?, with the additional property that f (1) < 0. In order to realize the

latter one needs to make some technical estimates.
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Consider the following function

Pe(x)
Ve(x) = W, (5.12)

where ¢.(x) € C5°(D) is a smooth cutt-off function. Let us now study f on the
half-line {tve(x)}+>0. We then have

fo =5 [1vor-te [ @ - N2 [ pgds 1)

The strategy now is to choose € such that max f(tv,) < %S%. It is clear that one
can restrict ¢ to the interval [0,¢*] if t* is sufficiently large, i.e. one chooses t* so
that f(+*ve) < 0 (see proof Theorem 3.1). Striaghtforward computation shows that

max f(tve) = </ Vel - A/ ) (5.14)

te[0,+] (/ \v€|N 2) Nt
D

Estimating (5.14) one obtains (see ?? for details);

max f(tve) =

N
37 (S—ACe24+0(eN72)) 2 for, N>5
te[0,¥]

% (S — ACelog(le]) + O(ez))% forN = 4.

Clearly if A > 0 and € > 0 (sufficiently small) we see that

\ z

trer[lggg]f (tve) < N z, (5.15)
From (5.15) one deduces that if € > 0 is small one can pick a 6 > 0 small so that the
line-segment {tve }c(o++), which connects 0 and #*ve, is contained in foo.

We conclude the proof by showing that H;(f°~, f*) is nontrivial. Because
dim Hy(f*) > 2, Ho(f") has at least two generators, say [0] and [tv] (see e.g. ??).
Consider the map

io: Ho(f") — Ho(f*™),

induceded by the natural embedding f* < f¢~%. From the previous it follows
that in the set ¢ the elements 0 and tve can be connected by a path, thus
io([0] — [tve]) = 0. Using the exactness of the sequence

— H (7, ) 25 Ho(f%) =% Ho (%) —,

it follows that [0] — [tv.] € Im(8;). This yields Hy (¢, f*) # 0. For the Poincare-
polynomial (because ¢ — 6 < %Sg in the strip S, (PS) is satisfied together with
the other hypotheses of (H}) and therefore we know from the previous that
Pi(f%, f7) is finite) this gives

P(fe0, ) =t + p(b).
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By assumption the Morse-polynomial is
i(CrNfi ) =1.
From the Morse relations we then obtain
T=t+p(t)+(1+1)Q, Q=0

This is clearly a contradiction there ¢ does not appear in the left hand side and the
t in right hand side is inadmissible. We conclude therefore that there is at least one
non-trivial critical point u of f in the strip f¢~°. This completes the proof. ]






8.1

In the previous chapter we studied the existence of periodic solutions in conserva-

tive ordinary differential equations. The variational structure made it possible to
formulate a finite dimensional reduction of the problem for which the Brouwer
degree can be utilized. In this chapter we will again consider a class of variational
problems for which a mixture of variational techniques and the Leray-Schauder
degree can be used.

Elliptic Systems

We study the existence of non-trivial solutions for a class of variational prob-
lems where a first problem is to find the appropriate functional analytic setting.
Consider the following system of two coupled semilinear Poisson equations:

—Av=Au—+ u?;

—Au = v+ v, ®LD)

with the Dirichlet boundary conditions u = v = 0 on dD. Here D is a bounded
domain in R with a smooth boundary, and A is the Laplace operator. We use the
convention u? := |u|P~1u and v7 := |v|910. Problem allows for a variational
formulation, i.e. solutions arise as critical points of the Lagrangian

](u):/DVqu dx—/DF(u)dx—/DG(v)dx, (8.1.2)

where u = (1,v) and the functions F(u) = %|u|? + ﬁ|u|"’+1 and G(v) = §|v|* +
q% |v]|7+1 are the primitives of of the right hand sides in (8.1.1). The objective of
this paper is to establish a natural functional analytic frame work for the study of
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J, and to obtain existence results for critical points of | by means of the topological
min-max approach due to Benci and Rabinowitz, cf. [6]

8.1 Exercise Show, using a formal calculation, that the Euler-Lagrange equa-
tions of | in (8.1.2) yield the elliptic system in (8.1.1). (Hint: Assume that |
is defined for sufficiently smooth functions # and v and use perturbations in

C®(D).) -

The quadratic part of J, is strongly indefinite. Indeed, if we replace (u,v) by
(u,—v), this results in a sign change of A, so that u = (1,v) = (0,0) is a saddle
point for A having an infinite Morse index: any decomposition of the u-space into
two subspaces H; and H; such that A restricted to H; has a minimum in (0,0),
and A restricted to Hy has a maximum in (0,0), will necessarily imply that both
Hj are infinite dimensional.

To get some feeling for the subtleties involved we first consider the case that
p =4, A =y and u = v, when Problem (8.1.1) reduces to the well known Dirichlet
problem for the semilinear Poisson equation,

—Au=Au+u’, u=0onaD.

For 1 < p < 2 4 (positive) solution is obtained from a mountain pass argument[3]
p n—2 P p 2]

applied to the associated Lagrangian. The variable function u is taken in the
Sobolev space H} (D). This space embeds compactly into LP™1 (D) if p satisfies 1 <
p < ™2 ie. if p is subcritical. On the other hand, if p > *2, the Pohozaev identit
excludes the existence of positive (classical) solutions when D is starshaped.[27]
For Problem we ask the same questions. At first glance, it seems natural
to look for a critical point of J(u), varying both u and v over H}(D). For J(u)
to be well defined one is then however forced to assume that 1 < p < Z—f% and
1 < g < ™2 This is to restrictive and therefore not the right approach, because the
natural assumption on p and g is
1 . 1 S - 2
p+1 g+1

This is in agreement with a generalization of the Pohozaev identity which shows

, pg>1, n>2 (8.1.3)

that positive classical solutions on star shaped domains can only exist if (8.1.3)
holds. For solutions of Problem (8.1.1) this generalized Pohozaev identity reads

() ey~ 0-2-) [

ou v
/\/u2 /vzzf ——(x,v),
er [l [ of = § S5
1Solutions satisfy the identity

du |2 B 2 n n—2 pl
.7&)‘5‘ (x,v)fA/Dw dx+<p+1 ) >'/D|u\ dx,

called the Pohozaev identity.
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where v is the outward unit normal on dD. We note that this identity follows
from a variant of Noether’s first theorem.[?,131} [15] By choosing a = # it follows
that the existence of a positive solution pair, combined with the boundary point
lemma,[28] implies that must hold.

We must find the appropriate functional analytic setting in order to accommo-
date the hyperbola of critical exponents. With the right functional analytic setting
we can use appropriate variational techniques to obtain solutions to (8.1.1). The
main result of this chapter is:

8.2 Theorem Assme p and g satisfy Condition and A > 0and p > 0 satisfy
A < A%, where A is the first eigenvalue of —A with zero boundary conditions.
Then, the elliptic system in has a non-trivial (classical) solution (u,v) with
positive components.

The remainder of this chapter is devoted to proving Theorem([8.2Jand explaining
the most important tools needed in the proof.

The functional analytic frame work.

In this section we discuss appropriate function spaces such that the functional J(u)
well-defined and sufficiently smooth on these spaces.

Function spaces

Consider the strictly positive selfadjoint operator —A with domain H?(D) N
H}(D) C L*(D). For simplicity we use the Fourier coefficients of u and v
with respect to a fixed orthonormal basis of L?(D), consisting of eigenfunctions
¢1,¢2,¢3,... of =A, ¢1 > 0, corresponding to positive eigenvalues 0 < A1 < Ay <
A3 < ... 1T oo, counted with multiplicity. Throughout this paper these eigen-
functions are normalized in L*(D): [, ¢i¢; = 6jj, and L*(D) = {u = Y32 &ix :
Y o1 ¢2 < oo}, with inner product (1,0)2 = [,uv = Y32, Eijk. The operators
(—A)"/? are defined by

(—A)?u = i?»,i/ i (8.2.4)
k=1
with domain
D((-)"%) =@/ (D) = (¥ &v < (D) gk <o, 625
if r > 0. We note that @ (D) = H}(D) = H"(D) for 0 < r < 1/2, ®%(D) =

H(%Z(D)' cf.[20], ®" (D) = H}(D) for 1/2 < r <1, and that ®" (D) = H"(D) N
H(l)(D) for 1 <r <2. If r <0 the domain is equal to the whole of L?*(D), and
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extends in a natural way to a larger space which we shall define for =2 <r < 0in
a moment.
For r > 0 the space ©"(D) is a Hilbert space with inner product

((u,0))er = (1,0)12 + ((=8)"2u, (=8)"?0) 2.

The corresponding norm is the graph norm of the operator (—A)"/2. We can
identify ©" (D) with the space

@ ={¢=(C1,5--): i/\lrc@% < oo},
k=1

which is a Hilbert space with inner product (,7), = Y31 A[Ckik. If ¥ = 0 this is
just the standard separable Hilbert space /2. The standard way to define @ " (D),
r > 0, is as a representation of the dual space ®"(D)’. Since ®" (D) can be identified
with @”, ©®" (D)’ can be identified with the dual of ", which is represented as @ "
setting

&)=Y G Cea, nea .
=1

In this way the space ©" (D)’ is isomorphic to
®@~"(D) ={)_Zxdx € (H*(D) N Hy(D))": } A" < oo}
k=1 k=1

Since u and v in @ are represented by ¢ and 7 in @" we obtain: ((u,v))er =
(&,1)o0 + (&,1)r. We shall write

(,0)er = ((=B)"2u, (=A)"%0)12p) = (& 1), (8.2.6)

and clearly this defines an equivalent inner product on ®". In fact we have,
denoting the norms corresponding to (1.10) by ||u||er = ||, that

lulliz(py = €1l = &lo < AT72181r = AT luller, (8.2.7)

which can be viewed as a generalized Poincaré inequality. Observe that (—A)* :
@' (D) — ® (D) is an isomorphism.

The quadratic form

The motivation to introduce above spaces is to extend the quadratic form
Jp VuVo dx to functions u and v with different regularity properties. Since

(o]

Aw) = [ VuVodx= Y Mdene = LA G
k=1 k=1

we have

© 1 X 1
| [ Vuvodx| < (Y Me {1 A = lulerloler -
k=1 k=1
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By defining the product Hilbert spaces E"(D) = @"(D) x @* (D) for 0 < r <
2, the quadratic form A extends uniquely to E’(D) for all r. Observe that —A
is an isometric map from the first (second) component of E"(D) onto the dual
of the second (first) component. The selfadjoint operator defined by —Agu =
(=Av,—Au), with u = (u,v) € E'(D), is an isometry and there exists a unique
selfadjoint isometry L: E"(D) — E"(D), such that 1(—Agsu,u) = (Lu,u)p, for
u = (u,v) € E"(D). The operator L can be expressed in terms of fractional powers
of —A:

L= < (_AO)” (_AO)“ ) (8.2.8)

| 8.3 Exercise Derive the expression for L in (8.2.8) and show that L is an isome-
try. ]

We now continue with the properties of the isometry L. Note that
Lu® = L(u,£(—A)""u) = (£u,(—A) " u) = +u®,
are the mutually orthogonal eigenspaces of the eigenvalues 1 and —1 of L. Or-

thonormal bases consisting of eigenvectors of E* are given by

1 _r r_
{ﬁ()\kchk,i)\,ﬁ 14>k):k:1,2,...},

and
E'(D)=E"®E ={u=u"+u,u* € E*}.

This yields the decomposition A(u) = A(u™) + A(u™), whereas
+ v Ly
Au™) —A(u”) = EH“HE’(D)'

The derivative of A(u) defines a bilinear form B(u,p) = A'(u)p with A(u) =
3B(u,u) and B(u™,u~) = 0. As a matter of fact A is infinitely many times continu-
ously differentiable on E"(D) for all r.

The functional | is well-defined

Next we examine for which values of r the nonlinearities in (8.1.1) are well-defined
and sufficiently differentiable on E"(D).

From interpolation theory[20] it follows that the injection ®" (D) — H"(D) is
continuous. By the Sobolev embeddings,

@ (D) — H'(D) —» LP(D), if 1<p<

5, < (1.29)
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is bounded for 0 < r < 2n. The second injection is compact if 1 < p < -ZL. If
2r > n, these statements hold for any 1 < p < co. Also ®"1(D) — ©"2(D) is compact
if 1 > rp (for the corresponding spaces @” this can be proved directly). As an

immediate consequence we have that for n > 2rand n >4 — 2r,
E'(D) — LPTY(D) x L1Y(D), (8.2.9)

is a continuous embedding whenever

2n 2n
_ 1< 1<,
codsgt s e

This embedding is compact if both inequalities bounding p and g from above are
strict. If r > 2n, there is no restriction on p, and if n < 4 — 2r, there is no restriction
on q.

The non-quadratic term in | is given by

1 1
- p+1 - 9+1y4
bo(u) 1/ |u|P ™ dx 4+ . 1/ || X,

with p, g satisfying (8.1.3). The latter ensures that for every p and g there exists an
r € (0,2) such that b is well-defined on E"(D). The first and second derivatives are
given by

b6(u)pz/}3u”¢dx+/[)vqlpdx;
(65 (wp,a) =p [ Il pdx+q [ ol g

The above derivatives exist for appropriate choice of r and are continuous which
implies that | is a C>-functional on E"(D). The functional We restrict to this
range of r € (0,2) because we need the compactness of the embedding E" (D) —
L2(D) x L2(D).

I 8.4 Exercise Prove the expressions for b’ and b”. .

Compactness and Geometry

In order to find solutions of the elliptic system given in we employ the
variational structure, i.e. we establish solutions are critical points of J. In this
section we use an characterization of critical values and a deformation argument
to find critical values. Crucial in all the arguments is compactness. A critical
compactness condition the ensures that the set critical points is locally compact
is called the Palais-Smale condition which can be satisfied for | provided the
appropriate growth conditions of b. In this section we restrict ourselves to the case
A=u=0.
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The Palais-Smale condition
We have to show that every sequence {u, } in E"(D) satisfying

J(u,) isbounded in E'(D), J'(u,) —0, as n— oo,

has a convergent subsequence. The key point here is to prove that such a sequence
is necessarily bounded in E"(D). For then the compactness of b’ implies, since
J'(uy,) converges in (E"(D))’, that a subsequence of A’(u,) also converges. Since
L is an isometry we also have that Lu, and u, converge in E"(D).

To prove that u, is bounded we proceed as follows. For some M > 0 and
arbitrarily small €, > 0 we have, omitting the subscripts,

1
M +ellul|prpy > J(u) — §<]/<“)r“>

1 1 1 1
> (2 - - p+1 - - / q+1 .
> (3 p+1)/[)|u| dx+<2 E]+1> D\v[ dx

Hence,

1 1
Jull P55 + 10155 < C +elfullr. (8.3.10)

For u* = (u*,v*), we also have
o — el e < [(Luu) e — (7 (w),u)

= [(t/(u),u™)| = ‘/l)upuidx+/quvidx‘
< utllea e psr + N0l g 10 [
< Ll + ol o

Dividing the first and the last expression by |[u®||gr we obtain

[uf |l —e < JJullf, .\ + o]l (8.3.11)

g+l

Combining (8.3.10) and (8.3.11) for u = u* + u~, we obtain
_P_ 9
Juller < C{1+{C+elluller} 77 +{C+elullp} o},

which keeps ||u||gr away from infinity. This implies that the Palais-Smale condition
is satisfied, and thereby concludes the proof of the theorem.

An important consequence of the Palais-Smale condition are lower bounds on
V] with respect to intervals of regular values.

8.5 Lemma Let —co < a < b < co and let [4,]] be an interval of regular values
of . Then, |V](u)|gr(py =6 >0, for all u € E"(D) that satisfy a < J(u) < b.
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Figure 8.1: The linking sets S and 9Q.

Proof. Suppose not, then there exists a sequenceu” € J; = {u € E"(D) : a < ]J(u) <
b}, such that J'(u") — 0. By assumption J(u") is bounded. Since the Palais-Smale
condition holds there exists a subsequence u"** — u and u is a critical point with
¢ = J(u) € [a,b], which contradicts the fact that [a,]] is an interval of regular values.
Therefore there exists a & > 0 such that || V](u)||gr(py > 0 >0 forallu € JL. n

8.6 Lemma Let c € R be a regular value of |. Then there exists an € > 0 such
that [c — €,c + €] is an interval of regular values.

Proof. Suppose such an € > 0 does not exist, then there exists a sequence u” € E"(D)
such that J(u") — c and J'(u") = 0. Since ] satisfies the Palais-Smale condition
there exists a subsequence u"* — u and u is a critical point with ¢ = J(u) which
contradicts the fact that c is a regular value. Therefore, there exists an € > 0 such
that [c — €,c + €] is an interval of regular values. ]

Linking sets
In order to find a critical point we define a value ¢ which is a critical value for
J. The idea of this method is find set S and Q in E"(D) which satisfy an infinite
dimensional linking condition. The sets S and Q have to be chosen such S and Q
‘link” and and there exists numbers a > w such that J|s > a and J|50 < w. We use
the sets S and Q to define a critical value. This type of method is called a minimax
method and the procedure we describe here is an adaptation of a general theorem
due to Benci and Rabinowitz.[6]

Let p, s1 > p and s, be positive numbers to be specified later on, and let
e™ be the first vectors in the basis of E*. We set [0,s;e"] = {set; 0<s<s},
H =span [e"] ® E~,and

Q=1[0,s1e"]® (B;,NE"), S=0B,NE",

where Br denotes an open ball with radius R centered at the origin, see Figure
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8.7 Lemma There exist p > 0 and & > 0 such that J|s > a.

Proof. On ET the quadratic part A(u) of ] reduces to (1/2)|ul|%, so that A has a
strict local minimum on E™ atu™ = 0. For | we have, using the Sobolev inequalities
for @ (D), that

1 1
+\ — 2 +|p+1 _ +19+1
Jt) = /2 ullt g [t g [ et

+1 +1
> 5 llu® | — Cllu* [l — Cllu™|IE ™,

N —

Thus we can fix p > 0 and a > 0 such that J(u) >« >0on S. n

In the next estimate we choose w = 0.

8.8 Lemma Let p > 0. There exist s; > p and s, such that J|5o < 0.

Proof. Next we show that for suitable choices of s; and s, the function J(u) is
nonpositive on 0Q. Note that the boundary 9Q of the cylinder Q is taken in
the space H, and consists of three parts, namely the bottom Q N {s = 0}, the lid
QN {s =s1}, and the 'lateral’ boundary [0,s1e"] & (9B;, N E™). Clearly J(u) <0
on the bottom because A(u) <0in E~ and functional by(u) is nonnegative. For the
remaining two parts of the boundary we first observe that, foru =u~ +se* € H,

_ 1 1, _ _
J(u +se+):§sz—§||u I3 (py — bo(u™ +se™). (8.3.12)

Then, for y =min{p+ 1,9+ 1} > 2,
bo(u™ +set) > B1/ lu~ +set|” — By|D|,
D
where By, B, are constants. Thus, writing u™ = te™ + u, , where ¢ is a real number,
and u, € E™ is perpendicular to e” in E"(D), u, is also perpendicular to e~ and
et in L? x L?, and conclude
bo(u™ +se™) > Bl/ uy +te” +se*|7 — By|D|
D
v/2
> B3 / luy +te” +se+|2> — By
2 7/2
= </|u2|+/|te +se™ — By
’7/
B_o,(/ |te” +se™ — By

233(5 sin X/ |e+| —B4:B557—B4.

v
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Here y is the (positive) angle between e™ and e~ with respect to the inner product
in L2 x L2, see Exercise 2 in Sect.
For | this yields

_ 1 1,
J(u™ +set) < 552 — Bss" + By — EHu 1% (D) (8.3.13)
Now choose s1,5; such that

1
P(s) = E52 — BssT"+ B4 <0 Vs>s, s% > 2m>ag(1p(s),
s>

to make ] negative on the lid and on the lateral boundary respectively. m

Existence of critical points.

In this section we shall prove that | has a critical point u = (1,v) € E"(D), with
r € (0,2) appropriately chosen.

Deformation of S and Q

In the usual setting of linking theory the sets S and dQ link in the following sense.
Let ® be the set of mappings ¢: E"(D) — E"(D) of the form ¢(u) = u — k(u), with
k compact. The sets S and 0Q are then said to link if for all ¢ € ® with ¢|50 =1Id
we have 0Q NS = @ and

QNS #O.
I 8.9 Exercise Show that with the choice of p, 51 and s, the sets S and 9dQ link. =

If we alter the notion of linking slightly by choosing a different set of map-
pings ® we can still have a meaningful notion of linking. Therefore consider the
normalized gradient flow:

u=—-w(u)V/(u) = —w(u)[Lu+ Vb(u)], (8.4.14)

where Vb is the gradient of b with respect to || - ||gr. For w we choose w(u) =
14 ||V](u)||er]~! which satisfies 0 < w(u) < 1. This make the right hand side
of (8:4.14) a C! bounded vector field on E’(D) and the initial value problem in
(8.4.14) defines a global flow ¢: R x E"(D) — E"(D).
If we use the canonical splitting E"(D) = E~ @ E* the equations become

u =w(uu —w(u)P"Vb(u);

ut = —w(u)ut — w(u)PTVb(u),
where P* are the orthogonal projections onto E*. The variation of constants
formula yields the representation:

p(t,u) = EWa 4 e Wyt _k(t,u), (8.4.15)
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= Figure 8.2: The sets S and ¢(t,Q) intersect
=" a y Q) for all deformations.

where 0(t,u) fo w(¢(s,u))ds and

k(t,u) = /t{ee(tu) W (g(s u))P_Vb(q)(s,u))}ds
+/ 6(t11)+6( su)w(go(s,u))P+Vb((p(s,u))}ds.

Via this representation of ¢ we can derive various properties.

8.10 Lemma The continuous mapping k: R x E"(D) — E"(D) is compact.

Proof. Under construction. ]

The choice of the sets Q and S above implies the follow non-intersection
property:

8.11 Lemma Let Q and S be given by Lemmas[8.7/and[8.8] Then, ¢(t,0Q) N S =
@, forall t > 0.

Proof. The functional | is a Lyapunov function for ¢, ie. J(¢(tu)) =
—w(@(t,u))||V](e(t,u)) Hz,(D) < 0. This implies, since |30 < 0, that ¢(t,0Q) <0,
for t > 0. On the other hand J|s > 0, which implies ¢(t,0Q) NS =@, forallt >0.m

The compactness of the operator k yields the following intersection property,
see Fig.[8.2}

8.12Lemma Let Qand S be given by Lemmas[8.7jand[8.8] Then, ¢(t,Q) NS # @,
forallt > 0.

Proof. The condition ¢(t,Q) NS # @, for all t > 0, is equivalent to the existence of
u=u" +se’” € Qwith ¢(t,u) € S. We need to solve the equations

P o(t,u) =0, |@(tu)llgp) =p, Vt>0.
From the variation of constants formula in (8.4.15) we derive

u” = MW pop(fuT 4 set).
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In the coordinates v = (u~,s) € E~ x R we have the following equation

u” |\ [ e WP k(tum +set) ) [0
s s+p— llo(tu)le o) 0 )’

which is of the form v — K;(v) =0 on E"(D)  x R and where K;: E- x R —
E~ x R is compact for all t € R. The domain of definition is QO = {v = (u~,s) €
E-xR:u +set €Q}=(By,(0)NE") x[0,5].

I 8.13 Exercise Show that K;: E- X R — E~ x R is compact for all t € R. ]

Lemmaimplies that ¢(t,0Q) NS =@ for all t > 0, and thus the equation
v — K¢(v) = 0 has no solutions v € dQ), for all t > 0. Therefore the Leray-Schauder
degree is well-defined for ¢ > 0 and the homotopy invariance of the Leray-Schauder
degree implies that deg, ;(Id — K;,,0) = deg; ;(Id — Ko,,0), where Ky(v) =
(05+p — |[u™+se* o) = (05 +p = /Il [ ) +52)-

Next we compute the degree deg, ;(Id — Ky,(2,0). Consider the homotopy
Id — L, where L{(v) = (0,5 +po— \/TZHu* ||2r(D) + 52>, which is a compact per-
turbation of Id for all T € [0,1].

I 8.14 Exercise Prove the above statement. "

Since the equation v — L+(v) = 0 is equivalent tou™ =0 and s = p for all 7, it
follows that there are no solutions v € d() because we chose s; > p. Consequently
Id — L. is a legitimate homotopy and deg; ; (Id — Ko, ,0) = deg; s (Id — L1,0,0) =
deg; ¢ (Id — Lo, ,0), and deg; ;(Id — Ly, ,0) = deg, s(Id, 0, p) = 1.

We now conclude that deg; ;(Id — K;,0,0) = 1 and therefore v — K;(v) = 0 has
a solution for all t > 0, which is equivalent to ¢(t,Q) NS # @, for all t > 0. ]

Minimax values

Following Benci and Rabinowitz[6] ?] we now a value c for | which is based on
the choices of S and Q. Define

¢ =infsup J(¢(t,u)). (8.4.16)
t20ueqQ

8.15 Lemma The value ¢ defined in (8.4.16)) is a critical value for | and ¢ > 0.

Proof. The set Q is bounded in E"(D) and by (8.3.13) we derive that supy, .o J(u) <
co. Furthermore, since ¢ is gradient-like, i.e. | is a Lyapunov function for ¢, we

obtain that supueQ](qo(t,u)) < supycg/(u) <oo. By lemmainfuesj(u) >u >
0 and since ¢(t,Q) NS # @ for all t > 0, we conclude that

oo > sup J (¢(t,u)) > inf J(u) > a > 0.
ueQ uecs
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Now argue by contradiction and assume that c, as defined in (8.4.16), is a regu-
lar value. By Lemmathere exists an € > 0 such that [c — €,c + €] is an interval of
regular values. By Lemmathere exists a 6 > 0 such that || V](u)||g(p)y > > 0.
Consequently,

. Vet e &
e N4 [(O) | T e

which implies the estimate [ (¢(t,u)) < J(u) — &'t t > 0.
By definition of ¢ we can choose f such that supy. J(¢(to,u)) < c+e. For
t; = 2¢/6" we have

](Qo(to + tl,u)) = ](@(tl, qo(tOIu)))
< J(¢(to,u)) — i <ct+e—dt <c—e.

In particular, if u € Q the value of | can drop below ¢ — € under the deformation
of ¢. This implies that ¢ < ¢ — €, which is a contradiction.

By definition 0 < & < supy.,J(@(t,u)) < oo, which proves that ¢ =
inf>osupycqJ(@(tu)) >a>0. =

The conclusion of this subsection is that | has critical values and therefore
critical points.

8.16 Proposition Under Condition (8.1.3) for p and g and A = y = 0. Then | has
a non-trivial critical point u € E’(D).

Proof. It remains to show that the critical point established above are non-trivial,
i.e. u # 0. Note that J(0) = 0. However, [(u) = ¢ > 0, and therefore

1
0<c=(u) 5 (/' (w),u)
1 1 1 1
— (- _ - p+1 - - q+1
<2 p+1>/p|”‘ ax+ (2 q+1)/p|v| ax.
which proves that the critical points found above are non-trivial. n

Weak solutions

In this subsection we explain how critical points yield weak solutions to (8.1.1).

8.17 Proposition Under Condition (8.1.3) for p and g and A = y = 0. Then a
critical point u = (1,v) of | is a solution of the Euler-Lagrange equations

—Av=uP in @7 (D), —Au=79v" in @ 2(D),
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which can be regarded as the appropriate weak formulation of (8.1.1). Moreover,
both u # 0 and v # 0.

Proof. Let u be such a critical point. Then, for all p = (¢,¢) € E"(D),

B(u,p) = (Lu,p)rr = /Du”gbdx—i—/qulpdx,

so that, substituting ¢ =0, for all ¢ € ©"(D),
[ wgix=((~D) o p)er =
D

((=8)2(=8)""0,(=8) %) 12 = (~ b, ¢).

Thus —Av = u? in ® (D), and likewise, —Au = v7 in @ ~2(D).
From Proposition we have that at least u # 0, or v # 0. If, say u = 0, then
0= —Au =97 #0, a contraction. m

Positive solutions

The consideration in the subsection above yield non-trivial weak solutions to
(8.1.7). In order to prove Theorem [8.2 we need to select critical points u of | for
which u(x) > 0 and v(x) > 0 for x € Q). In order to find such critical points we
redefine f and g to be zero on (—o0,0], i.e.

flu) = ()", g(o) = (v4)",

where the subscript refers to taking the positive part, and is not be confused with
the superscripts referring to elements in E*. Applying Proposition|[8.17|combined
with the positivity properties of (—A)~!, the components u and v of any critical
point have to be nonnegative. Thus it suffices to adapt the arguments above and
in particular the construction of the set Q.

As before we take s; = s5. This immediately implies that the quadratic part of
J(u) is nonpositive not only on the bottom, but also on the lateral boundary of
Q = Q;. Hence the same holds for J(u) because b(u) is nonnegative.

It remains to establish the nonpositivity of | on the lid of Qs, which is the disk
Ds = {(se™,u”) :||u"||gr <s}, and as before this will be done by estimating b from
below on D;. We have the estimate

F(u) > C(u¥ —1), G(v) >C(v] —1),
. _ . 1
with ¢ = mm{ﬁ,
6 > 0, such that

qlﬁ} > 2. Fixing s = 1 we claim that there exists a constant

/ (ul +97)>6 VYu=(u,v)€Ds. (8.4.17)
D
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Assuming for the moment, we conclude, using homogeneity, that b(u) >
ds” — C on D;. Combining with (8.3.12), ] must be negative on D; if s is large
because 7 > 2. Thus the proof is complete if we prove (8.4.17).

Every u in Dj is of the form u =e™ + te™ + u, , with t real and u, € E~
perpendicular in E"(D) to e, as well as in L? x L%. Note that e~ has one positive
and one negative component, and that the components of u, both change sign
(unless they are identical to zero), because they are perpendicular in L2(D) to
¢1. This implies that the integral in is always positive. Moreover, 7 is
subcritical, so the integral is easily seen to be continuous with respect to the weak
topology in E’(D), and D; is weakly compact. Hence the existence of a 6 > 0 such

that (8.4.17) holds follows.

Regularity of solutions

In this section we prove that critical points of | are classical solutions of Problem
(8.1.1), cf.[32] We establish the main regularity statement for general non-linearities
f and g which asymptotically grow like u” and v respectively, and with p,q

satisfying
1 1 n—2
> , pg>1, n>2. 8.5.18
P+l giic pa= (8.5.18)

8.18 Proposition Suppose the functions f and g be as described above and
let 0 < r < 2 be such that (8.5.18) holds. Then every critical point of | has the
property that u,v € L*(D) forall 1 < a < oo.

Proof. We assume that n > 2. Because of (h3) we can rewrite the conclusion of

Proposition [8.17]

—Av=a(x)u in ®7(D), —Au="b(x)v in @ %(D), (8.5.19)
here (u() (v(x))
u(x v(x
a(x) = fu(x) , b(x) = gvT'
By (8.5.18) a(x) € L7 and b(x) € L (D). Now let € > 0, then there exists[32]
1

p+
-1

functions g € L¥1(D), and f. € L*(D), such that
a(x)u(x) =ge(x)u(x) + fe(x), ae.in D, H%HL”—*% < €.
=
Inserting the latter into (8.5.19) we obtain

—Av =ge(x)u+ fe(x) in @(D), —Au=b(x)v in @ (D).



178 Strongly Indefinite Elliptic Systems

We denote the multiplication operators u(x) — b(x)u(x) and u(x) — ge(x)u(x)
by B and QF¢. Then, inverting the Laplacians in and eliminating v yields

u=(=A)"1B(—N)"1QuU+ (—A)B(-A) .,
or, equivalently, (Id — K¢)u = he, where
Ke=(=A)""B(=A)'Q%, he=(=A)"'B(-A)"fe. (8.5.20)

Thus the proof will be complete if we show for all large & < co that /i is in L%, and
that the operator Id — K¢ : L* — L* is invertible. The latter will be achieved by a
bound of order € on the operator norm of K¢.

We observe that, as a consequence of the Hardy-Littlewood-Sobolev inequality,
the operator (—A) ! is bounded from L* to L*? with

1 1 2
—=———, I<a<ap<oo.
6y w1 n

Also, because of Holder’s inequality, the multiplication operator C corresponding
to a function c(x) € L7 is bounded from LP! to LF> with

1 1 1
—=—+4—, 1<5s,61,B < oo, 8.5.21
B B o B, B2 (8.5.21)
and its operator norm is equal to ||c||;-. Note that s and B; have to be sufficiently
large in order to keep B, larger then one, which is needed, because in (8.5.20) each
multiplication operator is succeeded by (—A)~!. Combining these two results we
find that K€ is bounded from L* to LP with
1 1 -1 2 -1 2 1 -2 1 1
r_L P =1 _ L +2[” _ _ },
n p+1 gqg+1

B a p+l n g+1 n «w

and that, denoting the two constants appearing in the two Hardy-Littlewood-
Sobolev inequalities we apply by Cq,Cy,

K ullps < Collbll a1 Collge () o [luef] e
L1 Lo
< Ci[[b]l g1 Coellul] o
L1

Here we have to be careful, because we use Equation (8.5.21)) two times, first with

f1=waand o= Z—ﬂ for the operator Q¢, and then for the operator B with
1 1 p—-1 2 g+1
—=—-—+4+"————and s=——.
pr a« p+1 N g—1

Thus we have to choose a so large that 1 + Z—j& <1, and

1, p—1 2 g-1 1+2n—1_ 11
x p+1 n g+1 « n p+1 g+1

| <1
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This is possible because p and ¢ are (sub)critical in the sense of (8.1.3). It follows
that § > a, and that § = a if n > 2 and p and q are critical. In the latter case the
arguments above are valid for all p +1 < & < co. Moreover, because of (3.12), the
norm of K¢ can be made arbitrarily small by choosing € small, so that Id — K¢ :
L* — L* is invertible for all large a < co. Along the same lines one has k. in every
L* with 1 < a < co. Thus we conclude from (Id — K¢)u = h, that u € L* for all
1 < a < co. For v the argument is similar. ]

= 8.19 Remark Note that it is only at this stage that we know that both 1 and v
satisfy the boundary conditions in the sense that u,v € H} (D). .

8.20 Corollary Critical points of | are classical solutions of Problem (8.1.1) and
in Theorem 8.2 "nonnegative" can be replaced by "strictly positive".

Proof. This is now standard. One has the LP-estimates for the second derivatives
due to Agmon, Douglis & Nirenberg][1], so that Sobolev embeddings and Schauder
estimates[12] finish the proof. [

Combining Proposition and Corollary completes the proof of Theorem
B.2in the case A = u = 0.

Nonlinear Eigenvalues problems

In this section we complete the proof of Theorem [8.2)by considering A # and y # 0.
The quadratic part of | is now given by

1 A
A* (u) = E(L*“,“)E'(D) = Avuvv - E/Du2 B g/sz,

L:<—A<—A>‘r (=8~ )
IR G e i

where now

is bounded and selfadjoint. Unlike L, L, is not an isometry.

In order to determine the spectrum of L., we note that E"(D) is the direct
Hilbertspace sum of the spaces Ei, k =1,2,..., where Ej is the two-dimensional
subspace of E"(D), spanned by (¢,0) and (0, $x). An orthonormal basis of Ej is

given by
1 _r 1 r_
{\/E(/\k Z(Pklo)/ E(O’Ai 14)]() }

Every Ej is invariant under L,, and in Ej the restriction of L, is given by the

V|
PR e
KA

symmetric matrix
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The eigenvalues of Lk are given by

L AN \/ (M,;f - VA;*Z)Z A

]’lk:_ 2

with corresponding eigenvectors

AN — VAY—Z AN — ‘u/\r—Z 2
(1," o i\/l+(k )" |-

We have p; <0<y if A < AZ. If Ap > A? the signs of yi; and y are the same:
positive (negative) if A and y are negative (positive). If Ay = A, then p;” =0

(4, =0)if A and p are positive (negative). Also note that ]/tki — £1 as k— oo.
Let ET (E™) be the subspace spanned by eigenvectors with positive (negative)
eigenvalues, and E° the nullspace of L. Then

E(D)=E"®E°®E ={u=u"+u’+u", ut € E*, u’ € E°}.

It follows that both E* and E~ are infinite dimensional, and that E? has finite
dimension: Ay # A? implies dimE® = 0 while for Ay = A? the dimension of E? is
equal to the multiplicity of Aj.

We introduce a equivalent (inner product) norm || - ||« on E"(D) by

_ 1
(Lowt,ut) = (Low w0 ) + o0, = 5 Jul,

The equivalence of | - ||s and | - || - follows from pj — %1 as k — co. and the fact
that E? is finite dimensional.

8.21 Proposition Under Condition (8.1.3) for p and g and A > 0, u > 0 and
Ap < A%. Then | has a non-trivial critical point u € E"(D).

Proof. We adjust the proof of Proposition If Ay # A2 for all k we have dimE® =
0, and (4.9) reduces to

o 1
(Lou®,u®) = (Leu™u”) = Sul

We take for e™ an eigenvector in E™, such that et belongs to some Ej with the
other eigenvector e in E; belonging to E~ (e* and e~ normalized with respect
to || - ||+). Note that e~ is the only eigenvector of L, not perpendicular to e™ in
L*(D) x L?(D). Using || - || instead of || - ||, the proof is then identical to the
proof of Proposition [8.16]

If Ap = A? for some k, the proof is slightly more complicated. We replace again
|- ler by || - ||+, choose e* as above, and set H; = E*, Hy = E® @ E~, and

Q=1[0,s1e"]® (Bs,NHy), H=span|e"|®H,, S=09B,NH;.
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Elements of H; = E* are denoted by u™, and elements of Hy = E° @ E~ by u’ +u".
To verify the geometric conditions in Step 1, we have to estimate

1 1
Jo(W@ +u +set) = 552 - §||u_||§ —b(u’+u +seh)

on the boundary of the cylinder Q. The lateral boundary however is no longer
given by |[u”||. = sy but by ||u® 4+ u~||. = s5. Thus if s; is large, the norm ||u~||.
can still be small on the lateral boundary, provided |[u’|. is large. Estimate
b(u® +u~ + se™) from below

/2
bW’ +u” +set) > B3(/ lu™ +u’ +se+\2> — By
D
/2
> B; (sinzx/ |u® —|—se+\2) — By
D

7
= BgsinV)((HuOHi + Sz) 2 _ By

> B5Hu0H§ + Bss” — Bg.

Here y is the (positive) angle between E~ and E° & [e*] with respect to the inner
product in £ x L. The analogue of (2.9) for J, is

_ 1 -
Jo(u +u” +se”) < o — Bss” + Bs — By (|[u” |7 + %)
1
— 5% = Bss” + Bs — ByfJu” + u’|[2

The proof now proceeds along the same lines as before.

It remains to show that ], satisfies the Palais-Smale condition. So let {u, } in
E"(D) be a sequence with J.(u,) bounded in E"(D), and J,(u,) — 0. We have
to do some extra work to show that such a sequence is bounded. Using the
decomposition E"(D) = E™ & E* ¢ E~ the estimates and u® remain
the same. We have

[u® ||, < C{l + {C—l—eHuH*}Tzl + {C_,_eHuH*}q%}

To controle the component u® we modify (2.12) and derive

M+ el 2 [ (Guf(n) — F(u) + 308(0) — G (o) dx

> (3 =1)b(w) = B [ |ul" ~ BaID

2
/2
2B3</ |u_+u0+u+|2) — By
D

/2
> Bs (sinzx/D \u0|2) — By

= Bs|lu’||7 — By,
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where y is the angle between E and E* @ E~ in L?(D) x L?(D). Combining (4.15)
and (4.16) we obtain

lull < C{1+{C+ellull.}7T +{C+ellull.}7*T +{C+e|lull.}7 },

and as before this implies that the sequence u, is bounded. This completes the
proof. [

With Proposition we can use the adjustment in to obtain positive
solutions. This finally allows us to prove Theorem 8.2]

Proof of Theorem We adjust the arguments in which are based on
the maximum principle, and on the existence of an eigenvector e with positive
components. For the maximum principle holds provided A and u are
nonnegative with Ay < A%.[8] With respect to e™ we note that in the proofs of
Proposition[8.16/and Proposition[8.21]the choice of e™ in E* was rather arbitrary.
In however the positivity properties of e* were crucial, so adjusting this
proof to the case of |, we need an eigenvector with positive components. Such an
eigenvector can only exist in E1, so we look at the eigenvalues and eigenvectors of
L!. Thus we must take k = 1 and a plus sign in the expression for y;-. To make i
positive it is necessary and sufficient to assume that Ay < A2. The corresponding
eigenvector has positive components, so we can choose e™ as desired. Since A and

y are nonnegative we can use || - ||«. The proof is then a trivial variant of the proof
8.4.d! ]
Problems

8.22 Problem Prove the Pohozaev identity given in Sect.

8.23 Problem Let e* as defined in Sect. Show that
[te™ +se™ || 12,12 > [ssin(x)[|e" || 2512,

where y is the L? x L?-angle between e~ and e™.



9.1

This chapter entails an application of Conley Theory to an important class of

dynamical systems; parabolic recurrence relations. We construct a Morse-type
theory on certain spaces of braid diagrams. A topological invariant of closed
positive braids is defined and is correlated with the existence of invariant sets of
parabolic flows defined on discretized braid spaces via parabolic recurrence relations.
Parabolic flows, a type of one-dimensional lattice dynamics, evolve singular braid
diagrams in such a way as to decrease their topological complexity; algebraic
lengths decrease monotonically. This topological invariant is derived from the
homological Conley index. This culminates in very general forcing theorems for
the existence of infinitely many braid classes.

Parabolic recurrence relations

We start with a class of discrete dynamical systems defined by recurrence relations
with next-neighbor coupling. These will be referred to as parabolic recurrence
relations.

9.1 Definition On the space of sequences IRZ, define a sequence of C*-functions
{Ri}iez, R; : R? — R, which satisfy

(i) 91R; > 0 and d3R; > 0;

(ii) Rjy+qg = R, for some d € IN.
A parabolic recurrence relation is given by the equation

Ri(xi—1,%i,%i41) =0, (9.1.1)

with {x;};cz € RZ and {R;} satisfying (i) and (ii).
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A parabolic recurrence relation with the periodicity condition (ii) define finite
iterative system of mappings. Let z = (u,v), then solve w; from R;(u;,v;, w;) =
0, which gives w; = g;(u;,v;). Define the mappings F;(u,v) = (v,8i(1,v)). The
iterative system z; 1 = Fj(z;) defines a discrete dynamical system and since Since

ou; . . . . .
gg_ L > 0, these are twist maps. Parabolic recurrence relations occurs is various
1

applications in dynamical systems, as well as in physical models. We are interest
in fixed points and periodic points of {F;},i.e. z=F(z), where F=F;_j 0 --- o F,
or z = F"(z). In terms of the parabolic recurrence relation this means sequence
{xi}iez, with x;, 4 = x; and {x;} satisfies (9.1.1).

The space of d-periodic sequences in RZ will be definoted by (); and the
smooth mapping

Qd%Rd/ {xi}Hx:(xOI...lxd71>l

yields global coordinates on )5, which makes (); a smooth manifold. We may
represent d-periodic sequences in (); by piece wise linear interpolations

B(x)(s) = x|g.5) + (d -5 — [d-5])(x[a5] — X|as])s

for s € [0,1]. We identify Q); with the space of piecewise linear d-functions as
defined above. In principle, connecting the anchor points x; with line segment
enables us to distinguish between different sequences geometrically, i.e. sequences
x and x’ with different coordinates represents different piecewise linear functions
B(x) and B(y). We will show now that periodic sequences x that occur as solutions
of parabolic recurrence relations has special geometric properties with respect to
their piecewise linear interpolations B(x).

9.2 Definition Two sequences x,y € (), with x # y, are said to be transverse if

(xi—1 — Yi—1) (Xit1 — Yiy1) <0,

for every index i for which x; = ;. We write x hy. Transversality is a local
property and therefore the same applies to sequences x,y € RZ.

Transversality is a natural property of solutions of parabolic recurrence rela-
tions as the following lemma shows.

9.3 Lemma Let x,y € Oy, with x # y, be solutions of Equation (9.1.1), then
xhy.

Proof. Consider the case where x and y coincide for at least one coordinate. Since
X # ¥y, one can choose an index i such that x; = y; and x;1 > y; 11 (the reverse
inequality is the same). Suppose x;+1 > yi;1, then, since d3R; > 0, it follows that
0 = Ri(xj—1,x;,%i41) > Ri(yi—1,Vi,Yi+1) = 0, which is a contradiction. Therefore,
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—/\\_/\ / Figure 9.1: Linking se-
\\///\\\/\ ~ >< >\< quences [left] and non-

transverse intersections, or
tangencies [right].

(xi—1 — yi—1)(Xiy1 — ¥iy1) < 0. This implies that indices for which x; = y; are
isolated. -

Graphically two sequences x and y are represented by intersecting graphs
B(x) and B(y) and as such transverse sequences correspond to transverse graphs.
Intersections can be counted and leads to the notion of linking, see Fig.

9.4 Definition The linking number of two transverse sequences x My the linking
number is defined as

link(x,y) = #{intersections of B(x) and B(y)},
which is an even integer.

The linking number link(x, y) is also equal to two times the number of con-
nected components of the set {s | (8(x) — B(y)(s) > 0}. The linking number is a
local invariant, i.e. the linking number does not change under small perturbations
of the sequences x and y.

For two transverse sequences an occurrence x; = y; is called an intersection at
an anchor point. However, if x and y are non-transverse sequences, then x; = y;
and (x;_1 — yi—1)(Xj11 — yiy1) > 0 for some i, and such a an occurrence is called a

tangency, see Fig. 0.1}

Parabolic flows and braids

In order to study solutions of Equation (9.1.1) we embed Equation (9.1.1) in a
canonical dynamical system. Parabolic recurrence relations may be regarded as
vector field in a suitable way. Since R; is d-periodic, R = (Ro, -+ ,Ry_1) € Tx(QYy
defines a vector field on ();. We integrate the vector field via the equation

xX; = Ri(xi—1,Xi,Xi11), (9.2.2)

which generates a local C*-flow ¢ on ). Such a flow ¢ is called a parabolic flow

on (. Of course a vector field R only provide a local flow in gerenal and a global
R

T+[RP

be studying blocks it does not matter whether ¢ is a local or global flow. The

flow may be obtained by considering for example However, since we will

following lemma motivates why linking of periodic sequences is naturally related
to parabolic flows.
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9.5 Lemma Let x,y € Oy, with x # y and x (i y, then there exists an € > 0 such
that ¢(t,x) M @(t,y) forall t € [—¢,€] \ {0} and

link (¢(~t,%), ¢(~£,y)) > link(p(t,x),(t,9)),

forallt € (0,€].

Proof. Under construction. ]

The behavior of parabolic flows with respect to transversality motivates the
following definition.

9.6 Definition An unordered set of sequences x = {x!,---,x"}, is called a dis-
crete braid on n strands if the following conditions are satisfied:
i) x* = (x§,---,x5) € R4 foralla=1,---,m;
(ii) there exists a permutation ¢ € S, such that xj = xg
(iii) x* h x*' for all pairs a # a’.
The piecewise linear interpolation f(x) = {f(x*)} defined a braid diagram with

(“), foralla =1,--- ,n;

positive crossings.

Fig. gives an example of a positive piecewise linear braid diagram and
therefore a discrete braid. Sometimes a braid is denoted by (x,0). Two braids
(x,0) and (x/,0”) are close if there exists a permutation 77 € S,, such that x™(*) and
x* are close in R*! for all « and 71 0 ¢ = ¢ o 7. The space of all discrete braids
on n strands, topologized as above, is denoted by Q)};. The space of braids ()} is a
metric space. The permutation is often omitted from the notation. Two braids x
and x’ are homotopic, or equivalent, x ~ x’, iof there exists a continuous path x(f)
in ), such that x(0) = x and x(1) = x’. The path components of () are called
braid classes and are denoted by [x] C Q. Define () as the space of unordered sets
x = {x!,---,x"}, satisfying (i) and (ii) of Definition The set &/ := Qy \ QO is
called the set of singular braids. The set Q] is a complete metric space and O} C Q)
is open in Q). A special subset of singularities is given by

= {xeX]|xf= x¥, for some a # o'}
For a discrete braid x € () we can define the word-length, or word-metric
¢(x) = #{intersections in B(x)}.

Obviously the word-length is well-defined and can be related to the linking num-

ber of two strands. Let ¥ € ()]}, be the n-fold extension of x, i.e. xf = x{ for

i=1,--,d x= xi(? fori=d,---,2d, x = xi(;;) for i =2d,---,3d, etc. Then

counting of mutual intersections gives:

1 ~u sl
l(x) = o Y link(%",%"). (9.2.3)
aFa!
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The parabolic equation in (9.2.2) defines a (local) flow ¥ on Q. Since a parabolic
recurrence relation is d-periodic in i we define the flow ¥ as follows: ¥ (t,x) =
¥(t,x).

9.7 Exercise Show, using the periodicity of R; with respect to 7, that ¥ is well-
defined on the space Q). .

From Lemma [9.5| we derive how the word-length behaves with respect to
parabolic flows on ), see Fig.

9.8 Lemma Letx € X\ 7", then there exists an € > 0 such that ¥ (¢, x) € O}
forall t € [—¢,€] \ {0} and

C(F(—t,x)) > L(¥(tx)),

forall t € (0,€].

—

Proof. By definition ¥ (t,x) =¥ (¢,X) and if x € X\ &7, then ¥ € X!, \ " If
X eXl,\ X, then at least two strands are not transverse and none are collapsed.
Then by Equation and Lemma [9.5|it follows that £ (‘¥ (—t,x)) > ((¥(t,x)).
Since this holds for any non-tranverse strands Lemma also implies that
¥ (t,x) € Q) forallt € [—¢,€e] \ {0}. m

(—r ~

21 ‘

Figure 9.2: The behavior of parabolic flows with respect to intersections and braid
classes.

Define Q)] rel ) be the space of ordered pairs (x,y) € Q) x QF such that
{xl,---x"yl, -+ ,y"} € O} The path components of () rel )ff are denoted by
[x rel y] and are called relative braid classes. Define the projection 7t : Q) rel Qf —
QF by (x,y) — y and for given y € Q, called the skeleton, the set 7~ 1(y) =
[x] rel y is called a relative braid class fiber and can be canonically embedded into
Q. We will always identify [x] rel y with a subset of )}!
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Figure 9.3: An improper class [left] and a proper class [right].

9.9 Definition A relative braid class [x rel y| € Q) rel Q) is bounded if every
fiber [x] rel y is a bounded set in (})j. A relative braid class is proper if

1y NI = g,

for every fiber 77 1(y') = [x/] rel y’ C [x rel y]. If a relative braid classes is not
proper it is called improper.

Intuitively, proper classes have the property that strands in x cannot be col-
lapsed onto strands in y, nor can strands in x reduce to a coarser braid with fewer
than n strands, see Fig.

Isolating blocks and braid classes

We will now relate to concept of relative braid classes to parabolic flows. Suppose
that y € Q) is braid consisting of solutions of Equation[9.1.1} To be more precise,
y=1{y"}, with ¥" € Q,, is a set of nd-periodic solutions of Equation (9.1.1).
Conversely, if we have a k-periodic solutions ¥ € (), with m =k/d € N, then the
translate {y*} over the indicesi =1, - - ,d, represents an element y = {y*} € Q. If
the period k is minimal, then y € ()7 due to Lemma If we have more than one
periodic solution, the union yields a braid y by Lemma In terms of parabolic
flows we have that ¥(t,y) =y, for all t € R, which implies that y is stationary for
Y and is therefore an invariant set of ¥.

Let y € Q) be stationary for a parabolic flow ¥ and consider a relative braid
class fibers [x] rel y € O] rel y. As explained above braid class fibers are considered

as subsets of ()] Since y is stationary for ¥, Qf rel y = Q)] is an invariant set for
Y and we can restrict ¥ to () after identification. In the following we consider
the special case that n = 1 and Y|, = ¢. The connected components of Q) rel y
are subsets of ().
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9.10 Lemma Lety € Q? be a stationary braid (skeleton) for Equation (9.1.1)
and let [x rel y] be a proper and bounded relative braid class. Then any fiber

B:=[x]rely Cc Q; C Qy,

is an isolating block for the associated parabolic flow ¢.

Proof. Since B is bounded, cl(B) is compact. Let x € 0B, then, since the braid
class is proper, it follows from Lemma that there exists an € > 0 such that
¢([—€,0),x) Z B, ¢((0,€],x) ¢ B, or neither are contained in B. This implies that
boundary points are in either B~, B™, or in B~ N B™. By compactness we can
choose a uniform € = T > 0, which proves that B is an isolating block. ]

The Conley index of B is well-defined and will be denoted by HC, (B, ¢) =
H.(cl(B),B~). Lemmal9.8|characterizes B~ as the set of boundary points for which
the word-length is decreasing by flowing from B to B°. To be more precise, for
every point x € 9B we can choose a neighborhood W C () such that B\ W consists
of finitely many connected components W; and Wo = BN W. Then,

B~ = cl{x € JdB | K(W()) > E(W]), V]}

The set BT is defined similarly. Since the sets int;pB~ and intygB™ are smooth
codimension-1 submanifolds in Q) a coorientation is defined by the unit normal in
the direction of decreasing ¢. Therefore, B, B~ and B* are completely determined
by the topological type of the relative braid class. The dynamics of ¢ always
complies with the coorientation of the boundary of a proper braid class.

The next theorem shows that the Conley index of a braid class fiber is topologi-
cal invariant of a discrete relative braid class.

9.11 Theorem Lety € Q) be a stationary braid (skeleton) for Equation (9.1.1)
and let [x rel y| be a proper and bounded relative braid class. Then for any fiber
B = [x] rel y the Conley index HC. (B, ¢) is well-defined, and
(i) if ¥’ is any parabolic flow for which ¥'(t,y) =y, for all t € R, then
HC.(B,¢') = HC.(B, ), where ¢’ = ¥'|q ;

(i) if [x']rely’ and [x]rely are fibers in [xrely|, then HC.(B,¢) =
HC.(B',¢’), where B = [x] rely, B’ = [x] rel ¥’ and ¢ and ¢’ parabolic
flows for which y and y’ are stationary respectfully.

The Conley index HC, (B, ¢) is a braid class invariant for [x rel y| and is denoted
by h(x rely).

Proof. Under construction. ]

Let us now discuss some examples of the proper and bounded braid classes
and compute their braid class invariants.
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Figure 9.4: The braid of Example 1 [left] and the associated configuration space
with parabolic flow [middle]. On the right is an expanded view of (), rel y where
the fixed points of the flow correspond to the four fixed strands in the skeleton .
The braid classes adjacent to these fixed points are not proper.

9.12 Example Consider the proper period-2 braid illustrated in Fig. ??[left].
(Note that deleting any strand in the skeleton yields an improper braid.) There
is exactly one free strand with two anchor points (recall that these are closed
braids and the left and right sides are identified). The anchor point in the
middle, x, is free to move vertically between the fixed points on the skeleton.
At the endpoints, one has a singular braid in X which is on the exit set since
a slight perturbation sends this singular braid to a different braid class with
fewer crossings. The end anchor point, x; (= xp) can freely move vertically in
between the two fixed points on the skeleton. The singular boundaries are in
this case not on the exit set since pushing x; across the skeleton increases the
number of crossings.

Since the points x; and x; can be moved independently, the configuration
space B in this case is the product of two compact intervals. The exit set B~
consists of those points on dB for which x; is a boundary point. Thus, the
homotopy index of this relative braid is [B/B~] ~ S'.

9.13 Example Consider the proper relative braid presented in Fig. ??[left]. Since
there is one free strand of period three, the configuration space B is determined
by the vector of positions (xg,x1,x2) of the anchor points. This example differs
greatly from the previous example. For instance, the point xj (as represented
in the figure) may pass through the nearest strand of the skeleton above and
below without changing the braid class. The points x; and x; may not pass
through any strands of the skeleton without changing the braid class unless x
has already passed through. In this case, either x; or x; (depending on whether
the upper or lower strand is crossed) becomes free.

To simplify the analysis, consider (xo,x1,x2) as all of R3 (allowing for the
moment singular braids and other braid classes as well). The position of the
skeleton induces a cubical partition of R® by planes, the equations being x; = y*
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for the various strands v* of the skeleton v. The braid class B is thus some
collection of cubes in R3. In Fig. ??[right], we illustrate this cube complex
associated to B, claiming that it is homeomorphic to D? x S!. In this case, the
exit set B~ happens to be the entire boundary dB and the quotient space is
homotopic to the wedge-sum S? V S°.

Figure 9.5: The braid of Example and the configuration space B.

9.14 Example To introduce the spirit behind the forcing theorems of the latter
half of the paper, we reconsider the period two braid of Example 1. Take an
n-fold cover of the skeleton as illustrated in Fig. ??. By weaving a single free
strand in and out of the strands as shown, it is possible to generate numerous
examples with nontrivial index. A moment’s meditation suffices to show that
the configuration space B for this lifted braid is a product of 2n intervals, the
exit set being completely determined by the number of times the free strand is
“threaded” through the inner loops of the skeletal braid as shown.

For an n-fold cover with one free strand we can select a family of 3" possible
braid classes describes as follows: the even anchor points of the free strand are
always in the middle, while for the odd anchor points there are three possible
choices. Two of these braid classes are not proper. All of the remaining 3" — 2
braid classes are bounded and have homotopy indices equal to a sphere S*
for some 0 < k < n. Several of these strands may be superimposed while
maintaining a nontrivial homotopy index for the net braid: we leave it to the
reader to consider this interesting situation.

Stronger results follow from projecting these covers back down to the period
two setting of Example 1. If the free strand in the cover is chosen not to be
isotopic to a periodic braid, then it can be shown via a simple argument that
some projection of the free strand down to the period two case has nontrivial
homotopy index. Thus, the simple period two skeleton of Example 1 is the
seed for an infinite number of braid classes with nontrivial homotopy indices.
Using the techniques of [?], one can use this fact to show that any parabolic
recurrence relation (R = 0) admitting this skeleton is forced to have positive
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topological entropy: cf. the related results from the Nielsen-Thurston theory of
disc homeomorphisms [?].

Figure 9.6: The lifted skeleton of Example 1 with one free strand.

Stabilization and global invariants

Free braid classes and the extension operator

Via the results of the previous section, the homotopy index is an invariant of the
discretized braid class: keeping the period fixed and moving within a connected
component of the space of relative discretized braids leaves the index invariant.
The topological braid class, as defined in §??, does not have an implicit notion of
period. The effect of refining the discretization of a topological closed braid is not
obvious: not only does the dimension of the index pair change, the homotopy
types of the isolating neighborhood and the exit set may change as well upon
changing the discretization. It is thus perhaps remarkable that any changes are
correlated under the quotient operation: the homotopy index is an invariant of the
topological closed braid class.

On the other hand, given a complicated braid, it is intuitively obvious that
a certain number of discretization points are necessary to capture the topology
correctly. If the period d is too small D rel v may contain more than one path
component with the same topological braid class:

9.15 Definition A relative braid class [u rel v]in D} rel v is called free if
(D} rel v)N{u rel v} =[u rel v]; (94.4)

that is, if any other discretized braid in D’} rel v which has the same topological
braid class as u rel v is in the same discretized braid class [u rel v].

A braid class [u] is free if the above definition is satisfied with v = @. Not all
discretized braid classes are free: see Fig.
Define the extension map IE : D)} — D’} | via concatenation with the trivial braid

of period one (as in Fig.[9.8(a)):

u* 1=0,...,d
Eu)? := ! Y 9.4.5
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Figure 9.7: An example of two non-free discretized braids which are of the same
topological braid class but define disjoint discretized braid classes in Di rel o.

Figure 9.8: (a) The action of [E extends a braid by one period; occasionally, (b), E
produces a singular braid. Vertical lines denote the d!" discretization line.

The reader may note (with a little effort) that the non-equivalent braids of Fig.
become equivalent under the image of E. There are exceptional cases in which [Eu
is a singular braid when u is not: see Fig.[9.8(b). If the intersections at i = d are
generic then [Eu is a nonsingular braid. One can always find such a representative
in [u], again denoted by u. Therefore the notation [[Eu] means that u is chosen in [u]
with generic intersection at i = d. The same holds for relative classes [Eu rel Ev],
i.e. choose u rel v € [u rel v| such that all intersections of uUv ati =d are
generic.

Note that under the action of [E boundedness of a braid class is not necessarily
preserved, i.e. [u rel v] may be bounded, and [Eu rel Ev] unbounded. For this
reason we will prove a stabilization result for topological bounded proper braid
classes.

A topological invariant

Consider a period d discretized relative braid pair u rel v which is not necessarily
free. Collect all (a finite number) of the discretized braids u(0),...,u(m) such
that the pairs u(j) rel v are all topologically isotopic to u rel v but not pairwise
discretely isotopic. For the case of a free braid class, m = 1.

9.16 Definition Given u rel v and u(0),...,u(m) as above, denote by
h(u rel v) the wedge of the homotopy indices of these representatives,

h(u rel v) \/h ) rel v), (9.4.6)
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where V is the topological wedge which, in this context, identifies all the
constituent exit sets to a single point.

This wedge product is well-defined by Theorem ?? by considering the isolating
neighborhood N = Ujcl[u(j) rel v]. In general a union of isolating neighborhoods
is not necessarily an isolating neighborhood again. However, since the word metric
strictly decreases at X the invariant set decomposes into the union of invariant sets
of the individual components of N. Indeed, if an orbit intersects two components
it must have passed through X: contradiction.

The principal topological result of this paper is that h is an invariant of the
topological bounded proper braid class {u rel {v}}.

9.17 Theorem Given u rel v € Dj rel vand @ rel o € D} rel o which are
topologically isotopic as bounded proper braid pairs, then

h(u rel v) =h(a rel ?). (94.7)

The key ingredients in this proof are that (1) the homotopy index is invariant
under E (Theorem [9.17); and (2) discretized braids “converge” to topological
braids under sufficiently many applications of [E (Proposition [9.25).

9.18 Theorem For u rel v any bounded proper discretized braid pair, the
wedged homotopy index of Definition is invariant under the extension
operator:

h(Eu rel Ev) =h(u rel v). (9.4.8)

Proof. By the invariance of the index with respect to the skeleton v, we may
assume that v is chosen to have all intersections generic (v} # v?‘/ for all strands
a # o'). Thus, from the proof of Lemma ?? in Appendix ??, we may fix a recurrence
relation R having v as fixed point(s) for which d; Ry = 0.

For € > 0 consider the one-parameter family of augmented recurrence func-
tion R¢ = (R$)L, on braids of period d + 1:

Rf(u;?‘fl,u;?‘,uf‘ﬂ) = Ri(u‘l?‘fl,u’f,uf‘ﬂ), i=0,.,d-1,

€(4,1 [V . o o (949)
€ RG(ug_y ug g, ,) = ug. —ug

Because of our choice of Ry(7,s,t) = Ro(s,t) as being independent of the first
variable, R is decoupled from the extension of the braid as uj, ; wraps around to
ug(“). By construction the above system satisfies Axioms (A1)-(A2) for all e > 0
with, in particular, the strict monotonicity of (A1) holding only on one side. One
therefore has a parabolic flow ‘I’é on T?g i for all € > 0. In the singular limit € =0,

this forces ujj; = uj 1 and one obtains the flow ‘1’6 =FE o ¥i.

!Recall the indexing conventions: for a period d + 1 braid, ug(“) =uf ,,and Rg := Ry
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Since the skeleton v has only generic intersections, [Ev is a nonsingular braid.
From Equation , all stationary solutions of ¥ are stationary solutions for
Y%, ie., YL(IEv) = Ev, for all € > 0. Notice that this is not true in general for
non-constant solutions.

Denote by B;,1 C D}, rel Ev the subset of relative braids which are topo-
logically isotopic to Eu rel [Ev. Likewise, denote by B; C D}, the image under
E of the subset of braids in D/} rel v which are topologically isotopic to u rel v.
In other words,

Biiq:= {]Eu rel IEv} NDj,, rel Ev ; Bd::IE({u rel v} ND} rel v). (9.4.10)

As per the paragraph preceding Definition there are a finite number of
connected components of each of these sets. Clearly, B; is a codimension-n subset
of cl(B,1). Since not all braids in {u rel v} N DY rel v have generic intersections,
the set B; may tangentially intersect the boundary of B,;1. We will denote this set
of E-singular braids by L := 0B;,1 N B;: see Fig.

By performing an appropriate change of coordinates (cf. [?]), we can recast
the parabolic system R€ as a singular perturbation problem. Let x = (xj)]y.’il, with
Xip14(a—1)d := Uf, and let y = (ya)j_q, with y, := (uj,; —u}). Upon rescaling time
as T := t /¢, the vector field induced by our choice of R€ is of the form

e = Xx/ ’
% ) eX(x,y) (9.4.11)
it = —y+€Y(X),

for some (unspecified) vector fields X and Y with the functional dependence
indicated. The product flow of this vector field in the new coordinates
is denoted by ®; and is well-defined on @g 41- In the case € = 0, the set M :=
{y =0} C D}, is a submanifold of fixed points containing B, for which the
flow @f is transversally nondegenerate (since here y' = —y). By construction
cl(By) = cl(By11) N M, as illustrated in Fig.|9.9|(in the simple case where all braid
classes are free and B, is thus connected).

The remainder of the analysis is a technique in singular perturbation theory
following [?]: one relates the T-dynamics of Equation to those of the t-
dynamics on M, whose orbits are of the form (x(t),0), where x(t) satisfies the
limiting equation dx/dt = X(x,0). The Conley index theory is well-suited to this
situation.

For any compactset D C M andr € R,let D(r) :={(x,y) | (x,0) € D, |ly|| <r}
denote the “product” radius r neighborhood in D +1- Denote by C = C(D) the
maximal value C := maxp ||Y(x)||. Due to the specific form of (9.4.11), we obtain
the following uniform squeezing lemma.
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Figure 9.9: The
rescaled flow acts
on Bj1, the pe-
riod d + 1 braid
classes. The sub-
manifold M is a
critical manifold
of fixed points at

€ = 0. Any appro-
priate isolating
neighborhood Ny
in By thickens to
an isolating neigh-
borhood Nj(2¢C)
which is not neces-
sarily contained in

Bii1.

9.19 Lemma If S is any invariant set of ® contained in some D(r), then in fact
S C D(eC). Moreover, for all points (x,y) with x € D and ||y|| = 2eC it holds
that L [|y|| < 0.

Proof. Let (x,y)(7) be an orbit in S contained in some D(r). Take the inner product
of the y-equation with y:

<%1y>(fo) = —ly(w)* +e(Y(x(w)),y(w)),
< —lyl* +eClyl.

Hence 4 [|ly|| < —||y|| + €C, and we conclude that if ||y(7)|| > eC for some T € R,
then d% ly|| < 0. Consequently ||y(7)|| grows unbounded for T < 1 and therefore
(x,¥) ¢ S, a contradiction. Thus ||y(7)|| < eC forall T € R.

For points (x,y) with x € D and ||y|| = 2eC, the above inequality gives that
Lyl < ~llyll +eC <.

By compactness of the proper braid class, it is clear that B,,,, and thus the
maximal isolated invariant set of ®7 given by S := InV(BdH,d)g)H is strictly
contained (and thus isolated) in D(r) for some compact D C M and some r
sufficiently large. Fix C := C(D) as above. Lemma now implies that as €
becomes small, S, is squeezed into D(eC) — a small neighborhood of a compact

2Since By, is a proper braid class S is contained in its interior.
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subset D of the critical manifold M, as in Fig.

This proximity of S, to M allows one to compare the dynamics of the e =0
and € > 0 flows. Let Ny C B; C M be an isolating neighborhood (isolating block
with corners) for the maximal t-dynamics invariant set Sy := Inv (B, ¥}) within
the braid class B;. Combining Lemma above, Theorem 2.3C of [?], and the
existence theorems for isolating blocks [?], one concludes that if (Np, N, ) is an
index pair for the limiting equations dx/dt = X(x,0) then Ny(2eC) is an isolating
block for ®L for 0 < € < €*(Np) with €* sufficiently small. A suitable index pair
for the flow ®7 of Equation is thus given by

(No(2eC),Nj (2¢C)) . (9.4.12)

Clearly, then, the homotopy index of Sy is equal to the homotopy index of
Inv(Np(2€C)) for all € sufficiently small. It remains to show that this captures the
maximal invariant set Se.

‘ 9.20 Lemma For all sufficiently small €, Inv(Np(2eC), D7) = Se.

Proof. By the choice of D it holds that Sc C D(2¢C). We start by proving that
Se C No(2¢C) for € sufficiently small. Assume by contradiction that S¢; ¢ No(2¢,C)
for some sequence €; — 0. Then, since Ny (2¢C) is an isolating neighborhood for € <
€*, there exist orbits (xej,ygj) in S¢; such that (xej,yej)(’c]-) € D(2¢;C) — No(2¢,C),
for some 7; € R. Define (iej,yej)(r) = (xej,yej)(’f — 7j), and set (a¢;, be;)(t) =
(Tcej,yej) (7). The sequence (ag;, be;) satisfies the equations

d d 1
753 = X(aej,bej), be, = ——be, + Y(aej). (9.4.13)

dt c €
By assumption ||be,(t)|| < Cej, and ||a||, [|da;/dt|| < C, for all t € R and all €;.
An Arzela-Ascoli argument then yields the existence of an orbit (a.(f),0) C By,
with (a,(0),0) € cl(B; — Np), satisfying the equation d;* = X(a«,0). By definition,
(as,0) € Inv(B;) = Inv(Np) C int(Np), a contradiction, which proves that S, C
Ny(2€C) for € sufficiently small.
The boundary of Ny(2eC) splits as by U by, with

by ={(x,y) | lyl =2eC}, and by ={(x,y)|x<cNo}.

Since the compact set Ny is contained in By, the boundary component b, is con-
tained in B;;1 provided that € is sufficiently small. If the set X is non-empty then
the boundary component by never lies entirely in B, 1 regardless of €. Ase — 0
the set Np(2¢C) — (Bys+1 N No(2¢C)) is contained is arbitrary small neighborhood
of Xk. Independent of the parabolic flow in question, and thus of €, there exists a

3 If one applies singular perturbation theory it is possible to construct an invariant manifold
Me C D(eC). The manifold Me lies strictly within ;1 and intersects M at rest points of the .
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|? Figure 9.10: The
? local picture of a
generic singular

tangency between

strands « (solid)
and &’ (dashed).
The shaded region

represents B .

neighborhood K C X}, ; rel v of £ on which the co-orientation of the boundary
is pointed inside the braid class B . In other words for every parabolic system
the points in K enter B, under the flow, see Fig. By using coordinates
u® —u¥ and uf Y u;"jrl adapted to the singular strands, it it easily seen (Fig.
that the braids are simplified by moving into the set 5, .

We now show that Inv(Ny(2eC)) C Byy1 N No(2¢C). If not, then there ex-
ist points (xe].,yej) € [No(2€jC) — (Ba41 N No(2€;C)) ] N Inv(No(2€;C)) for some
sequence €; — 0. Consider the a-limit sets a., ((xej,yej)). Since (xej,yej) €
Inv(Np(2€;C)), and since D¢, ((xe;,y ej)) cannot enter B, 1 N No(2€;C) in backward
time due to the co-orientation of K, it follows that ae;((x¢;, ¥ ej)) is contained in
NO(ZGJC) — (Bd+1 N N0(2€]C))

By a similar Arzela-Ascoli argument as before, this yields a set ag C X which
is invariant for the flow Y. However due to the form of the vector field the
associated flow ‘1’6 cannot contain an invariant set in X, which proves that
Inv(Ny(2eC)) C By1 N No(2eC) for e sufficiently small.

Finally, knowing that S. C Inv(Np(2¢C)), and that for sufficiently small
€ it holds Inv(Np(2¢C) = Inv(Bi;1 N Ny(2eC)) = S, it follows that S, =
Inv(Np(2€eC)), which proves the lemma.

Theorem [0.18 now follows. Since, by Theorem ??, the homotopy index is inde-
pendent of the parabolic flow used to compute it, one may choose the parabolic
flow ®; for € > 0 sufficiently small. The homotopy index of ®¢ on the maximal
invariant set S, yields the wedge of all the connected components: h(Eu rel Ev).
We have computed that this index is equal to the index of ¥! on the original braid
class: h(u rel o).

= 9.21 Remark The proof of Theorem implies that any component of the
period-(d + 1) braid class B, which does not intersect M must necessarily have
trivial index. "

= 9.22 Remark The above procedure also yields a stabilization result for bounded
proper classes which are not bounded as topological classes. In this case one
simply augments the skeleton v by two constant strands as follows. Define the
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augmented braid v* :=vUv~ U vT, where

v; :==minovf —1, v :=maxv} +1. (9.4.14)
i a,i

Suppose [u rel v] C Djj rel v is bounded for some period do. It now holds
that ii(u rel v) =h(u rel v*),and {u rel {v*}} is a bounded class. It therefore
follows from Theorem that

mdo

\/ h(u(j) rel v) =h(u rel v*), (9.4.15)
j=0

where h can be evaluated via any discrete representative of {u rel {v*}} of any
admissible period. ]

Eventually free classes

At the end of this subsection, we complete the proof of Theorem The pre-
liminary step is to show that discretized braid classes are eventually free under
E.

Given a braid u € D/, consider the extension [Eu of period 4 + 1. Assume at
first the simple case in which d =1, so that [Eu is a period-2 braid. Draw the braid
diagram B(IEu) as defined in §?? in the domain [0,2] x R. Choose any 1-parameter
family of curves s : t — (fs(£),t) € (0,2) x R such that g : t — (1,t) and so that
vs is transvers to the braid diagram B(IEu) for all s. Define the braid s - Eu as
follows:

(Ew)*  :i=0,2

9.4.16
¥s N (Eu)* :i=1 ( )

(s - Eu)j := {

The point s N (Eu)” is well-defined since 7 is always transverse to the braid
strands and 7y intersects each strand but once.

9.23 Lemma For any such family of curves s, [ys - Eu| = [Eu].

Proof. It suffices to show that this path of braids does not intersect the singular
braids X. Since u is assumed to be a nonsingular braid, every crossing of two
strands in the braid diagram of Eu is a transversal crossing between i = 0 and
i = 1. Thus, if for some s, 75(t) N (Eu)® = () N (Eu)® for distinct strands « and
«', then

(Eug - Eug’) (Buf - JEu‘;") <0. (9.4.17)

4 At the anchor points, the transversality should be topological as opposed to smooth.
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Figure 9.11: Relations in the braid group via discrete isotopy.

The braid <, - Eu has a crossing of the & and a’ strands at i = 1. Checking the
transversality of this crossing yields

(s B = (e Bl ) (- Ew)g — (- Ew)g)
= (B — (B
= (B — (Eu);

!

(Eu)2 — (Eu)4 (9.4.18)
(Eu)? — (Eu){') <O0.

!

Thus the crossing is transverse and the braid is never singular.

Note that the proof of Lemma does not require the braid [Eu to be a closed
braid diagram since the isotopy fixes the endpoints: the proof is equally valid for
any localized region of a braid in which one spatial segment has crossings and the
next segment has flat strands.

9.24 Corollary The “shifted” extension operator which inserts a trivial period-1
braid at the i*" discretization point in a braid has the same action on components
of D,; as does E.

9.25 Proposition The period-d discretized braid class [u] is free when d > |u]

word ”

Proof. We must show that any braid u’ € D/} which has the same topological type
as u is discretely isotopic to u. Place both u and u’ in general position so as to
record the sequences of crossings using the generators of the n-strand positive
braid semigroup, {0;}, as in §22. Recall the braid group has relations ¢;0; = 0j0;
for |i — j| > 1 and 070;+10; = 0i110;0;41; closure requires making conjugacy classes
equivalent.

The conjugacy relation can be realized by a discrete isotopy as follows: since
d > |u|
crossings. Lemma then implies that this interval without crossings commutes

worgr W Must possess some discretization interval on which there are no
with all neighboring discretization intervals via discrete isotopies. Performing d
consecutive exchanges shifts the entire braid over by one discretization interval.
This generates the conjugacy relation.

To realize the remaining braid relations in a discrete isotopy, assume first that u
and u’ are of the form that there is at most one crossing per discretization interval.
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It is then easy to see from Fig. that the braid relations can be executed via
discrete isotopy.

In the case where u (and/or u’) exhibits multiple crossings on some discretiza-
tion intervals, it must be the case that a corresponding number of other discretiza-
tion intervals do not possess any crossings (since d > |u|, ). Again, by inductively
utilizing Lemma we may redistribute the intervals-without-crossing and
“comb” out the multiple crossings via discrete isotopies so as to have at most one
crossing per discretization interval.

Proof of Theorem Assume that {u rel {v}} = {u’ rel {v'}}. This implies
that there is a path of topological braid diagrams taking the pair (u,v) to (u’,7’).
This path may be chosen so as to follow a sequence of standard relations for closed
braids. From the proof of Proposition these relations may be performed
by a discretized isotopy to connect the pair (E/u,E/v) to (E*u’,EFv’) for j and
k sufficiently large, and of the right relative size to make the periods of both
pairs equal. For this choice, then, [E/u rel [E/v]] = [E*u’ rel [E*v']], and their
homotopy indices agree. An application of Theorem[9.18|completes the proof.

We suspect that all braids in the image of E are free: a result which, if true,
would simplify index computations yet further.

Duality

For purposes of computation of the index, we will often pass to the homological
level. In this setting, there is a natural duality made possible by the fact that
the index pair used to compute the index of a braid class can be chosen to be a
manifold pair.

9.26 Definition The duality operator on discretized braids is the map D : 1_95’,7 =
D3, given by
(Du)* := (—1)"u?. (9.5.19)

1

Clearly ID induces a map on relative braid diagrams by defining ID(u rel v) to
be Du rel Dv. The topological action of ID is to insert a half-twist at each spatial
segment of the braid. This has the effect of linking unlinked strands, and, since ID
is an involution, linked strands are unlinked by ID: see Fig.

For the duality statements to follow, we assume that all braids considered have
even periods and that all of the braid classes and their duals are proper, so that the
homotopy index is well-defined.

9.27 Lemma The duality map DD respects braid classes: if [u] = [u'] then
[D(u)] = [D(u’)]. Bounded braid classes are taken to bounded braid classes by
D.
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D
<
0 1 2 3 4 0 1 2 3 4

Figure 9.12: The topological action of ID.

Proof. It suffices to show that the map D is a homeomorphism on the pair (T)gp,Z).
This is true on T)gp since D is a smooth involution (D! = D). If u € ¥ with

uf = u;?‘/ and
(ui_q — ui_q)(uifq — i) 20, (9.5.20)

then applying the operator ID yields points Duf = ]Duf‘/ with each term in the
above inequality multiplied by —1 (if i is even) or by +1 (if i is odd): in either
case, the quantity is still non-negative and thus Du € . Boundedness is clearly
preserved. (]

9.28 Theorem  (a) The effect of ID on the index pair is to reverse the direction
of the parabolic flow.
(b) For [u rel v] C D}, rel v of period 2p with n free strands,

CH.(h(D(u rel v));R) = CHpup—«(h(u rel v);R). (9.5.21)

(c) For [u rel 9] C D3, rel v of period 2p with 7 free strands,

CH.(h(D(u rel v));R) = CHpup—«(h(u rel v);R). (9.5.22)

Proof: For (a), let (N,N~) denote an index pair associated to a proper relative
braid class [u rel v]. Dualizing sends N to a homeomorphic space D(N). The
following local argument shows that the exit set of the dual braid class is in fact
the complement (in the boundary) of the exit set of the domain braid: specifically,

(D(N))~ =l {a(D(N)) - D(N")}.

Letw € [u rel v] NX. Atany singular anchor point of w, i.e., where w} = wf"
and the transversality condition is not satisfied, then it follows from Axiom (A2)
that

SIGN {;t(wf‘ - w;*’)} = sioN {wi —wt }. (9.5.23)

(Depending on the form of (A2) employed, one might use wf, ; —

hand side without loss.) Since the subscripts on the left side have the opposite

w;"jrl on the right
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parity of the subscripts on the right side, taking the dual braid (which multiplies
the anchor points by (—1)" and (—1)"~! respectively) alters the sign of the terms.
Thus, the operator ID reverses the direction of the parabolic flow.

From this, we may compute the Conley index of the dual braid by reversing the
time-orientation of the flow. Since one can choose the index pair used to compute
the index to be an oriented manifold pair (specifically, an isolating block: see, cf.
[?]), one may then apply a Poincaré-Lefschetz duality argument as in [?] and use
the fact that the dimension is 2np to obtain the duality formula for homology. This
yields (b).

The final claim (c) follows from (b) by showing that D is bijective on topological
braid classes within T)gp. Assume that [u rel v] and [u’ rel v] are distinct braid
classes in Dy, of the same topological type. Since D is a homeomorphism on D; ,
the dual classes [Du rel Dv] and [Du’ rel Dv] are distinct. Claim (c) follows
upon showing that these duals are still topologically the same braid class.

Proposition [9.25 implies that [(Er(D)Zku) rel (EY(D)Zkv)] =
[(E"(D)*u) rel (E"(D)*v)] for k sufficiently large since {u rel v} = {u’ rel v}.
By Lemma[9.27,

D [(Er(D)Zku) rel (Ef(D)Zkv)} =D [(Ef(D)Zku') rel (Ef(D)Z"v)},

which, by Lemma ?? means that these braids are topologically the same. The
topological action of dualizing the 2k-stabilizations of u rel v and u’ rel v is
to add k full twists. Since the full twist is in the center of the braid group (this
element commutes with all other elements of the braid group [?]), one can factor
the dual braids within the topological braid group and mod out by k full twists,
yielding that {IDu rel Dv} = {IDu’ rel Dv}. n

We use this homological duality to complete a crucial computation in the
proof of the forcing theorems (e.g., Theorem[10.1.2) at the end of this paper. The
following small corollary uses duality to give the first step towards answering the
question of just what the homotopy index measures topologically about a braid
class. Recall the definition of an augmented braid from Remark[9.22]

9.29 Corollary Consider the dual of any augmented proper relative braid.
Adding a full twist to this dual braid shifts the homology of the index up
by two dimensions.

Proof. Assume that D[u rel v*] is the dual of an augmented braid in period 2p
(the augmentation is required to keep the braid class bounded upon adding a
full twist). The prior augmentation implies that the outer two strands of IDv
“maximally link” the remainder of the relative braid. The effect of adding a full
twist to this braid can be realized by instead stabilizing [u rel v*| twice and then
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dualizing. The homological duality implies that for each connected component of
the topological class,

CH, (h(DE'(D)*(u rel v*))) CHaupi2—(h(E'(D)*(u rel v*)))
CHaupi2—+(h(u rel v*)) (9.5.24)
CH._2(h(D(u rel v*))),

1R 1R

which gives the desired result for the index h via Theorem m n

= 9.30 Remark The homotopy version of (9.5.24) can be achieved by following a similar
procedure as in §2?. One obtains a double-suspension of the homotopy index, as opposed
to a shift in homology. n

2 9.31 Remark Given a braid class [u] of odd period p = 2d + 1, the image under ID is
not necessarily a discretized braid at all: without some symmetry condition, the braid will
not “close up” at the ends. To circumvent this, define the dual of u to be the braid 1D (u?)
— the dual of the period 2p extension of u. The analogue of Theorem|[9.28|above is that

CH.(h(sYM(ID(u relv)));R) = CHyp—«(h(u rel v);R), (9.5.25)

where SYM denotes the subset of the braid class which consists of symmetric braids:
uf = ug‘p_ifor all i. n

Morse theory

It is clear that the Morse-theoretic content of the homotopy index on braids holds
implications for the dynamics of parabolic flows and thus zeros of parabolic
recurrence relations. With this in mind, we restrict ourselves to bounded proper
braid classes.

Recall that the characteristic polynomial of an index pair (N, N ™) is the polyno-
mial

CP(N):= Y Bit*;  Br(N):=dimCH(N;) = dim Hy(N,N ;). (9.6.26)
k>0

The Morse relations in the setting of the Conley index (see [?]) state that, if N has a

Morse decomposition into distinct isolating subsets {N,}<_,, then

C
Y CP/(N,) =CP(N)+ (1+t)Qy, (9.6.27)

a=1

for some polynomial Q; with nonnegative integer coefficients.
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The exact, nondegenerate case

For parabolic recurrence relations which satisfy (A3) (gradient type) it holds that
if h(u rel v) # 0, then R has at least one fixed point in [u rel v]. Indeed, one has:

9.32 Lemma For an exact nondegenerate parabolic flow on a bounded proper
relative braid class, the sum of the Betti numbers By of , as defined in (9.6.26)),
is a lower bound on the number of fixed points of the flow on that braid class.

The details of this standard Morse theory argument are provided for the sake
of completeness. Choose ¥* a nondegenerate gradient parabolic flow on [u rel o]
(in particular, Yt fixes v for all time). Enumerate the [finite number of] fixed
points {u,}$_; of ¥! on this [bounded] braid class. By nondegeneracy, the fixed
point set may be taken to be a Morse decomposition of Inv(N). The characteristic
polynomial of each fixed point is merely t** (%), where * (u,) is the Morse co-index
of u,. Substituting t = 1 into Equation yields the lower bound

#Fix([u rel o], ¥") > Y Be(h). (9.6.28)
k

On the level of the topological braid invariant h, one needs to sum over all the
path components as follows. As in Theorem[9.17] choose period-d representatives
u(j) (j from 0 to m) for each path component of the topological class {u rel {v}}.
If we consider fixed points in the union U} [u(j) rel v], we obtain the following

Morse inequalities from (9.6.28) and Theorem

#Fix (UL [u(j) rel o],'¥") > ) Bi(h), (9.6.29)
k

where B (h) is the k' Betti number of h(u rel v*). Thus, again, the sum of the
Betti numbers is a lower bound, with the proviso that some components may not
contain any critical points.

If the topological class {u rel {v}} is bounded the inequality (9.6.29) holds
with the invariant h(u rel v).

The exact, degenerate case

Here a coarse lower bound still exists.

9.33 Lemma For an arbitrary exact parabolic flow on a bounded relative braid
class, the number of fixed points is bounded below by the number of distinct
nonzero monomials in the characteristic polynomial CP;(h).

Proof. Assuming that #Fix is finite, all critical points are isolated and form a Morse
decomposition of Inv(N). The specific nature of parabolic recurrence relations
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reveals that the dimension of the null space of the linearized matrix at an isolated
critical point is at most 2, see e.g. [?]. Using this fact Dancer proves [?], via
the degenerate version of the Morse lemma due to Gromoll and Meyer, that
CHy(u,) # 0 for at most one index k = ko. Equation implies that,

Cy
Y CPi(u,) > CP(h) (9.6.30)

a=1

on the level of polynomials. As the result of Dancer implies that for each g,
CPi(u,) = Atk for some A > 0, it follows that the number of critical points needs
to be at least the number of non-trivial monomials in CP;(h). n

As before, if we instead use the topological invariant h for {u rel {v*}} we
obtain that the number of monomials in CP;(h) is a lower bound for the total sum
of fixed points over the topologically equivalent path-components.

More elaborate estimates in some cases can be obtained via the extension of
the Conley index due to Floer [?].

The non-exact case

If we consider parabolic recurrence relations that are not necessarily exact, the
homotopy index may still provide information about solutions of R = 0. This
is more delicate because of the possibility of periodic solutions for the flow
u; = Rj(uj_1,u;,uiy1). For example, if CP;(h) mod (1 +t) = 0, the index does
not provide information about additional solutions for R = 0, as a simple coun-
terexample shows. However, if CP;(h) mod (1 + t) # 0, then there exists at least
one solution of R = 0 with the specified relative braid class. Specifically,

9.34 Lemma An arbitrary parabolic flow on a bounded relative braid class is
forced to have a fixed point if x(h) := CP_1(h) is nonzero. If the flow is non-
degenerate, then the number of fixed points is bounded below by the quantity

(CPi(h) modz-(y (1+1)) \tzl (9.6.31)

Proof. Set N = cl([u rel v]). As the vector field R has no zeros at dN, the Brouwer
degree, deg(R,N,0), may be computed via a small perturbation R and is given

byf]

deg(R,N,0):= )} sign det(—dR(u)).
ueN,R(u)=0

5We choose to define the degree via —dR in order to simplify the formulae.
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For a generic perturbation R the associated parabolic flow ¥! is a Morse-Smale
flow [?]. The (finite) collection of rest points {u,} and periodic orbits {y;} of ¥*
then yields a Morse decomposition of Inv(N), and the Morse inequalities are

) CPi(us) + ) CPi(13) = CPi(h) + (1 +)Qx.
a b

The indices of the fixed points are given by CP;(u,) = t* (%), where u* is the

number of eigenvalues of dR (u, ) with positive real part, and the indices of periodic

orbits are given by CP;(+y;) = (14 t)t*" (7). Upon substitution of t = —1 we obtain
deg(R,N,0) = deg(R,N,0)=Y (—1)*

a

= Y. CP-1(ug) = CP_1(h) = x(h).

Thus, if the Euler characteristic of % is non-trivial, then R has at least one zero in N.

In the generic case the Morse relations give even more information. One has
CPi(h) = p1(t) + (1 + t)pa(t), with p1,p2 € Z[t], and CP;(h) modz+y (1 +1t) =
p1(t). It then follows that -, CPt(u,) > CP;(h) modz+(y (1 +t), proving the stated
lower bound. [

9.7 Morse decompositions, Morse relations and connecting orbits
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In Classical Mechanics the existence of closed integral curves of the Euler-Lagrange

equations is a fundamental problem, eg. periodic motions in Celestial Mechanics.
The Lagrangians that occurs in Classical mechanics are first-order Langrangians.
In this chapter we study closed characteristics on second- and higher-order La-
grangian. The Periodic motions of higher-order Lagrangians are restricted to
non-compact, connected, energy manifolds. We focus here on second-order La-
grangians and we utilize the Brouwer degree to show that the number of closed
characteristics on a prescribed energy manifold is bounded below by its second
Betti number, which is easily computable from the Lagrangianﬂlm]

Second-Order Lagrangian Systems

The Lagrangian formulation of Classical Mechanics in its simplest form is given
by the Principle of Least Action:

(5/L(u,u')dt =0,
I

where L = L(u,u') = im|u'|* — V(u) and u: I — R" describes the position of a
particle. The (smooth) function V represents the potential energy and 1m|u’|? the
kinetic energy.

If we consider variations Ju that are compactly supported on Ir then integra-

IThis chapter of a summary of the results in Kalies and Vandervorst.
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tion by parts yields
5/L(u,u/)dt - 5 dt+/—(5u’dt
I
aL d [dL
= £5 udt — ¥ ?(5 udt = 0.
This implies the Euler-Lagrange equations of motion
daL oL
dtou'  ou

The Euler-Lagrange equation are conservative since the following expression is
constant along orbits:

wu — L(u,u’) = constant.

10.1 Exercise Show that the above expression is constants along solutions of
the Euler-Lagrange equations. ]

Higher-order Lagrangian models are given by the following Principle of Least
Action:

5/L(u,u/,u”,~--)dt =0,
i

where L = L(u,u’,u”,---) is called a higher-order Lagrangian. Of special interest
are second-order Lagrangians L = L(u,u,u”"). In Physics second-oder Lagrangians
are used in models of non-linear optics, higher-order phase transitions of solids,
non-linear elasticity, etc. We refer the reader to [17][18][26] and the references
therein for more information.

Second-order Lagrangian systems are defined variationally by extremizing ac-
tion functionals of the form J[u] = [,L(u,u’,u")dt. The Euler-Lagrange equations
of such systems are given by

#oL daL oL
dt2ou” dtou’ = du

and are in essence fourth-order differential equations.

=0, (10.1.1)

10.2 Exercise Derive the above Euler-Lagrange equations of motion from the
Principle of Least Action for second-order Lagrangians. .

Under the natural hypothesis that L is convex in u”, a second-order Lagrangian
system is equivalent to a two degrees of freedom Hamiltonian system in R*
endowed with its standard symplectic form w. The Hamiltonian is given by

— L(u,u’,u"). (10.1.2)

oL d oL oL
ooy f 9L 8 0Ly, 0Ly
H(u ™) = <8u’ dtau/f>” "
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The Hamiltonian is constant along orbits of the Euler-Lagrange equations (10.1.1)).

10.3 Exercise Show that the above Hamiltonian is constants along solutions of
the Euler-Lagrange equations given by (10.1.1). ]

Introducing the symplectic coordinates x = (1,9, py, p»), the Hamiltonian be-
comes H(x) = p,v+ L*(u,v,p,), where L* is the Legendre transfor of L with
respect to 1. Hamilton’s equations of motion are equivent to and yield a
dynamical system ¢' on R*. The Hamiltonian H foliates IR* with three-dimensional
energy manifolds Mg = {x € R* | H(x) = E}. These manifolds are invariant un-
der the flow ¢!, and the dynamical behavior of a system can be studied on an
individual energy manifold. An energy manifold is regular if E is a regular value
of H. In the context of second order Lagrangians this is equivalent to the condition
that d,~L(u,0,0) # 0 whenever L(u,0,0) + E = 0. For more details on second order
Lagrangians cf. [33]

Recently the analysis of periodic orbits, or closed characteristics, on given en-
ergy manifolds has become an important issue in the study of general Hamiltonian
systems.[13][29] 36] Weinstein [36] conjectured in the 1970’s, motivated by a novel
result by Rabinowitz [29], that any compact hypersurface M € (R*",w), with the
additional requirement that

a(§) #0, 0#G €y,

for 1-form a with da = w, has at least one closed characteristic. Such manifolds are
said to be of contact type in (]R4,a)). The conjecture was proved by Viterbo.[34]

Energy manifolds Mg coming from second-order Lagrangians do not fit within
this theory for two reasons. The energy manifolds for second-order Lagrangians
are always non-compact and are not necessarily of contact type in (R* w). Even
with a more general formulation via Reeb vector fields, the latter issue cannot be
resolved necessarily cf. [4]

I 10.4 Exercise Show that ME is a non-compact set for every E € R. ]

Twist sytems

In this final third of the paper, we apply the developed machinery to the problem of
forcing closed characteristics in second order Lagrangian systems of twist type. The
vast literature on fourth order differential equations coming from second order
Lagrangians includes many physical models in nonlinear elasticity, nonlinear

2The Legendre transform is defined by L*(u,v, py) = max,er{pow — L(u,v,w)}, which is well-
defined due to the convexity of L in w.
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optics, physics of solids, Ginzburg-Landau equations, etc. (see §??). In this context
we mention the work of [?, 2, ?, ?].

We recall from §?? that closed characteristics at an energy level E are concatena-
tions of monotone laps between minima and maxima (u;);ez, which are periodic
sequences with even period 2p. The extrema are restricted to the set Ug, whose
connected components are denoted by Ig: interval components (see §?? for the
precise definition). The problem of finding closed characteristics can, in most cases,
be formulated as a finite dimensional variational problem on the extrema (u;). The
following twist hypothesis, introduced in [?], is key:

(T): inf{Jg[u] = fOT(L(u,ux,uxx) + E)dx|u € X¢(u1,u2), T € R"} has a minimizer
u(x;ur,up) for all (uy,up) € {Ig x Ig | ug # up}, and u and t are C'-smooth
functions of (uq,u2).

Here X; = X (uy,uz) = {u € C2([0,7]) | u(0) = u1, u(7) = u, ux(0) = uy(7) =
0 and uy| (o) > 0}.

Hypothesis (T) is a weaker version of the hypothesis that assumes that the
monotone laps between extrema are unique (cf. [?, ?, ?]). Hypothesis (T) is valid
for large classes of Lagrangians L. For example, if L(u,v,w) = %wz + K(u,v), the
following two inequalities ensure the validity of (T):

(a) %—szv — K(u,v) —E <0, and

(b) %2712(|v|2 —3{%v—K(u,v) —E} >0forallu € [rand v € R.
Many physical models, such as the Swift-Hohenberg equation (??), meet these
requirements, although these conditions are not always met. In those cases numer-
ical calculations still predict the validity of (T), which leaves the impression that
the results obtained for twist systems carry over to many more systems for which
Hypothesis (T) is hard to check For these reasons twist systems play a important
role in understanding second order Lagrangian systems. For a direct application
of this see [?].

The existence of minimizing laps is valid under very mild hypotheses on K (see
[?]). In that case (b) above is enough to guarantee the validity of (T). An example
of a Lagrangian that satisfies (T), but not (a) is given by the Erickson beam-model
2,2, 2] L(tt, 1y, thrx) = & tne 2+ L(Juz 2 = 1)2 + B2,

Discretization of the variational principle

We commence by repeating the underlying variational principle for obtaining
closed characteristics as described in [?]. In the present context a broken geodesic is a
C2-concatenation of monotone laps (alternating between increasing and decreasing
laps) given by Hypothesis (T). A closed characteristic u at energy level E is a (C?-
smooth) function u : [0,7] — R, 0 < T < co, which is stationary for the action Jg[u]

3 Another method to implement the ideas used in this paper is to set up a curve-shortening flow
for second order Lagrangian systems in the (u,u’) plane.
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2

per<0,T), and 6T € RT, and as such is a ‘smooth

with respect to variations éu € C
broken geodesic’.
The following result, a translation of results implicit in [?], is the motivation

and basis for the applications of the machinery in the first two-thirds of this paper.

10.5 Theorem Extremal points {u;} for bounded solutions of second order
Lagrangian twist systems are solutions of an exact parabolic recurrence relation
with the constraints that (i) (—1)u; < (—1)'u;,1; and (ii) the recurrence relation

blows up along any sequence satisfying u; = u;.

Proof: For simplicity, we restrict to the case of a nonsingular energy level E: for
singular energy levels, a slightly more involved argument is required. Denote by
I the interior of Ir, and by A(I) = A:= {(u1,up) € I X I | u3 = up} the diagonal.
Then define the generating function

T
S:(IxD)—A—R ; S(uyu) ::/ (L(u, 1ty u5) + E)dx;  (10.2.3)
0

the action of the minimizing lap from u; to u;. That S is a well-defined function is
the content of Hypothesis (T). The action functional associated to S for a period 2p
system is the function

2p—1
sz(u) = Z S(Mi,ui+1).
=0

1

Several properties of S follow from [?]:
(a) [smoothness] S € C2(I x I\A).
(b) [monotonicity] 01025 (u1,uz) > 0 for all uq # up € 1.

(c) [diagonal singularity] lim —01S(u1,up) = lm 9,5(uq,uz) =
uy /My Uz \ i1
lim als(ul,uz) = lim —BZS(ul,uz) = —+o00.
11 \(Uz U /g
In general the function d1S(u1,uz) is strictly increasing in uy for all uq < up € I,

and similarly 9,5 (u1,uy) is strictly increasing in 7. The function S also has the
additional property that S|, = 0.
Critical points of W5, satisfy the exact recurrence relation

Ri(ui—1,ui,uiy1) = 025 (ui—1,u;) + 015 (u;, uir1) =0, (10.2.4)
where R;(r,s,t) is both well-defined and C! on the domains
Q; = {(rst)elP|(-1)"(s—r)>0, (-1)"(s—t) >0},

by Property (a). The recurrence function R is periodic with d = 2, as are the
domains QEI Property (b) implies that Axiom (A1) is satisfied. Indeed, diR; =
81825(1/[1'_1,141‘) >0, and d3R; = alazs(ui,qu) > 0.

“We could also work with sequences u that satisfy (—1) 1 (u; 1 — u;) > 0.
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Property (c) provides information about the behavior of R at the diagonal
boundaries of ();, namely,
l%ms\r Ri(r,s,t) = l?ms\t Ri(r,s,t) = 400 (102.5)
limg ~ R;(7,s,t) = limg ~ R;(r,s,t) = —o0
The parabolic recurrence relations generated by second order Lagrangians are
defined on the constrained polygonal domains ().

10.6 Definition A parabolic recurrence relation is said to be of up-down type if
(10.2.5) is satisfied.

In the next subsection we demonstrate that the up-down recurrence relations
can be embedded into the standard theory as developed in §2?-§9.6|

Up-down restriction

The variational set-up for second order Lagrangians introduces a few complica-
tions into the scheme of parabolic recurrence relations as discussed in §2?-§9.6|
The problem of boundary conditions will be considered in the following section.
Here, we retool the machinery to deal with the fact that maxima and minima are
forced to alternate. Such braids we call up-down braidsﬂ

10.7 Definition The spaces of general/nonsingular/singular up-down braid
diagrams are defined respectively as:

&, = D3N {u D(=1) (uty —uf) >0 Vi,tx},
&, = DN {u L (—1) (ufyy — %) >0 Vi,zx},
Ye = &, &,

Path components of 52”p comprise the up-down braid types [u]¢, and path
components in Sfp rel v comprise the relative up-down braid types [u rel v]¢.

The set &5, has a boundary in D3,

98, = a(@gp N {u L (=1) (%, —us) >0 vw}) (10.2.6)

Such braids, called horizontal singularities, are not included in the definition of Sgp
since the recurrence relation (10.2.4) does not induce a well-defined flow on the
boundary &7,

5The more natural term alternating has an entirely different meaning in knot theory.
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10.8 Lemma For any parabolic flow of up-down type on 5_2”;7, the flow blows
up in a neighborhood of ae‘gp in such a manner that the vector field points into
gfp. All of the conclusions of Theorem ?? hold upon considering the e-closure of

braid classes [u rel v]¢ in £}, denoted

2p’
clg [u rel v]g:= {u rel v €clglu rel v]g : (1) (ul, —ul) >e Vi,tx},

for all € > 0 sufficiently small.

Proof: The proof that any parabolic flow ¥! of up-down type acts here so as to
strictly decrease the word metric at singular braids is the same proof as used in
Proposition ??. The only difficulty arises in what happens at the boundary of ESP:
we must show that ¥ respects the up-down restriction in forward time.

Define the function

e(u) = min [uf — uf, .
[

Clearly, if e(u) =0, thenu € aé‘gp. Letucé& J,» and consider the evolution Yi(u),

t > 0. We compute 4e(¥!(u)) as €(¥!(u)) becomes small. Using (10.2.4) it follows
that

d

%(“? —uiy) = Ri(uiq,ui,uiig) — Ripa(uf,uiyq,uiin) — 0o,
as u; \(ujr1, (i odd),

d

ﬁ(“?ﬂ —ui) = Riyr(uf, uiq, uin) — Ri(ui_q,ui,uiyq) — oo,

as u; Sujr1, (i even).

These inequalities show that %E(Tt (u)) > 0assoon as e(¥!(u)) becomes too small.
Due to the boundedness of [u rel v]¢ and the infinite repulsion at Bgfp, we can
choose a uniform e(u rel v) > 0so that £e(¥*(u)) > 0 for e(¥!(u)) < e(u rel v),
and thus clg . [u rel v]¢ is an isolating neighborhood for all 0 < € < e(u rel ).

Universality for up-down braids

We now show that the topological information contained in up-down braid classes
can be continued to the canonical case described in §??. As always, we restrict
attention to proper, bounded braid classes, proper being defined as in Definition ??,
and bounded meaning that the set [u rel v]¢ is bounded in T)gp. Note that an
up-down braid class [u rel v]¢ can sometimes be bounded while [u rel o] is
not. To bounded proper up-down braids we assign a homotopy index. From
Lemma it follows that for € sufficiently small the set N¢ ¢ := clg .[u rel v]¢ is
an isolating neighborhood in &3, whose Conley index,

h(u rel v,€):=h(Ng,),
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is well-defined with respect to any parabolic flow ¥! generated by a parabolic
recurrence relation of up-down type, and is independent of €. As before, non-
triviality of 1(N¢ ¢ ) implies existence of a non-trivial invariant set inside Ng . (see
§10.2.d).

The obvious question is what relationship holds between the homotopy index
h(u rel v,€) and that of a braid class without the up-down restriction. To answer
this, augment the skeleton v as follows: define v* = v Uv~ Uv™, where

v; = nillnvf‘ —1+ (-1, of= rrt}ﬁxvf‘ +1+ (=1)"*L
The topological braid class {u rel v*} is bounded and proper. Indeed, bounded-
ness follows from adding the strands v+ which bound u, since min, ; v} < uf <
max, ; v}. Properness is satisfied since {u rel v} is proper.

10.9 Theorem For any bounded proper up-down braid class [u rel v]¢ in
c‘,'fp rel o,
h(u rel v,€) =h(u rel v*).

Proof. From Lemma ?? in Appendix A we obtain a parabolic recurrence relation
RY (not necessarily up-down type) for which v* is a solution. We denote the
associated parabolic flow by ¥{. Define two functions k7 and k in C!(R), with Ky >
0>k, and k(1) =0for T < =20, k1 (—0) > K, and ko (1) =0 for T > 26, k»(6) > K,
for some 6 > 0 and K > 0 to be specified later. Introduce a new recurrence function
R} (r,s,t) = RV(r,s,t) + ko(s — 1) + k1 (t — s) for i odd, and R} (r,s,t) = RY(r,s,t) —
ki(s —r) — ko(t — s) for i even. The associated parabolic flow will be denoted by
¥!, and ¥! (v*) = v* by construction by choosing ¢ sufficiently small. Indeed, if
we choose 8 < €(v), the augmented skeleton is a fixed point for ¥?.

Since the braid class [u rel v*| is bounded and proper, Ny = clju rel v*]
is an isolating neighborhood with invariant set INV(N;). If we choose K large
enough, and ¢ sufficiently small, then the invariant set INV(Nj) lies entirely in
clg [u rel v*]¢ =clgz [u rel v]g¢ = N¢ .. Indeed, for large K we have that for each
i, R}(r,s,t) has a fixed sign on the complement of N¢ .. Therefore, i(u rel v*) =
h(N1) = h(Ng,). Now restrict the flow ¥} to Ng C &, rel . We may now
construct a homotopy between ¥} and ¥/, via (1 — A)R + AR! (see Appendix
A), where R and the associated flow ¥' are defined by . The braid v* is
stationary along the homotopy and therefore

h(N1) = 1(Nge,¥1) =h(Nee, ¥'),

which proves the theorem.

We point out that similar results can be proved for other domains (); with
various boundary conditions. The key observation is that the up-down constraint
is really just an addition to the braid skeleton.
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Morse theory

For bounded proper up-down braid classes [u rel v]¢ the Morse theory of
applies. Combining this with Lemma and Theorem the topological
information is given by the invariant h of the topological braid type {u rel {v*}}.

10.10 Corollary On bounded proper up-down braid classes, the total number
of fixed points of an exact parabolic up-down recurrence relation is bounded
below by the number of monomials in the critical polynomial CP;(h) of the
homotopy index.

Proof. Since all critical point are contained in N¢ . the corollary follows from the

Lemmas and Theorem[10.9] n

Multiplicity of closed characteristics

We now have assembled the tools necessary to prove Theorem the general
forcing theorem for closed characteristics in terms of braids, and Theorems ??
and ??, the application to singular and near-singular energy levels. Given one or
more closed characteristics, we keep track of the braiding of the associated strands,
including at will any period-two shifts. Fixing these strands as a skeleton, we
add hypothetical free strands and compute the homotopy index. If nonzero, this
index then forces the existence of the free strand as an existing solution, which,
when added to the skeleton, allows one to iterate the argument with the goal of
producing an infinite family of forced closed characteristics.

The following lemma (whose proof is straightforward and thus omitted) will
be used repeatedly for proving existence of closed characteristics.

10.11 Lemma Assume that R is a parabolic recurrence relation on D with u a
solution. Then, for each integer N > 1, there exists a lifted parabolic recurrence
relation on D}, for which every lift of u is a solution. Furthermore, any solution
to the lifted dynamics on Dy, projects to some period-d solution. ]

?This does not imply a d-periodic solution, but merely a braid diagram u of period d.

The primary difficulties in the proof of the forcing theorems are (i) computing
the index (we will use all features of the machinery developed thus far, including
stabilization and duality); and (ii) asymptotics/boundary conditions related to the
three types of closed interval components Ir: a compact interval, the entire real
line, and the semi-infinite ray.

All of the forcing theorems are couched in a little braid-theoretic language:
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10.12 Definition The intersection number of two strands u*, u¥ of a braid u is
the number of crossings in the braid diagram, denoted

1(u®,u") := # of crossings of strands

The trivial braid on n strands is any braid (topological or discrete) whose braid
diagram has no crossings whatsoever, i.e., L(u"‘,u"‘l) =0, for all o,a’. The full-
twist braid on n strands, is the braid of n connected components, each of which
has exactly two crossings with every other strand, i.e., z(u"‘,u"‘/) = 2 for all

a £l

Among discrete braids of period two, the trivial braid and the full twist are
duals in the sense of

10.3.a Compact interval components

Let E be a regular energy level for which the set Ur contains a compact interval
component [g.

10.13 Theorem Suppose that a twist system with compact Ir possesses one or
more closed characteristics which, as a discrete braid diagram, form a nontrivial
braid. Then there exists an infinity of non-simple, geometrically distinct closed
characteristics in Ig.

In preparation for the proof of Theorem [10.13| we state a technical lemma,
whose [short] proof may be found in [?].

10.14 Lemma Let Ig = [u_,u], then there exists a 6y > 0 such that
1. Ry(u— +d,u_,u_+6)>0,Ry(us,uy —9d,u;)<0,and
2. Ro(u—,u_+6,u_)>0,Ry(ty —6,uy,uy —95) <0,

for any 0 < 6 < ép.

Proof of Theorem [10.13] Via Theorem finding closed characteristics is
equivalent to solving the recurrence relation given by (10.2.4). Define the domains

Qf — {(ui,l,ui,uiﬂ) S Ig | U_+o<uipg <u;—0/2<uy — (5}, i odd,
! {(ui,l,u,-,u,-ﬂ) € Ig ‘ U_+0<u;j+6/2<ujpq <uy— (5}, i even,

For any integer p > 1 denote by (), the set of 2p-periodic sequences {u;} for
which (u;_1,u;,u;11) € Qf. By Lemma choosing 0 < ¢ < ¢y small enough
forces the vector field R = (R;) to be everywhere transverse to 00}, making (),
positively invariant for the induced parabolic flow ¥*.

By Lemma one can lift the assumed solution(s) to a pair of period 2p
single-stranded solutions to (10.2.4), v! and v?, satisfying ((v!,v?) # 0, for some
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. . Figure 10.1: A repre-
7 <——2 sentative braid class
] —

for the compact case:
B —_— T —, q:1/r24/2p:6

p > 1. Define the cones

C. = {ucy|u;<vf,a=12} and
Cy = {ucy|u>vf, a=1,2}.

The combination of the facts ((v!,v?) = r > 0, Axiom (A1), and the behavior of R
on d()y, implies that on the boundaries of the cones C_ and C. the vector field
R is everywhere transverse and pointing inward. Therefore, C_ and C_. are also
positively invariant with respect to the parabolic flow ¥'. Consequently, W,
has global maxima v~ and v" on int(C_) and int(C..) respectively. The maxima
v~ and vT have the property that v, <of < U;r, «x =1,2. As a braid diagram,
V= {vl,vz,v*,zﬁ} is a stationary skeleton for the induced parabolic flow v,

Having found the solutions v~ and v" we now choose a compact interval
I & I, such that the skeletal strands are all contained in I. In this way we obtain
a proper parabolic flow (circumventing boundary singularities) which can be
extended to a parabolic flow on é_’zlp rel v. Let [u rel v]¢ be the relative braid
class with a period 2p free strand u = {u;} which links the strands ' and v? with
intersection number 2q while satisfying v;” < u; < v;": see Fig. below.

As an up-down braid class, [u rel v]¢ is abounded proper braid class provided
0 <2g <r <2p, and the Morse theory discussed in and then requires
the evaluation of the invariant h of the topological class {u rel {v*}}. In this case,
since h(u rel v,€) =h(u rel v*) =h(u rel v), augmentation is not needed, and
h(u rel v*) =h(u rel v). The nontriviality of the homotopy index h is given by
the following lemma, whose proof we delay until

10.15 Lemma The Conley homology of h(u rel v) is given by:

R : k=2¢-1,2g

10.3.7
0 : else. ( )

CHy(h) = {

In particular CP;(h) = 217 1(1 + ¢t).

From the Morse theory of Corollary we derive that for each g satisfying
0 < 2g < r < 2p there exist at least two distinct period-2p solutions of (10.2.4),
which generically are of index 29 and 29 — 1. In this manner, the number of
solutions depends on r and p. To construct infinitely many, we consider m-fold
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coverings of the skeleton v, i.e., one periodically extends v to a skeleton contained
o4
in 52pm,
(q,p,m) such that (g, pm) are relative prime, we obtain the same Conley homology

m > 1. Now g must satisfy 0 < 2q < rm < 2pm. By choosing triples

as above, and therefore an infinity of pairs of geometrically distinct solutions of
(10.2.4), which, via Lemma [10.11] and Theorem [10.5] yield an infinity of closed
characteristics.

Note that if we set g, = q and p,, = pm, then the admissible ratios % for

m

finding closed characteristics are determined by the relation

qm _ T
0<-——< 5+ 10.3.8
o < 2p (10.3.8)
Thus if v! and v? are maximally linked, i.e. » = 2p, then closed characteristics exist
for all ratios in Q¢ N (0,1).

Non-compact interval components: [r = R

On non-compact interval components, closed characteristics need not exist. An
easy example of such a system is given by the quadratic Lagrangian L =  [1,|? +
Luy|® + 3|u|?, with « > —2. Clearly Iz = R for all E > 0, and the Lagrangian
system has no closed characteristics for those energy levels. For a« < —2 the
existence of closed characteristics strongly depends on the eigenvalues of the
linearization around 0. To treat non-compact interval components, some prior
knowledge about asymptotic behavior of the system is needed. We adopt an
asymptotic condition shared by most physical Lagrangians: dissipativity.

10.16 Definition A second order Lagrangian system is dissipative on an interval
component Ir = R if there exist pairs u] < u3, with —uj and u; arbitrarily large,
such that

—01S(uj,u3) >0, 02S(uj,u3) >0, and
91S(u3,uy) >0, —05(u3,uj) >0.

Dissipative Lagrangians admit a strong forcing theorem:

10.17 Theorem Suppose that a dissipative twist system with [r = R possesses
one or more closed characteristic(s) which, as discrete braid diagram in the
period-two projection, forms a link which is not a full-twist (Definition[10.12).
Then there exists an infinity of non-simple, geometrically distinct closed charac-
teristics in If.

Proof. After taking the p-fold covering of the period-two projection for some p > 1,
the hypotheses imply the existence two sequences v! and v? that form a braid
diagram in 522;1 whose intersection number is not maximal, i.e. 0 < i(v},0?) =
r < 2p. Following Definition choose I = [uj,u}], with uj < u} such that
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<> Figure 10.2: A repre-
sentative braid class
for the case Ir = R:
g=2,r=1,2p=6.

uy < U},v% < uj for all i, and let Qf and (), be as in the proof of Theorem[10.13
with u} and u; playing the role of u_ + J and u — J respectively for some 6 > 0
small. Furthermore define the set

C:={u€e 0y, |i(uv")=1(uv*) =2p}.

Since 0 < i(v!,v%) < 2p, the vector field R given by is transverse to dC.
Moreover, the set C is contractible, compact, and R is pointing outward at the
boundary dC. The set C is therefore negatively invariant for the induced parabolic
flow ¥!. Consequently, there exists a global minimum v° in the interior of C.
Define the skeleton v to be v := {v!,v2,v3}.

Consider the up-down relative braid class [u rel v|¢ described as follows:
choose u to be a 2p-periodic strand with (—1)'u; > (—1)'v?, such that u has
intersection number 29 with each of the strands v! Uv?, 0 < r < 2q < 2p, as in
Fig. For p > 2, [u rel v|¢ is a bounded proper up-down braid class. As
before, in order to apply the Morse theory of Corollary[10.10} it suffices to compute
the homology index of the topological braid class {u rel {v*}}:

10.18 Lemma The Conley homology of h(u rel v*) is given by:

R : k=2q,29+1

10.3.9
0 : else ( )

CHy(h) = {

In particular CP;(h) = #29(1 + t).

By the same covering/projection argument as in the proof of Theorem [10.13
infinitely many solutions are constructed within the admissible ratios

7 Im
— < =<1 (10.3.10)
2p  pm

Theorem [10.17] also implies that the existence of a single non-simple closed
characteristic yields infinitely many other closed characteristics. In the case of two
unlinked closed characteristics all possible ratios in Q¢ N (0,1) can be realized.

Half spaces Ir ~ R*

The case Ir = [i1,0) (or Ig = (—00,ii]) shares much with both the compact case and
the the case Ir = R. Since these I are non-compact we again impose a dissipativity
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condition.

10.19 Definition A second order Lagrangian system is dissipative on an interval
component I = [il,00) if there exist arbitrarily large points u* > i such that

01S(it,u*) >0, 9,S(ia,u*) >0, and
01S(u*, 1) >0, 9S(u*,ii) > 0.

For dissipative Lagrangians we obtain the same general result as Theorem [10.13

10.20 Theorem Suppose that a dissipative twist system with Ir ~ R* possesses
one or more closed characteristics which, as a discrete braid diagram, form
a nontrivial braid. Then there exists an infinity of non-simple, geometrically
distinct closed characteristics in Ig.

Proof. We will give an outline of the proof since the arguments are more-or-less
the same as in the proofs of Theorems[10.13|and [10.17] Assume without loss of
generality that I = [i1,00). By assumption there exist two sequences v! and v?

which form a nontrivial braid in 522;:' and thus 0 < r = «(v!,0?) < 2p. Defining
the cone C_ as in the proof of Theorem[10.13]yields a global maximum v~ which
contributes to the skeleton @ = {v!,v?,v~}. Consider the braid class [u rel 7|¢
defined by adding the strand u such that u; > v;” and u links with the strands vl
and v? with intersection number 2g, 0 < 2g < r.

Notice, in contrast to our previous examples, that [u rel o]¢ is not bounded. In
order to incorporate the dissipative boundary condition that u; — u* is attracting,
we add one additional strand v ™. Set v;r =1 for i even, and vf = u*, for i odd.
As in the proof of Theorem choose u* large enough such that v},0? < u*.
Let R' be a parabolic recurrence relation such that R'(v") = 0. Using R" one can
construct yet another recurrence relation R'" which coincides with R on [u rel 9]¢
and which has v as a fixed point (use cut-off functions). By definition the skeleton
U= {vl,vz,v_,v+} is stationary with respect to the recurrence relation Rt =0.

Now let [u rel v]¢ be as before, with the additional requirement that
(—1)"*1u; < (—1)"1of". This defines a bounded proper up-down braid class. The
homology index of the topological class {u rel {v*}} is given by the following

lemma (see §10.5).

10.21 Lemma The Conley homology of h(u rel v*) is given by

R : k=29-1,2q

10.3.11
0 : else ( )

CHi(h) = {

In particular CP;(h) = t2171(1 + ¢t).
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Figure 10.3: A repre-
<~ 2 sentative braid class
»<——u for the case I = R*:

g=1r=4,2p=6.
For the remainder of the proof we refer to that of Theorem [10.13

A general multiplicity result and singular energy levels
Proof of Theorem

Lagrangians for which the above mentioned dissipativity conditions are satisfied
for all (non-compact) interval components at energy E, are called dissipative at
EEI For such Lagrangians the results for the three different types of interval
components are summarized in Theorem [10.1.2]in §22. The fact that the presence
of a non-simple closed characteristic, when represented as a braid, yields a non-
trivial, non-maximally linked braid diagram, allows us to apply all three Theorems

10.13}[10.17} and [10.20} proving Theorem (10.1.2

Singular energy levels

The forcing theorems in §10.3.a- §10.3.c|are applicable for all regular energy levels
provided the correct configuration of closed characteristics can be found a priori.

In this section we will discuss the role of singular energy levels; they may create
configurations which force the existence of (infinitely) many periodic orbits. The
equilibrium points in these singular energy levels act as seeds for the infinite
family of closed characteristics.

For singular energy levels the set U is the union of several interval compo-
nents, for which at least one interval component contains an equilibrium point.
If 92L(u.,0,0) > 0 at an equilibrium point u,, then such a point is called non-
degenerate and is contained in the interior of an interval component. For applying
our results of the previous section the nature of the equilibrium points may play a
role.

Casel: [ =R
We examine the case of a singular energy level E = 0 such that Ir = R and I
contains at least two equilibrium points. One observes that if the equilibria can

®One class of Lagrangians that is dissipative on all its regular energy levels is described by

Alim )FSL(/\M,A%U,A%ZU) = Cl\w|2 + co|ul®,for some s > 2, and c1,cp > 0,
—00

pointwise in (u,v,w).
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Figure 10.4: The gradient
of W, for the case with
two equilibria and dis-
sipative boundary con-
ditions. On the left, for

E =0, the regions D

with the maxima and min-
+

ima u™ are depicted, as
well as the superlevel
set I'". On the right, for
E € (0,cp), the region Dy,

containing an index 1

point, is indicated.

be regarded as periodic orbits then Theorem [10.17]would apply: a regularization
argument makes this rigorous. Let E = 0 be the energy level in which U is
the concatenation of three interval components (—co,a] U [a,b] U [b,), i.e., the
equilibria are a and b. We remark that the nature of the equilibrium points is
irrelevant; there is a global reason for the existence of two unlinked periodic orbit
in the energy levels E € (0,cg) for some small ¢y > 0, see [?]. In these regular
energy levels we can apply Theorem [10.17] and a limit procedure ensures that the

periodic solutions persist to the degenerate energy level E = 0, proving Theorem
2.

Recall from [?] that two equilibrium points imply the existence of maximum
u™ and minimum u~, both simple closed characteristics, see Fig. Define
the regions D = {(uy,up) |tp —u1 >0, ug >a, up <b},and D_ = {(uq,uz) |uj <
ur <a, b<u, < ui}, where (u{,uﬁ) is the point where the dissipativity condition
of Definition[10.16]is satisfied. Thenu® € Dy andu™ € D_.

Since W5 is a C2-function on int(D. ) it follows from Sard’s theorem that there
exists a regular value e* such that 0 < maxyp Wa < et <maxp, W,. Consider the
connected component of the super-level set {IWW, > e™} which contains u™. The
outer boundary of this component is a smooth circle and VW, points inwards
on this boundary circle. Let I'* be the interior of the outer boundary circle in
question. By continuity it follows that there exists a positive constant ¢y such that
I'" remains an isolating neighborhood for E € (0,cp). In the following let E € (0,¢p)
be arbitrary.

Define Dy = {(ug,uz) |1z —ur > €, uy <ug <uf, up <ujf}UTT. It follows
from the properties of S (see §10.2) that D is again an isolating neighborhood, see
Fig. It holds that CP;(D;) =0, and {D;\I'", T} forms a Morse decomposi-
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tion. The Morse relations (9.6.27) yield
CP(T*) + CP(Di\I'") =1+ CP(D:\I'") = (1+1)Qy,

where Q; is a nonnegative polynomial. This implies that D;\I'" contains an index
1 solution ul. We can now define D, = {(uy,u2) |ua — u1 > €, uj <uy, uy <up <
u; } UTT. In exactly the same way we find an index 1 solution u? € D,. Notice,
that by construction (u!,u?) = 0. Theoremnow yields an infinity of closed
characteristics for all 0 < E < ¢q. As described in §10.3.b|these periodic solutions
can be characterized by p and g, where (p,q) is any pair of integers such that g < p
and p and g are relative prime (or p = g = 1). Here 2p is the period of the solution
u,,and 29 = i(uyg,u') = 1(up,g,u?).

In the limit E — 0 the solutions u! and u? may collapse onto the two equilib-
rium points (if they are centers). Nevertheless, the infinite family of solutions still
exists in the limit E = 0, because the extrema of the associated closed character-
istics may only coalesce in pairs at the equilibrium points. This follows from the
uniqueness of the initial value problem of the Hamiltonian system. Hence in the
limit E — 0 the type (p,q) of the periodic solution is conserved when we count
extrema with multiplicity and intersections without multiplicity.

Note that when the equilibria are saddle-foci then u! and u? stay away from
£1 in the limit E — 0. Extrema may still coalesce at the equilibrium points as
E — 0, but intersections are counted with respect to u! and u?. Finally, in the
regular energy levels E € (0,c)), Theorem [10.17 provides at least two solutions of
each type (except p = g = 1); in the limit E = 0 one cannot exclude the possibility
that two solutions of the same type coincide.

= 10.22 Remark Theorem ??, proved in this subsection, is immediately applicable
to the Swift-Hohenberg model (??) as described in §2??. Notice that if the parameter
« satisifies @ > 1, then Theorem ?? yields the existence of infinitely many closed

_1)2
chararacteristics at energy E = — (e 41) , and nearby levels. However from the

physical point of view it is also of interest to consider the case « < 1. In that case
there exists only one singular energy level and one equilibrium point. This case
can be treated with our theory, but the nature of the equilibrium point comes
into play. If an equilibrium point is a saddle or saddle-focus, it is possible that
no additional periodic orbits exist (see [?]). However, if the equilibrium point
is a center an initial non-simple closed characteristic can be found by analyzing
an improper braid class, which by, Theorem then yields infinitely many
closed characteristics. The techniques involved are very similar to those used in
the present and subsequent sections. We do not present the details here as this
falls outside of the scope of this paper. .
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u; =a

/

Figure 10.5: [left] The gradient of W, for the case of one saddle-focus equilibrium
and compact boundary conditions. Clearly a saddle point is found in D. [right]
The perturbation of one equilibrium to three equilibria.

Cases ll and lll: I = [a,b] or [z = R*

The remaining cases are dealt with in Theorem ??. We will restrict the proof here
to the case that Ir contains an equilibrium point that is a saddle-focus — the center
case can be treated as in [?]EI It also follows for the previous that there is no real
difference between Ir being compact or a half-line. For simplicity we consider the
case that Ir is compact.

Let us first make some preliminary observations. When u, is a saddle-focus,
then in E = 0 there exists a solution u' such that u} < u, < u. This follows from
the fact that there is a point (u},u3), u; < u}, close to (u,,u.) at which the vector
VW, points to the north-west (see Fig. and [?]). This solution u! is a saddle
point, its rotation number being unknown. The impression is that (u,,u.) is a
minimum (with T = 0), and if u, were a periodic solution, then one would have
a linked pair (u.,u,) and u! to which one could apply Theorern Since u,
is a saddle-focus it does not perturb to a periodic solution for E > 0. Hence we
need to use a different regularization which conveys the information that u, acts
as a minimum. The form of the perturbation that we have in mind is depicted in
Fig. where we have drawn the “potential” L(x,0,0).

This idea can be formalized as follows. Choose a function T € C§°[0,00) such
that 0 < T(s) <1, T(s) = 1 for x < %, T(s) strictly decreases on (%,1) and T(s) =0
for x > 1. Add a perturbation

D (u) = /: —2Co (s — uy) T(‘S;u*’) ds

“Indeed, for energy levels E + ¢, c sufficiently small, a small simple closed charecteristic exists
due to the center nature of the equilibrium point at E; spectrum {=4ai, £bi}, a < b. This small

simple closed characteristic will have a non-trivial rotation number close to §. The fact that the
rotation number is non-zero allows one to use the arguments in [?] to construct a non-simple closed
characteristic. As a matter of fact a linked braid diagram is created this way.



10.5

10.5 Computation of the homotopy index 227

to the Lagrangian, i.e. L = L + ®,(u), where Cy = 92L(1,0,0). The new Euler-
Lagrange equation near u, becomes

0% Litxers + 202 L = 8%, L)t + 2L [1 = 2T (M) | (u — ) = O(U2),

where all partial derivatives of L are evaluated at (u,0,0), and where U is the
vector (U — Uy, Uy, Uxy, Uyxyy) in phase space. Hence for all small € there are now
two additional equilibria near u,, denoted by i € (u, —€,u, —€/2) and u €
(s + €/2,u, + €). Since (1, — it) — (# — u,) = O(e?), the difference between E (i)
and E(i1) is O(e ) To level this difference we add another small perturbation to L
of the form ¥ (u) = [,/ C.T( ls=us] “*' )ds, i.e. L(1) = L(u) + ¥ (u), where C, is chosen
so that E(il) = ( i) (of course # and 1 shift slightly), and C. = O(€?). Using the
same analysis as before we conclude that a neighborhood of u, in the energy
level E(if) looks just like Fig. In B = {(uy,uz) |uj <up <il, i <up <uj}
we find a minimum. Choose an regular energy level E. slightly larger than
E(@t) = E(#) (with Ec = O(e)), such that the minimum in B persists. Taking this
minimum and the original u! — which persists since we have only used small
perturbations, preserving D (see Fig. as an isolating neighborhood — we
apply Theorem

Finally, we take the limit € — 0. The solutions now converge to solutions of
the original equation in the degenerate energy level. It follows that in the energy
level E = 0 a solution of type (p,q) exists, where the number of extrema has to be
counted with multiplicity since extrema can coalesce in pairs at u.

Computation of the homotopy index

Theorems and hang on the homology computations of the
homotopy invariant for certain canonical braid classes (Lemmas and
[10.21). Our strategy (as in, e.g., [?]) is to choose a sufficiently simple system
(an integrable Hamiltonian system) which exhibits the braids in question and to
compute the homotopy index via knowing the structure of an unstable manifold.
By the topological invariance of the homotopy index, any computable case suffices
to give the index for any period 4.

Consider the first-order Lagrangian system given by the Lagrangian
Ly(u,ux) = J|ux|* + AF(u), where we choose F(u) to be an even four-well po-
tential, with F” (1) > —1, and F”(0) = —1. The Lagrangian system (L,,dx) defines
an integrable Hamiltonian system on IR?, with phase portrait given in Fig.

Linearization about bounded solutions u(x) of the above Lagrangian system
yields the quadratic form

1
/ s 2dt+/\/ F'(u 2dx>/0 (72 — A)g2dx, ¢ € HL(0,1),
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Figure 10.6: The inte-
grable model in the

(u,uy) plane; there are
centers at 0, +2 and sad-
dles at +1, +3.

which is strictly positive for all 0 < A < 72, For such choices of A the time-1 map
defined via the induced Hamiltonian flow ¢*, i.e., (u, py) = (u,uy) — ' (u,py), is
an area preserving monotone twist map. The generating function of the twist map
is given by the minimization problem

1
Su(uu) = _inf [ Ly(uudx,
geX(uq,uz) JO

=

where X(u1,u2) = {u € H'(0,1) | u(0) = uy, u(1l) = uz} The function
S, is a smooth function on R?, with 9;0,S, > 0. The recurrence function
R (uiq,ui,ui11) = 925 (uj_1,u;) + 015 (u;,u; 1) satisfies Axioms (A1)-(A3), and
thus defines an exact (autonomous) parabolic recurrence relation on X = RZ. We
choose the potential F such that the bounded solutions within the heteroclinic loop

between u = —1 and u = +1 have the property that the period T) is an increasing
function of the amplitude A, and T)(A) — 2—\/7%, as A — 0.

This single integrable system is enough to compute the homotopy index of the
three families of braid classes in Lemmas [10.15] [10.18} and [10.21]in §10.3

We begin by identifying the following periodic solutions. Set o'+ = {v}*1,
0l® = 43, and v** = {v7F}, v7F = £1. Let ii(t) be a solution of (L,,dx) with
ilx(0) = 0 (minimum), |#(x)| < 1, and T1(A(#%)) = 219 > 271, 19 € IN. For arbitrary
A <1 this implies that

T (A() _ 2%
VA VA
where we choose A so that ﬁ €IN. Forr>1setd:=
{03}, with 03 = 7i(i), and v* = {v}}, with o} = (i + /v

((v3,v*) =r, for all % €NN.

Next choose #(x), a solution of (L,,dx) with 11,(0) = 0 (minimum), which

)ﬂ

A(A(#) =

Tr

=

and define v° :=

=g

,1=0,...,d. Clearly,

oscillates around both equilibria —2 and +2, and in between the equilibria —3 and
+3,and Ty (A(%)) =27 > 27, 71 € N. As before

WA = I 21

8 The strict positivity of the quadratic form Q via the choice of A yields a smooth family of

H

hyperbolic minimizers.
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Let 2p > r and choose 1), 71 > 4 such that

E:2—2721 (10 >m).

T r
Set v° = {v?}, v? = (i), and v°® = {00}, with 00 = ii(i + T1/V/A), i =0, ...,d. For
x € [0,d] the solutions i and i have exactly 2p intersections. Therefore, if we choose
A sufficiently small, i.e. ﬁ € N is large, then it also holds that 1(v**,05¢) = 2p.

Finally we choose the unique periodic solution u(x), with |u(x)| <1, u,(0) =0
(minimum), and Ty (A(u)) =21 > 27, 7» € N. Let 0 < 2g < r < 2p, and choose 1,
and consequently the amplitude A, so that

2:2"<1 (o<1 A()) < A)).
The solution u is part of a hyperbolic circle of solutions us(x), s € R/Z. Define
(u(s))ser/z, with u(s) = {u;(s)}, where u;(s) = us(i + 2125 /+/A). As before, since
the intersection number of # and u is equal to 2g, it holds that ((u(s),v**) = 2g,
for A sufficiently small. Moreover, ((u(s),v>®) = 2p. From this point on A is fixed.
We now consider three different skeleta v.

I v = {v*>,0>",03,v*}. The relative braid class [u rel v]; is defined as follows:
v?’* <u; < vl.z’+, and u links with the strands v® and v* with intersection number
24,0 < 2g < r. The topological class {u rel {v}} is precisely that of Lemma
[Fig. and as such is bounded and proper.

II: v = {v*>~,0"",v%,0* v°}. The relative braid class [u rel v]y is defined as
follows: 01.2’_ <u; < v}’+, u links with the strands v°® and v* with intersection
number 24, 0 < 29 < r, and u links with v° with intersection number 2p. The
topological class {u rel {v}} is precisely that of Lemma [Fig. and as
such is bounded and proper.

IIL: v = {v*>~,v%,v*,v°,v°}. The relative braid class [u rel o]y is defined as
follows: vz.z’* < u;, u links with the strands v® and v* with intersection number
24, and u links with v° and v® with intersection number 2p. The topological class
{u rel {v}} is not bounded [Fig. right]]. The augmentation of this braid class
is bounded.

Cases I and II: Since the topological classes are bounded and proper, the invariant
h is independent of period of the chosen representative, and can be easily com-
puted from the integrable model. The closure of the collection of topologically
equivalent braid classes is an isolating neighborhood for the parabolic flow ¥*
induced by the recurrence relation Ry = 0 (defined via (L),dx)). The invariant set
is given by the normally hyperbolic circle {u(s) }scr,z. For this reason the index
h can be computed via the connected component that contains the critical circle;
we denote this neighborhood by N. The Conley index of N can be determined via
computing W"({u(s)}), the unstable manifold associated to this circle. This com-

putation is precisely that appearing in the calculations of [?, pp. 372]: W*({u(s)})
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Figure 10.7: The augmentation of the braid from Lemma [10.18|[left] is the dual of
the type III braid [right].

is orientable and of dimension 24, and thus
h(u rel v) = h(N) = (8" x §%7) / (8" x {pt} ) = $¥7 v $¥.  (105.12)

The Conley homology is given by CHy(h) = R for k =2 — 1,2q, and CHi(h) =0
elsewhere. This completes the proofs of the Lemmas[10.15/and [10.21]
Case III: It holds that

{u rel v} N (D%p rel v) # Q.

The discrete class for period 2p is bounded, but for periods d > 2p this is not the
case. However, by augmenting the braid, we obtain from (9.4.15) that

h(u rel v) =h(u rel v*),

where v* = v U {v'~,v!"}. Since the topological class {u rel {v*}} is bounded
and proper, we may use the previous calculations to conclude that

h(u rel v*) ~ (S' x §%71) /(8! x {pt}) ~ §*1~1 v §%.

Our motivation for this computation is to complete the proof of Lemma[10.18] Let
[u’ rel v'] denote the period 2p braid class described by Fig. with intersection
numbers denoted by 24’ and 27/, and let [u rel v] denote a type-III braid of period
2p. Then, it is straightforward to see (as illustrated in Fig. that, forqg’ =p—¢q
and ' =2p—r,

[u rel [0'7]] :]D<[u rel [ZJH) (10.5.13)

Lemma [10.18 gives the index for the augmented class {u’ rel {o’"}}, which is
bounded and proper as a topological class. The above considerations allow us to
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compute the homology of h(u’ rel v'”) via Theorem[0.28}

CH, (h(u’ rel ¢'")) CH, (h(IDu rel Dwv))
CHyp—» (h(u rel v))

CHyp—« (h(u rel v*))

1 1R

-~ R : 2p—x=29-129 . (10.5.14)
- 0 else

~ R : x=29,29+1

B 0 else

The intersection numbers 2q" and 21’ are exactly those of Lemma |[10.18, completing
the proof.

The Geometry of Second-Order Lagrangians

In order to reduce the amount of technical detail we restrict ourselves to La-

grangians that satisfy the following hypotheses:

(H1) L(u,0,w) = Jw? + K(u,v).

(H2) for every u € R there exists a constant ¢ > 0 such that K(u,v) > —c —
clv]’, 0<y<4

Note that (H2) is a lower bound on K; an upper bound is not necessary. Hypotheses

(H1)-(H2) are very mild restrictions on the second-order Lagrangians that we

consider in this chapter. These hypotheses can be further weakened as is discussed

in Section[10.9] We now formulate the main result of this paper.

10.23 Theorem Let Mg be a regular energy manifold of a second-order La-
grangian system with Lagrangian L satisfying hypotheses (H1) and (H2). Then
the number of closed characteristics is bounded below by the second Betti
number B, := dim Hp (M).

For Lagrangian systems with 92 L > a > 0, the homotopy type of Mg can be
determined directly from the sign of its “potential”, L(1,0,0) + E, see Section[10.9]
and cf. [4] This number then yields the second Betti number of ME.

Theorem is a generalization of the situation for first-order Lagrangian
systems L(u,u') = (u')? + K(u) where H = }(u')? — K(u). An energy manifold
ME is one-dimensional, and each compact component of (regular) Mg consists
of a single periodic solution. Thus the number of closed characteristics is ex-
actly Bq := dim H; (M). For second order Lagrangians f; is only a lower bound.
One can easily gives examples of systems with infinitely many different closed
characteristics, cf. [33] Note that for Lagrangians of the special form L = L(u,u")
Hypothesis (H2) becomes void and the similarity between first and second order
systems becomes even stronger.
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To establish the existence of closed characteristics on energy manifolds of
second-order Lagrangian systems, we use their variational structure. A closed
characteristic is equivalent to a periodic solution u which are found as critical
points of the second-order action, i.e

T
Sur | [L(wu',u")+ E] dt =0, (10.6.15)
0

where T > 0 is the period of u. Note that variations are taken in T as well as u. By
Adding the term E in the Lagrangian action in (10.6.15) solutions are guaranteed
to lie on Mg, see Lemma|[10.33

10.24 Exercise Prove that extrema of second-order Lagrangian action in
(10.6.15) are confined to the energy manifold Mg. ]

Intersection theory

We consider functions which have a simple profile consisting of two monotone
laps, u which increases from some minimal value u; to a maximal value u; and
u_ which decreases from u; back to u7. At u; and uj it holds that 1/ = 0. If u, and
u_ are solutions, then their concatenation u_ #u_ is called a ‘broken geodesic’. The
extrema u; and u; are called concatenation points. Note that a broken geodesic
need not be a solution to at the concatenation points. The third derivatives
need not match, cf. [33]

We obtain a periodic solution from the method of broken geodesics in two
steps. First we must determine when monotone laps exist between given values
of u, and this is accomplished in Section Via minimization. Then it must be
shown that there exists a broken geodesic which is a solution to (10.1.T), which
follows from the geometric and topological properties of Mg as we now explain.

From the Hamiltonian (10.1.2), solutions must satisfy

JoL
u"

u" —L(u,0,u”")=E

at points where u’ = 0. We denote this level set in the (u,u")-plane by Nr. Note
that N is the section of Mg defined by Mg N {u' = O}EI Due to the convexity of L
with respect to u”, the manifold Ng consists of two graphs in the (u,u”)-plane. In
particular, the projection of N onto the u-axis can be characterized by mNg = {u :
L(u,0,0) + E > 0}, and the sets Ng N {(u,u”) | u >0} and Ng N {(u,u”) | u <0}
are graphs over 7tNg. A particular connected component of 77N will be denoted
by Ir, and will be referred to as an interval component.

9 As a matter of fact Mg N {u’ = 0} is the cylinder Ng x R, where the R-variable is accounted for
by pu-coordinate.
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p’rz P,

L -

Figure 10.8: The increasing and decreasing laps u, and u_ respectively.

We will consider broken geodesics whose values lie in a single interval compo-
nent Ir. Given such a component Ir of TNg, define B = {(u1,u2) € I x I :uy < uy}.
For given laps u; and u_ let p;; , p,,, and p,, p,, be the p,-values at the concate-
nation points respectively. As shown in [33]], if the condition

pi,— P =0 and  pf—p, =0 (10.6.16)

is satisfied at the concatenation points, then u_ #u_ is a periodic solution of (10.1.1),
and thus a closed characteristic on Mg.

Let (ui,up) € B and p;,ps, € R.  Consider the trajectory x(t) =
¢'(u1,0, p;fl,pv(ul)) of the Hamiltonian flow. Here p, = u” is a function of u;
since the initial point has v = u’ = 0, and hence is in Ng. Thus there are two choices
for p,(u71), and we will choose p,(u1) > 0.

Define f (u1,p,.) and g (uy,p,f,) to be the values of u and p, at the first
maximum of 77, x(t) respectively, see Fig. As p, — oo, then f (uy,py ) — ur.
The maps f; and g are well-defined for fixed u; with decreasing p;| as long
as fy(u1,p4,) < maxlI. In addition the f, and g, are smooth in (uy,p,) ) on the
domain of definition P, . We can define analogous maps f(u2, p,,) and g (u2, p;,)
as the values of u and p, at the first minimum of a decreasing lap, see Fig.
with domain of definition P_. Let

Lo = {(ufi(u,pu),pug+(u,pu))}, and
L = {(f-(wpu)uw,g+(w,pu),pu)},

be subsets of the tangent bundle T*B. Then L. are two-dimensional submanifolds
of T*B given as graphs over the (u1,p,, )-plane and the (uy, py,)-plane respec-

tivel see Fig.

The submanifolds £+ are in fact Lagrangian submanifolds of T*B. Condition
(10.6.16)) implies that intersection points of the manifolds £, N £_ correspond to
broken geodesics which are periodic solutions, i.e. u1 = f—(uz, pu,), f+ (U1, pu,) =

U, puy, = & (U2, pu,), and g1 (U1, puy) = Pu,-

10 One can also define maps f_ and g_ by following the flow backward in time to the next

maximum. This way the maps f_ and ¢— again depend on (u1, py, ), and which leads to the same
results.
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Figure 10.9: The contangent bundle T* B and the intersecting Lagrangian subman-
ifolds £, and £ _.

In the special case that there exist unique laps 1 and u_ for all (uj,uy) €
B, then the system is a twist system. In this case, £+ are an exact Lagrangian
submanifolds of T*B, i.e. L+ are the graphs of exact 1-forms on B provided by
generating functions for the laps [33]. In this case a direct variational principle
exists in terms of just the extrema u; and u,.

10.25 Lemma Let L satisfy Hypotheses (H1) and (H2), then for each pair
(u1,up) € B there exist increasing and decreasing laps u, and u_ respectively.

In particular 7L+ = B.

This lemma is proved by Theorem [10.38|in Section and shows that for any
Lagrangian satisfying (H1) and (H2) the projections £+ cover the base B, which
plays a crucial role in our intersection theory. The next lemma establishes that

the intersection set 7t(£, N £_) is always strictly contained in B for Lagrangians
satisfying (H1) and (H2).

10.26 Lemma Let L satisfy Hypotheses (H1) and (H2), then

Moreover, if cl(B) is compact then there exists a compact set B' C int B such
that 7(L. N L_) C B

Proof. Denote by 7 : T*B — B the canonical projection onto the base, let
7Y (uy,uz) = { be a fiber in T*B, and let 7t* be the projection onto the (pu,, pu,)
coordinates of a point in T*B. From Lemma it holds that for each point
(u1,up) € Bthat { N L4 # @. Take a point (u1,u2) € 0B, and consider the points
(P Pim) €CN Ly and (p,,, p,,) € (N L. Tt then follows from Lemma 7 in [33]
that each pair (p; ,p..) and (p,,, p,,) either p} — p, or p; — p,, has a definite
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sign (strictly negative). Thus, for any boundary point (u1,u2) € dB it holds that
T (NLy)#m(INL), (10.6.17)

which implies that 7(£y N L_) NdB = Q.

Now assume that cl(B) is compact, hence I is a compact interval component.
Define Bs = {(u1,u2) € B | uy > minl + 4, up < maxI —¢}. From Lemma 8 in
[33], there exists &y > 0 such that for all § < ¢y the boundaries {#q; = minI + 6}
and {u; = maxI — &} satisfy (10.6.17). This proves that (£ N L_) NdBs = @.
Define the diagonal A = {(u3,uz) € cl(B) | u3 = up}. Suppose now that there
exists a sequence of points (u},u}) accumulating at cl(B;) N A, then it follows
from Lemma 5 in [33] that

1Py = PPy = Pa) | 00 as m—eo

for any pair (p;% — p;?,p:[g = Py) in (Gu N Ly) x (Cu N L), where 7, =
i1 (u},ul). The latter combined with the behavior of £ N £_ on dBs now im-
plies that there exists a compact set Bf C intBs C intB such that 7(£, N £_) C B.
n

Continuation

To study £, N L_ we use the intersection number (£, £_). Our approach is
to define (L, £_) via the Brouwer degree by constructing proper equations on
T*B whose zero sets are L. This can be done in many ways and the intersec-
tion number (L4, L_) does not depend on the particular choice of the defining

equations.

Define
Fi(u1, puy, 2, puy) = (2 — f4+ (U1, puy), Py — 8+ (11, puy )]
F_(u1,puy, 2, puy) = (w1 — f— (2, Puy), Py — §— (12, Puy)],

where the domain of definition of F; is (u1,pu,) € P+, (42,pu,) € I X R, and the
domain of definition of F_ is (12, pu,) € P—, (41, pu,) € I x R. Then L are the level
sets F;l (0) in T*B. Define F(uy, pu,, U2, pu,) = [F+,F-] on P, x P_. Then the zero
set of Fis F71(0) = £, N L_, which is bounded and contained in int(P; x P_).
The latter follows from Lemma Indeed, for an intersection it holds that
(u1,u2) € BY, so uy € intl. If (ug,py,) € P, then uy € 91, a contradiction. Thus
(41, pu,) € intP;. Similarly it follows that (12, p,,) € intP_. Since t(L£L N L_) C B
the boundedness of F~1(0) follows from continuity. These facts combined justify
the definition
(L4, L) =deg(F, Py x P_,0),

c.f[10]. Since dim £+ = 2, we have (L4, L_) =1(L_, L, ). We are now ready to
prove the main result.
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Proof of Theorem Let Mg be a regular energy manifold corresponding to
H(x) = E. We compare the Lagrangian system determined by Lo = L = 1w?* +
K(u,v) with the system determined by L; = 3w? + K(u,0). The latter system is
of Swift-Hohenberg type which is shown to be a twist system in [33]. The two
systems are related by continuation. Specifically, define Ly = (1 — A)Ly + AL;.
Then the energy manifolds M, are regular for all A € [0,1]. Hence each M, is
homotopy equivalent to M = My. Moreover, from the definition of L, it is clear
that the sections N, = N and the base manifolds B, = B for all A € [0,1].

Since My and M; are homotopy equivalent, the Betti numbers dim Hy (M) and
dim Hy (M), k > 0, are equal. In Section 7 of [4] it was shown that dim Hy(M;)
is equal to the number of compact components of the section Ng, which can be
computed directly from the graph of the potential K(u,0), i.e. the number of
compact intervals on which K(u,0) + E > 0.

Since M; is a twist system, the results in [33] imply that for each compact
component of Ng there exists a closed characteristic of the system for L; for which
(LY, L) = +1. The sign of (L1, L1 ) depends on the orientations of £ induced
by their definition as level sets of F1. Since L, satisfies hypotheses (H1) and
(H2) and 92 L) =1 > 0 for all A € [0,1], the results of Lemma apply for all
A € ]0,1]. Moreover Lemma implies that 77(£} N L) C BT for some compact
set BY C B uniformly for all A € [0,1]. The continuation property of the degree can
be used to show that the intersection number can be continued for all A € [0,1].
This fact requires a little argument. For each Ay € [0,1] there exists a €(Ag) > 0
such that for all A € (A9 — €(Ag), Ao + €(Ag)) N [0,1] it holds that £4 N L* C D, C
P} x P}, Therefore deg(F, P} x P*,0) =deg(F,D,,,0). Consequently ((L%,£° ) =
L(Ei(o),ﬁi(o)), and (L1, L) = t(ﬁ}[e(l),ﬁlfe(l)). Since the interval [e(0),1 —
€(1)] is compact the desired result follows via a finite covering, and consequently
W( LY, LY) =1L, L) #0forall A € [0,1]. Hence for each compact component of
NE, the energy manifold Mg contains a closed characteristic. Therefore the number
of closed characteristics is at least dim Hy (M). ]

Existence of Minimizing Laps

Fix E € R and a compact component interval component Ir. Givenu = (u1,u3) € B
and b € K = {(by,b2) € R?:b1b, > 0 and max{|b1|,|b2|} < 1/2}, define X;(u,b) =
{u € H2([0,7]) : u(0) = uy, u(t) = up, u'(0) = by, u'(t) = by, and v/(t) # 0 for t €
(0,7)} and
T
Jelil = [ |31 ()P + Ku(e) (1)) + E |

0
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which is well-defined on X (u,b) = U;cr+ X7 (u,b). To prove that Lemma [10.25
we consider the following minimization problem,

Je(u,b) = inf Je[u],

TeRT

and establish the existence of minimizers.

Minimization Jg requires a growth condition on the Lagrangian. Hypothesis
(H2) implies the following property.

10.27 Lemma If hypothesis (H2) holds, then for every € > 0 there exists Cc > 0
such that K(u,v) + E 4+ e 'v* > —Cc|v| forallu € Iand v € R.

Proof. Since u is bounded, we have K(u,v) > —C — C|v|?. Thus K(u,v) + E +
e 'v*>—-C+E—-Clo|" +e1v* > —C’forallu € I and v € R. Since K(u,0) + E >
0 and 9,K(u,0) is bounded for u € I, there exists C. > 0 such that K(u,v) + E +
e ot > —Cc|v| forallu € and v € R. m

10.28 Lemma If u € X(u,b), then

r 4(1— |ble) | 4lbJ2
u”2dt>#/ w|rdr — Tl
0/| Fat 2 9uy — uq)? / ] 9luy — uq|

Proof. Since u is monotone, we can reparametrize by u'(t) = v(u) and let z(u) =
v|v|'/2(u). Transforming to (u,z)-variables yields
0

u.z2/3(y
Jelu(H)] = Jelz(w)] = [ B’Z,(””Z*K( ,22/3((u)))+E B

uy

with z € x + H} ([u1,u2]) where x is a smooth function satisfying z(u;) = bi’/ % and
u

z(up) = bg/z. Hence z is absolutely continuous with z(u) — z(u1) = [ 2/ () du for
Uy

Us

all u € [uy,u,], which implies |z(u) — b3/2|? < |uy — u1| [ |2'|?du. Note that under
Uy

this transformation

T

T 4 Us U
/]u”(t)]zdt: §/]z’(u)\2du and /\u’(t)]4dt:/\z(u)\2du
0 uy uq

0
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Therefore,
T Uy
"2 4 /2
/W|dt: = 12 Pdu
9
0 uq
: 9|uz—u|2/ o
4 'uz Up
2 3/2 3
9|up — uq| H J
) [y " 1/2
2 3/2 1/2 2 3
> W /z du—Zbl/ \uz—ull/ (/z du) + bylup — uq
5% Ui
. A0-by) 72%_ an;
- 9|u2—u1|2 9uy — uq|
W!t//4 4b|3,
> dt —
- 9]u2—u1]2 ] 9\u2—u1\

Now we use this inequality to prove that J¢ is bounded below on X(u,b), so
that the minimization problem is well-posed, i.e. Jg > —c0.

10.29 Lemma There exists a constant C(|uz — u1|,|b|«) > 0 such that Jg[u] > —C
for all u € X(u,b).

Proof. Applying Lemma([10.27]and [10.28 we obtain

T
Jelu] = /{;WW1+KWMU+E]m
0
T
— |blw) / 4 2[bJ%, / ,
dt — K(u, E| dt
9|u2—u1|2 ] 9|u2—u1|+0 [ (u, ) + ]
r 1 2|bl?
> K(u,u' +E—|—u’4}dt—°°
- /[ (1) 9|u2—u1|2| | 9|uy — uyq|

0

f 2/b|2
> —/cwm—g——ﬁf
9|up — uq|

which implies that J£[u] is bounded below on X (u,b). ]
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Define the sublevel set J%(u,b) = {u € X(u,b) : Jg[u] < a}.

10.30 Lemma There exists positive constants C;,C,, and T; depending on
a,|uz — u1| and [be such that for any u € Ji(u,b) we have T > Ty, [[u” || 12(j0,4)) <

Cy, and ||| 140,y < Co-

Proof. We have

0> Jolu] = ;/|u”|2dt+/[1<(u,u')+E]dt
0 0

T
2(1 — |b|0°) o 1 /]u’|4dt
ug —up|?2  9upy — uq/? )

2|bl3
APl el — ugl.
9|up — uq| 12 = 1]

v

T T
Therefore, [ |u'|*dt < C(a,|b|w, |tz — u1]), which also implies [|u”|>dt <
0 0

C(a, |b|eo, |u2 — u1]). As for a lower bound on T we argue as follows. Integrating
u' over [0,7], we find that |uy — ug| < V2| || 2 < T/4||u'|| 14 < CT/4. u

10.31 Lemma There exists C(7,4,u,|b[) such that |[u[| 2 (jo)) < C forall u €
Ji(u,b).

T
Proof. By Cauchy-Schwarz, [ |u'[>dt < C(a,|b|w,|uz — u1|)7'/? which implies
0

T

that [[ul| 1= (jo,1)) < C(a,[bles, [ua — ur|)T3* + Juy| and Ju?dt < (C(a,|b|e, |2 —
0

u1]) T + |ug|)?7. Therefore, [|u]| 20,1 < C(a, [bles, |2 — usl,|ua], 7). m

To find a minimizer we need to establish that Jg is coercive and weakly lower
semicontinuous along a minimizing sequence. Lemma implies coercivity
provided that 7 is uniformly bounded, which is proved in Subsection [10.§| for the
regular case. We now show that Jr is sequentially weakly lower semicontinuous
along sequences for which 7 is bounded.

10.32 Lemma Suppose u, € X(u,b) with both [|u || 2o 7,)) and T, uniformly
bounded. Then liminf,, e Jg[tn,] > JE[u] for some u € H2([0,7]).

Proof. We can rescale t to separate the dependence on 7 from variations in u. Let
X:(u,b) = {g € H%([0,1]) : 9(0) = u1,q(1) = uz,4'(0) = b1/7,4'(1) = ba/7, and
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7' (s) #0fors e (0,1)}. Let X(u,b) = Urer+ Xc(u,b) € H2([0,1]). Then

/1{2(3\11 )? + 7K (q( ), q,§5)> +TE] ds
0

for g € X(u,b).
The functions g, (s) = u,(ts) are uniformly bounded in H?([0,1]), hence we
can extract a weakly convergent subsequence g, — g with 7, — 7. Observe that

the functional f (9,9'/T) + E]ds is continuous in T > 0 and weakly continuous

in g € H%([0,1]). The functional 13 f |q""|? ds separates the variables T and g and
is continuous in T and sequentlally weakly lower semicontinuous in q. Hence,

o f|q”]2ds < liminf, e 5 70 f g2 ds. Therefore Jg[q] < liminf, e JE[gn]- =

10.33 Lemma If Jg(u,b) = Jg[u] for some u € X(u,b), then u € C>([0,7]) satis-
fies the Euler-Lagrange equation (10.1.1) and H(u,u/,u”,u"") = E.

Proof. This follows from standard regularity theory, c.f [17]. [

Lemmas|10.31|and [10.32)imply that a minimizer exists in H([0,7]) provided
that 7 is bounded along some minimizing sequence. Lemma [10.33| states that
a minimizer belonging to X(u,b) is a solution to the Euler-Lagrange equations.

Therefore, we must show that minimizing sequences exist for which 7 is bounded
and the weak limit belongs to X (u,b). This issue will be addressed in Subsection
for the regular case. We conclude this subsection with a technical lemma
concerning the continuity of the infima Jg(u,b) with respect to the parameter b.

10.34 Lemma Suppose b, — b € K and u, € X(u,b,) with 7, — 7, Jg[u,] =
Je(u,by,) and u, — uin H2([0,7]). Then Je[u] = Je(u,b).

Proof. Again we can rescale t to separate the dependence on T from variations
in u. Let x[t,b)] : [0,1] — R be a smooth strictly monotone function satisfying
x(0) =ug, x(1) = uz, X’(0) = b1 /7, and x'(1) = b2/ 7, and define

1 q/+X/ q//+X//
Jelg, T;b] = /L (q + X, = ) Tds
0

for g € {g € H*([0,1]) : 4/(s) + x'(s) # 0 for s € (0,1)}. Then inf, . Jg[q,T;b] =
Je(u,b). The family x[7,b] can be chosen to vary continuously in b, the family
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of functionals Jg[gq, T;b] is continuous in b for each fixed g and 7. Therefore, the
infimum Jg(u,b) is upper semicontinuous with respect to b, cf. [30].

Let gu(s) = un(Ths) — X[Tu,bn](s). Since Jg[-,;b] is continuous, we
have Je[q, T;b] = limy—c0 J£ [, Tn; bn] = limy 00 Te(w,by) < JE(u,b) < JE[g,T;b].
Therefore Jr[u] = Je[q, T;b] = Je(u,b). n

The Existence of Minimizers

In this section we prove the existence of minimizers when u = (u1,u) € intB for a

single interval component Ir, and hence we will assume that [u1,15] is regular. In

this case the following property is due to continuity.

(P3) There exist p > 0 and Jp > 0 such that K(u,v) + E > p > 0 for all (u,v) €
[11,u2] X [—do,d0].

10.35 Lemma Under hypotheses (H1) and (H2), there exists a constant T, > 0,
depending on 4, [b|e, |u2 — u1],1/6p, and 1/p, such that for any u € i we have
T< Tz.

Proof. Let S5, = {t €[0,7]: |[u'(t)| > &y}, where dy is chosen in (P3). Since |S;, |5¢ <
T

[ |u'|*dt, we have |S;)| < C(a,6, |up — u1|,1/65). Let € > 0. Then,

0

a>Jelu] > /[K(u,u’) + Eldt + /[K(u,u/) + E]dt

Sg”o 54

> plr— S = [ Iat = Celuz = ],

Sso

which implies that T < Ty(a,6?, |uy — u1|,1/63,1/p), by Lemma|10.30 n

Lemmas|10.29|and [10.35/imply that action is bounded below on X (u,b), and
the time 7 is bounded on sublevel sets of Jr. Therefore, Lemmaimplies that J¢
is coercive and sequentially weakly lower semicontinuous along any sequence in
X(u,b) on which Jg is bounded. Let cIX(u,b) = {u € H?([0,7]) : uy — u for some
sequence u, € X(u,b)}. Functions u € clX(u,b) = Ur~oclX7(u,b) are monotone,

possibly with critical inflection points. We have shown that the minimization
problem is well-posed in the sense that a minimizer exists in c1X(u,b). However
we must still show that this minimizer lies in X(u,b) to apply Lemma
Without loss of generality, we can assume that the following condition holds.
(P4) The constant 6y > 0 in (P3) can be chosen such that K(u,v) + E is nonincreas-
ing in v for all (u,v) € [uy,uz] x [—do, o).
Property (P4) is not a restriction on K. Consider the family of Lagrangians
|u"|?/2 4+ K(u,v) — av. Then J, g[u] = Je[u] — a|uz — uq] for all « € R. Hence,
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the minimizers of ], g are the same for all « € R. Since [u1,u5] is compact, we
can choose a > 0 such that 0,K(u,0) — « is strictly negative for all u € [uy,us].
Then, replacing K(u,v) by K(u,v) — av will satisfy (P4) without changing the
minimization problem, and since x > 0, the growth condition (H2) is still satisifed.
Also, property (P3) still holds with possibly smaller values of p and dy. Property
(P4) is used in the following lemma which implies that a minimizer must lie in
X(u,b).

10.36 Lemma Suppose [wy,wy]| C [u1,uz]. Let u € clX.(w,b,) for some b, =
(b,b) with 0 < |b| < éy. Define T = |wy — w1|/b > 0 and w € Xz(w,b.) by
w(t) = bt + wy. Then Jp[w] < Je[u] and w'(t) # 0. If u” £ 0, then Je[w] < Je[u].

Proof. As in the proof of Lemma [10.28} transforming u(t) and w(t) into (u,z)-
variables, we have

2/3
Jelu] = /|z|2du+/[ Lz +E}du
T[R4y a0s1s
w1
Here we have used properties (P3) and (P4). [

10.37 Corollary If u € clX(u,b) is a minimizer of Jg, then &7’ # 0 on [0, T], hence
u € X(u,b).

Proof. Suppose u has a critical point at f. Since u is monotone, tj is contained in
some maximal compact interval of critical points Ir. By continuity, for any b, =
(b,b) with |b| sufficiently small, there is an interval [t;, 2] containing Ir such that
u'(t1) =u'(t2) = b. Let wy = u(t1) and w, = u(t). Then using Lemma([10.36] we
can construct a function w € X(w,b.) such that Jg[w] < Jg[u], 1,)- Replacing ulf;, ;.1
by w yields a function # € H?([0,7]) such that Jg[i] < Jg[u], which contradicts the
fact that u is a minimizer. [

We have proved the following theorem which implies Lemma

10.38 Theorem Suppose L satisfies (H1) and (H2) on an interval component
Ig. If u € B and b € K, then there exists a strictly monotone minimizer u &
X(u,b) N C>([0,7]) of Jr which satisfies the Euler-Lagrange equation ([10.1.1)).

In fact the above results prove Theorem [10.38|for u € intB. In order to include
all of B one can choose a sequence of minimizers u, € X(u,,b) with u, — u € 0B.
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To obtain a limit in X(u,b) we need to argue that 7, is uniformly bounded. Sup-
pose not, i.e. T, — 00. Since |[uy|| 2 ([o,7,)) < C we would obtain, after appropriate
shifts, a solution asymptotic to either u; or uy, or both, which is a contradiction.

Extensions and Concluding Remarks

More General Lagrangians

Essentially, the hypotheses (H1) and (H2) in Section are stated in the manner
most convenient for implementing the minimization in Section [10.7/ without too
many technical details. The analysis in that section is needed to establish the sur-
jectivity of the projection 7t£+ onto the base B, which ensures that the continuation
to a twist system is well-defined. The geometric and topological considerations in
Section [10.6] other than surjectivity, require merely the convexity of L in u”.
Thus, the hypotheses (H1) and (H2) can be weakened. For example the condi-
tions
(H1") 0 <a <02 L(u,0,w) <a!forall (u,v,w)
(H2") L(u,v,w) > Sw? — C(Jul) — C(|u])|v]?, v <4,
where C(Ju|) is locally bounded, would also be sufficient. The hypothesis (H1’)
implies that the action J¢ is well-defined on the Sobolev space H?(0,T) and (H2")
implies that the the action is bounded below. Moreover, the use of other function
spaces would allow super-quadratic growth of L in u”.

Sharp Lower Bounds
Consider the Lagrangian L(u,u’,u") = (u")?/2 — (u’)*/4 and E > 0. The corre-
sponding action is not bounded below. Indeed if u4(t) = Asin(n(t —T/2)/T)

then
T

Jlua) = / [L(ta,uly,u}y) + E] dt =
0
Thus for A large enough J[us] — —oc0 as T — 0. This example shows that the

CA? B C'A*

minimization procedure can fail when y > 4 in hypothesis (H2).

This problem is not just a failure of a particular method. For E = 0 in the previ-
ous example, it is not difficult to show that there are values #; and u for which no
monotone laps exists. The growth condition (H2) is a geometric restriction. Since
ME is non-compact, it is inevitable that some such restriction is necessary.

The Topology of Energy Manifolds

For Lagrangians that satisfy the convexity hypothesis 92,L > a > 0, the topology of
the energy manifolds Mg = H~!(E) can be completely determined from the sign
changes in the potential L(1,0,0) + E. Consider the homotopy

La(,0,w) = (1 — A)L(1,0,w) + A [ng + L(u,o,O)}
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of Lagrangians with corresponding Hamiltonians H) (x) = p,v + L} (4,0, po). If
M is regular, then it is immediately clear that M, is regular for all A € [0,1].
So H)(x) defines a cobordism between M = My and M; = {aw?/2 + p,v —
L(u,0,0) = E}. A straightforward calculation shows that the height function
(A,x) — A has no critical points, and hence standard Morse theory implies that
ME is homotopy equivalent to M, for all A € [0,1]. In fact they are diffeomorphic.

In [4] the homotopy type of M; was computed for the regular case, which
implies L(u,0,0) + E has simple zeros. There is a deformation retraction of M;
onto a bouquet of circles and 2-spheres. Consequently, the homology of M; is
determined by its Betti numbers with Bp =1 and ,, = 0 for n > 2. The second
Betti number B, is the number of compact components of N, i.e. the number of
compact intervals in R on which L(u,0,0) + E > 0. The first Betti number is the
number of compact intervals on which L(u,0,0) + E < 0, which depends on the
behavior of L(u,0,0) as |u| — oo. In any case, B1 € {B2 — 1,82, 82+ 1}.

A simple example shows that lower bound dimHp(M) is sharp. Let
L(u,u',u") = (u")?/2+u*/2and E > 0. Then Mg ~ S x R? with dim Hy(M) =0,
and solving the (linear) Euler-Lagrange equation explicitly shows that there are
no closed characteristics.

Singular Manifolds

Singularities in Mg occur at critical points of L(u,0,0) + E.

Depending on the eigenvalues of these points as equilibrium points of the flow ¢,
there are three types of singularities: saddle (four real eigenvalues), saddle-focus
(four complex eigenvlaues), and center (four imaginary eigenvalues).

Consider an energy manifold Mg with (isolated) singular points in the interior
of a compact component Ir of TN. The techniques in this paper imply that for each
component of I \ {singular points} there is a closed characteristic independent of
the type of the singularities. Note that this is already different from the first-order
Lagrangian case where singular manifolds cannot contain closed characteristics.

However, in the second-order case depending on the type of the singularities,
even more closed characteristics must exist. It is shown in [33] that if the twist
property holds on each component of I \ {singular points} and the singular points
are either of saddle-focus or center type, then the twist property holds on all of I,
and additional closed characteristics exist with nonzero intersection number.

The arguments of this paper should be applicable in this case by continuation
of a singular manifold with saddle-focus or center type singularities to a twist
system. The main issue is whether the surjectivity criterion in Lemma [10.25 holds
over all of Ir. We leave the details for future work, but we do not forsee any major
problems in applying the techniques of [18| 17], which provide exactly the tools
required to minimize in the presence of a saddle-focus or center equilibrium, to
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show, again by minimization as in Section that the surjectivity condition
holds.

Forcing of Additional Closed Characteristics

For twist systems, it is shown in [11] that the existence of certain closed character-
istics can force the existence of a multitude of closed characteristics due to their
braiding and knotting. The above continuation method does not always immedi-
ately apply because the intersection numbers corresponding to these additional
closed characteristics can be trivial, but in certain cases the topological information
obtained from the braid type will imply nontrivial intersection number. One
might also attempt to prove the existence of multiple solutions by more carefully
studying the intersections using the fact that they are intersections of Lagrangian
manifolds, which we leave for future work.






A.1

Differentiable mappings

A.1 Theorem (The Inverse Function Theorem). Let () C IR” be a neighborhood
of xp, and let f € C'(Q;IR"). Assume that f'(x¢) is an invertible mapping on
R". Then there exist neighborhoods U > xp and V 5 f(xp) such that f is a local
diffeomorphism on U. Moreover,

(fH(x0)) = (f'(x0)) ",

and x is the unique solution of f(xp) = p in U.

A.2 Theorem (C'-version of the Implicit Function Theorem). Let Q x A C
R" x R be a neighborhood of (xg,Ag), and let f € C'(Q x A;R"). Assume
that f(xo,Ao) =0, and d, f(xo,Ao) is an invertible matrix. Then there exists a
neighborhood A’ C A of Ag and a C!-function g : A’ — R", such that

¢g(Ao) =x9, and f(g(A),A)=0, VAeA

In addition ¢’ (A) = —[dy f(g(A),A)] A f(g(A),A).

A.3 Theorem Let f: X — X with d(T(x),T(y)) < kd(x,y), with k < 1. Then,

T(x) = x has a unique solution.

A.1.a Approximation
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A.4 Theorem Let QO C R” be a bounded domain and let f € C/(Q);R™). Then
there exists a sequence of maps f¥ € C®(Q;IR™) such that

||f—fk||cf —0,

as k — oo.

Proof. Construct a sequence f¥ via mollification. Let {(x) be a C®-function on R",
satisfying

)=0, for |x|>1, and

C(x
(ii) / x)dx =1,

Clearly, ¢ € C5°(B1(0)), and the radius of the ball can be altered by rescaling { as
follows: {¢(x) =€ "{(x/€). Then, (¢ € C5°(Be(0)), and [g.(¢(x)dx =1, by the
choice of the rescaling. The cut-off function (€ is called a mollifier.

Regard f as a function on R” by extending it by zero outside (), and define
i) = (@ @) = [ S =) fdy.

Since {'/¥ is smooth and compactly supported, the convolution is a C®-function
on IR" for all k > 1. In particular f* € C1(Q).

A.5 Exercise Show, all partial derivatives of 1/k 4 f exist, and therefore that
f* e C=(R"). .

It remains to show that f* converges to f in the C’-topology.
If = fflleo = max|[f(x) = (€« N

= max| [ 25— y)[£() ~ £)]ay

IN

xeQ \ [x—y|<1/k

maX( max || f(x) — f(]/)H)-

Since f is uniformly continuous on (), the right hand side goes to zero as k — oo,
which proves the lemma. (]

m A.6 Remark If f has additional regularity on an open subset Q) C (), say the
restriction ti O is in C (Q0;R™), then f* — £ in C*(QY,R™). .
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The theorem'’s of Tietze, Sard and Smale

Sard’s Theorem and its inifinite dimensional version due to Smale — the Sard-
Smale Theorem — form fundamental steps in establishing topological tools as we
have seen in the previous section. We start with giving the “‘uncensured’ version
of Sard’s Theorem, and proof is given in the simplist case (the version of Sard’s
Theorem used in the previous section).

A.7 Theorem Let f:R" — R"™ be a map of class Ck. Then the set of critical
values f(Cy) has (Lebesgue) measure zero, provided k > max(1,n —m +1).

Proof. We restrict here to the case that n = m. Let D C R" be a cube with sides
of size /. For points x,xg € D, using the fact that f € C!(IR"), Taylor’s Theorem
implies that

f(x) = f(x0) + f'(x0) (x — x0) + R(x,x — xp),

where ||R(x,x — x9)|| = o(]|x — x¢]|), uniformly in x € D, i.e. for any € > 0 there
exists a 6 > 0 such that ||R(x,x — x¢)|| < €||x — xg]|, for all ||x — x¢|| < 6. Suppose
xo € Cf N D, then the points L = {f(xo) + f'(x0)(x — x0)} represent an affine
subspace of dimension less or equal to n — 1.

The estimates on the remainder term R imply that if ||x — x¢|| < J, then
dist(f(x),L) < €é. Since, f is Lipschitz continuous on D with Lipschitz constant
N, it also holds that || f(x) — f(xo)|| < Né. The image of the ball Bs(xp under f is
therefore contained in a ‘cuboid’ centered at f(xo) with sides of size less that 2NJ
in L, and of size less that 2e6 orthogonal to L. The volume of the cuboid is less
than 2"5"N"~le.

Next we divide up the cube D into sub-cubes D; with sides of length §. Thus
the number of such cubes is A", with A > ¢/6. Each sub-cube that contains a
critical point xg has the property that

u(f(Ds)) <2"(£/A)'N" e,

Consequently, u(f(Cf N D)) < A"u(f(Ds)) =2"£"N"'e, which proves the theo-
rem since € can be chosen arbitrarily small. n

The version of Sard’s Theorem presented above holds for any combination of
n,m > 0. Only when n > m the proof is non-trivial, and the proof here is restricted
to the case n = m. In the case n < m we argue as follows: Let # denote the Lebesgue
measure, then u(f(R")) =0, since f(R") is an n-dimensional subset of R", with
n < m (f is a C'-map). This implies that Sard’s Theorem is trivially satisfied when
n<m.
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A.8 Theorem (Tietze’s extension Theorem) Let (X,d) be a metric space and
A C X a closed subset. Suppose f : A C X — R is continuous.Then, there exists
a continuous extension f : X — R, such that f|4 = f.

A.9 Theorem (Dugundji) Let (X,d) be a metric space and A C X a closed subset.
Let Y be a normed linear space and f : A C X — Y is continuous. Then, there
exists a continuous extension f : X — R, such that f|4 = f and f(X) is contained
in the convex hull of f(A).




B.1

Basic Nemytskii maps

We start off this chapter with a basic result about composition, or substitution
mappings — also called superposition mappings. Such maps are also referred to in
the literature as Nemytskii maps, or operators. At a later stage when investigating
differentiability properties of maps between Banach spaces this result plays a
central role.

B.1 Definition Let D C IR” be a bounded domain, and let g(x,s) that satisfy the
following conditions:

(i) foralls € R the function x — g(x,s) is Lebesgue measurable in D,

(ii) the function s +— g(x,s) is continuous on R for x € D a.e.
The function g(x,s) is called a Carathéodory function.

We will use Carathéodory functions now to define substitution mappings; Nemyt-
skii maps. Let u(x) be a measurable function on D, then the map u — g(-,u(-)),
assigns a measurable function to each u, and is denoted by f. Notation;

f()(x) = g (x,u(x)).

Indeed, let u" be simple functions converging to 1. Then by (i) in the definition
of Carathéodory functions, the substitution g(x,u"(x)) is measurable for x € D
a.e. By (ii) g(x,u"(x)) converges to g(x,u(x)), establishing the measurability of
g(x,u(x)). The map f is called a Nemytskii map.

For our purposes we want a Nemytskii map to act between LP-spaces, or more
general Sobolev space. For this additional growth conditions are needed. We will
see that these conditions are in fact necessay and sufficient.
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B.2 Theorem Let D C IR” be a bounded domain, and let g(x,s) a Carathéodory
function on D x R. If there exist 1 < p,q < oo, a function h € L7(D), and a
constant C > 0 such that

18(x,5)] < h(x) +Cls|", (B11)

then the Nemytskii mapping u(x) — f(u)(x), introduced above, is a well-
defined mapping from L7 (D) to L(D). Moreover, f is bounded and continuous.

Proof. We start with the well-definedness of f. Let u € LP(D), then

lrely = [ Ig(rux)rds

/‘h x) 4 Clu( x)\g !
D

< |nll§+Cllull,

IN

[ () + () )

which proves that f is a well-defined map from L? to L9, and maps bounded sets
in L? to bounded sets in L1.

As for the continuity we argue as follows. Let u" — u in LP(D). Then,
we may assume without loss of generality, that |u"(x)| < k(x) (possibly along
a subsequence), with k € LP(D). For the Nemytskii map this implies that
LF(u)(x)| < h(x) + |k(x)|7, with h + |k| 1 € LI(D). In order to apply Lebesgue’s
Dominated Convergence Theorem now we need to show that f(u")(x) converges
a.e. to f(u)(x). Assuming the latter we then obtain that f(u") — f(u) in L1(D).

We establish the pointwise convergence following the DeFigueiredo [?]. Define
a(x,s) = g(x,s +u(x)) — g(s,u(x)), then a(x,0) = 0, and by the previous a(x,s) is
measurable in x for each s € R, and a(x,s) is continuous in s for all x € D a.e. Set
" = u" — u, then a(x,v") = g(x,u") — g(x,u). Therefore, if v" — 0 in measure we
need to prove that a(x,v") — 0 in measure. For an € > 0, end define the sets

1
D’;:{xeD sl <

Clearly, these sets are nested with UyDf = D, and ‘U],io DE| = |DF|. Therefore,
we can choose kg > 1 such that |D| — |DF| <5 . LetQ"={xeD : |[v"(x)|< 0},
then then, by assumption, there exists an ng Z 1 such that [D| — |Q)"| < § for all
n>ny. Now let A" = {x € D : |a(x,0"(x))| < €}, then construction Q0" N DX C A",
Clearly, |D| — |A"| < |D| — |Q" N D¥| < [|D| - |Q"]] + [|D| — |D¥|] < €, which
proves that

= la(x,s)| < e}.

ID\A"| = [{x €D : |a(x,v"(x)| > e}| <§,
and therefore a(x,v"(x)) — 0 in measure. m

There are numerous generalizations of this result. For example one can con-
sider functions taking values in R™, or use Orlicz spaces, etc. Another extension
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is to allow D to be any domain, i.e. the above result remains valid for arbitrary
domains. As mentioned before the above result characterizes Nemytskii mappings.
We will mention the following theorem without proof (see [?]).

B.3 Theorem Let D C R" be a bounded domain, and let ¢(x,s) a Carathéodory
function on D X R. If the associated Nemytskii mapping f maps for L¥(D) to
L1(D), for 1 < p,q < oo, then there exists a C > 0 and a function i € L7(D) such
that

19(x,8)| < h(x) +Cls|,

Moreover, f is bounded and continuous.

This theorem remains valid for arbitrary domains D, and also for g = co.

The next question concernes differentiabilty of Nemytskii maps. The Theorems
and |B.3|reveal that differentiability of g is not enough to guarantee the well-
defined unless we have growth conditions on g; as well. Given an Carathéodory
function ¢ whose partial derivative g; is also a Carathéodory function. Theorem

[B.2 gives that if
gs(x,8)| <k(x) +Cls|i, VseR, VxeD,

with k € L’(D), and 1 < a,b < o, then the mappings u(x) — gs(x,u(x)) is well-
defined from L?(D) to L¥(D). The growth condition on g also yields a growth
condition on g itself. We consider a family of functions g(x,s) as follows: In the
next theorem we assume that

B
g(x,s) = / gt(x, t)dt +c(x), ce€LI(D).
0
Using this description we obtain
18(x,5)] < Cls|FH! + k(x)ls] + d(x) < C'[s]FH! + C'[k(x) =" + e (x),

Now let (2 +1)g=b, (%+1)q=a.Under the assumptiona = p, and p > g, we
obtain pa

a=p, b= —
We conclude that u(x) — g(x,u(x)) is a Nemytskii map from L?(D) to L7(D), and
u(x) — gs(x,u(x)) is well-defined from L¥ (D) to L (D). Next we investigate the
relation between differentiability of the Nemytskii map f and the well-definedness
of u(x) — gs(x,u(x)).

B.4 Theorem Let D C R" be a bounded domain, and let g(x,s) and gs(x,s)
be Carathéodory functions on D x R. If there exist 1 < g < p < 0o, a function
keLri (D), and a constant C > 0 such that

15(x,5)| < k(x) + Cls|i77,
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then for the functions g defined above the Nemytskii mapping u(x) — f(u)(x)
is continuously differentiable. Moreover,

[f' () @] (x) = gs(x,u(x)) p(x), Vu,@ € LF(D).

Proof. From the previous we know that u(x) — gs(x,u(x)) is bounded and contin-
uous from L7 (D) to L%(D) Moreover, gs(x,u(x))¢(x) € L1(D)

[ [sCou)o)fax < ([ I (eutn i) * /M, )’

This shows that ¢ — gs(x,u(x))¢ defines a bounded linear map from L”(D) to
L1(D) with norm bounded by ||gs(-,u(+))|| »¢ , and the map varies continuously
with u € LP(D). It remains to show that thig iqs indeed the Fréchet derivative of f.
We have

0(x) =g(x,u(x) + ¢(x)) — g(x,u(x)) — gs(x,u(x))p(x)
1
[ [ ) + t9(2) = gelxu(x))] @)t

For 6 we have

10l < ([ o)+ £9)) ) s dt) ™ gl < llgly,

for | @||, < de, which follows from the continuity of the Nemytskii map defined by
gs- Using these estimates it follows that

1f(u+ ) = f(u) = gs(w)glly = olllollp)

for || ¢||, sufficiently small. ]
There is a lot more that can be said about differentiability of Nemytskii maps,
in particular the case p = ¢.

I B.5 Exercise Investigate the case p = g. "

Let us now consider the case of integrating Nemytskii mappings. Given a
Carathéodory function g(x,s) we define the integral

G(x,s) = /Osg(x,t)dt,

which is also a Carathéodory function. As before we assume that |g(x,s)| <
h(x) + C\s\s, h € L1(D). Integration yields |G(x,s)| < C/]s]%H + ]h(x)\%ﬂ, and
the composition map u(x) — G(x,u(x)) is bounded and continuous from L? (D)
to L1 (D). In the special case g =1 + ﬁ we have a map from L?(D) to L}(D).
Finally we mention the following result.



B.1 Basic Nemytskii maps 255

B.6 Theorem Let D C R" be a bounded domain, and let g(x,s) be a
Carathéodory functions on D x R. If there exist 1 < p < oo, a function
ke LTZ(D), and a constant C > 0 such that |g(x,s)| < h(x) + C|s|P~!, then
for the functional defined by

F(u):/DG(x,u(x))dx,

is a continuously differentiable function on L” (D). Moreover, its derivative is
continuously differentiable from L? (D) to L7t (D),and F' = f.

Proof. The proof follows along the same lines as the proof of Theorem [C.18|and is
therefore left to the reader. L






C.A

Sobolev Spaces

C.1.a Weak derivatives and Sobolov spaces

Assume that D C R" is an arbitrary domain, i.e. an open set in R". A function u :
D — Ris call locally integrable, or u € L} (D), if u € L'(Dy), for every measurable

strict subset Dy C D. For every u € L] (D) the integral

loc
T,= [u@e()x, ¢ecyD),
is well-defined and is call a regular distribution.

C.1 Definition A locally integrable function u € L{. (D) has a weakly partially

differentiable with respect to x; there exists a function v; € L{. (D) such that

—/Du(x)g—i(x)dx:/Dvi(x)cp(x)dx,

for all ¢ € C3°(D). The fucntion v; is called the weak partial derivative with

respect to x;, and is again denoted by v; = g—;.

The weak derivative, if it exists as defined above, has to be regarded as a regular
distribution % =Ty,
Before we go to the definition of the basic Sobolev spaces let us introduce some

notation. With the partial-symbol 9%, with multi-index « = (&, - -, &, ), we denote

U g

Y= — e
14 (14
oxy'  oxy"

u.
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We can now introduce the standard norms. Let m € IN, then

1
lulmp=( X l3*ull})", 1<p <o,

0<|a|<m
where | - ||, is the standard LP-norm, and |a| = }_; «;. For p = co we define

[tllmeo = max [[0%ul|e,
0<|a|<m

where || - || is the standard L*-norm. For m = 0 these norm reduce to the LP-
norms.

C.2 Definition The Sobolev space W"? (D) is defined as the subset of functions
u € LP(D) for which all weak partial derivatives 0*u exist for 0 < |a| < m, and
all lie in L?(D).
Another definition is the space H™* (D) which is defined as the completion
of the set
{ueC™(D) : |lullmp < oo}

with respect to the norm || - ||4,», and is a Banach space by definition.

At first sight these two definition seem to define different classes of spaces.

I C.3 Exercise Prove the inclusion H™¥ (D) C W™P (D). "

One can prove that also the Sobolev spaces W"F are Banach spaces. These
spaces have been used in analysis for quite some time, but it wasn’t until the early
60’s that Meyers and Serrin proved the following result.

C.4 Theorem For 1 < p < oo it holds that H"#(D) = W™? (D).

This result immediately proves that the Sobolev spaces W™ are Banach spaces,
and |[| - ||s,p are equivalent norms on W"-". We sometimes use the notation Hm, p,
usually for the Hilbert case p = 2, and sometimes W"?. Sobolev spaces are ‘nice’
Banach space as the following theorem reveals:

C.5 Theorem For 1 < p < oo the Sobolev spaces W™ (D) are separable. If in
addition 1 < p < oo, then these spaces are also reflexive and uniformly convex.

From the proof of the Meyers and Serrin result it follows that in fact the set
C*®(D) is a dense subset of W™ (D). Under certain conditions on the domain D
is also holds that C¥(D), k > m, is dense in W"?.

Finally we define the space W,"" (D) = H,"(D) as the closure of C¥(D) in
W™P(D).
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Sobolev spaces for m < 0 can be defined as an interpretation of dual Sobolev
spaces. We mention without proof that for 1 < p < co, the dual space (W"* (D))’
consists functionals T of the form

Tu= ) / v, (x)0%u
0<|a|<m
with v, € LF'(D) for all a. If u € W,"" (D), then the bounded linear functionals can
be regarded as distributions of the form
T= Y (-1)"3,
0<|a|<m
In this case we define W7 (D) = (W,""(D))".

In the literature there exists many variations and generalizations of Sobolev
spaces, but for the purposes of this course the basic Sobolev spaces are sufficient.
One generalization that is worth mentioning is that fractional order Sobolev spaces.
We will only give an intuitive definition on this account. In the case D = R", and
p = 2 the Sobolev spaces W"?(R") can also be characterized via the Fourier
transform Define the Fourier transform:

a(E) = (27:)/2 [ e tux,

Then W"2(R") = {u € L2(R") : (1+ ||&||™)& € L*(R")}, immediately yields a
definition of fractional Sobolev spaces W"2(R") for m > 0.

Sobolev inequalities

As spaces of functions the Sobolev spaces W7 are very useful for studying partial
and ordinary differential equations as we have seen in the previous chapter. The
Sobolev inequalities provide insight into the nature of Sobolev functions. We start
with the case when D = R".

C.6 Lemma — Sobolev inequality. Let u € C(IR"), and let1 < p < n, then there
exists a (universal) constant C(p,n) > 0 such thaff]

]l < C, p) [Vl

1 _1_1
wherepn—p -

r\»—-

? We use the convention || Vul|, = (f]R” Yil§ ou ‘pdx)

Proof. We start with the case p = 1. We have that u(x) = [*_ 9 (%)dt, where X is

—o0 OX;

x with x; replaced by t. Therefore

|”<H/\ = fi) - ful),
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where f;(x) is independent of x;. If we now apply Holder’s inequality to |u|T:

[uldx = [ (Ao ) dx = 7 [ (freefi)

< (o)

Repeat this step now by integrating over x;:

1
1

1
n% — n-1 n 1 71
/le‘u| 1dx1dx2 (/szdxl) / 11 /fldx1 de
anl ﬁ n—1
(/[ foxr) ™" ([ frdz) I1 ([ fitxidx)

Repeating these steps by integrating over all x; we obtain:

1
dx) "

By the arithmetic-geometric main inequality [ ];a; < 1 —Y.a;,a; > 0, we then have:

(f Joax) ™ < TIL e lor)” < 22, | o)

=1
- /nz‘axl EHqul’

which establishes the Sobolev inequality for p = 1. Now substitute |u|7, with
q= ”T_lpn, into the above inequality. This yields

1
fullhy = Wl ey < AVl < 2ot ( Z!axl

q.0t q
< o [[ulT |y ||V“Hp—*” P IIHH IIVullp

IN

n

/” |u]nnldx:il—[</w

1

u
axl-

ox;

Since g — ﬁ = 1 we obtain the desired inequality. u

We should point out that the above proof provides a universal constant C(#, p).
This is by no means an optimal constant. It is possible to optimize the constant
C(n,p). A direct consequence of the Sobolev inequality are the higher order
Sobolev inequalities. We will use these later to prove embeddings for the higher
order Sobolev spaces.

C.7 Lemma — Morrey’s inequality. Let u € C3°(IR"), and let p > 1, then there
exists a (universal) constant C(p,n) > 0 such that

|u(x) —u(y)| < Cln,p)|x = y|*IVull,,

0 1 _
whereg—n

==
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Proof. Let Q(R) be an open cube containing the origin and whose faces are parallel
to coordinate hyperplanes. We have

1
:/ iu(t‘x)alt, x € Q(R).
o dt
Since 4 u(tx) = x - Vu(tx) we obtain:

lu(x) —u(0)| < / I - Vu(tx) |dt</ Z\xl\
RZ/O ’a—xi(tx)}dt

Define the average i1 = \QI Jou 0 x)dx. Then we have that

7 —u(0)] = ’|Q|/u(x)dx— |Q|/ lu(x) — u(0)|dx
\Q!/ Z/l aa;ll £x) ‘dt dx
- Re 1/ Z/‘a (tx) ‘dx )t

- R”l/ Z/)

The gradient term can be estimated as follows

/ ‘Bxl /‘ax tp‘Q‘p

Combining these estimates yields

tx ‘dt

IN

IN

dt

l’
P

7 u(0)| <RI < Tl [0 = R 9l

-5

We can translate the origin to an arbitrary point x, and consequently

P=

}7

!ﬂ—u(X)|§=1_ [Vl
P
If we do the same for a point y we obtain
p=t
nr
u(x) —u(y)| ==2,—%R V).

p

We can now choose a cube Q(R) with R = 2||x — y|| so that both x and y are in Q,
then

p—1

_nnp? _n
() = u(y) <277 S x =y
p
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which completes the proof. m

In the borderline case that p = n we can also prove an analogue of the Sobolev
inequality — Trudinger-Moser inequality — which yields embeddings into gener-
alizations of LP-spaces; so-called Orlicz spaces. These space are defined via strictly
convex functions generalizing 7.

Continuous and compact embeddings

The fundamental inequalities proved in the previous section can be used now to
establish various continuous and compact embeddings of Sobolev spaces. In order
to simplify matters let us consider the spaces W, " (D). Since C°(D) is a dense
subset in WS 7 we have the Sobolev embedding for these spaces and

1,
H”HqSCH“Hl,pr MGWOP(D)/ p<q< pn

The latter can be proved using the idea of extension maps. For the spaces W, (D)
we can prove the following lemma.

C.8 Lemma Define the map e: W, ¥ (D) — W™P(R") by

e(u)y=u, xe€D ae, e(u)=0, xeR"D.

Then ||e(u)]n,pr" = ||t||m,p, which implies that the map e is continuous.

Proof. The proof follows from a standard density argument. Let " € C{°(D) con-
verging to some u € W, " (D) in the W"P-topology. The definition of ¢ yields that
e(u") € CF(R"), and [le(u")||n,pr" = ||t"||m,p- This provides Cauchy sequences
in both spaces and thus the map extends to a continuous map from W,"” (D) to
WP (IR"). "

Using the Sobolev inequality from the previous section we can now prove the
above Sobolev inequality for W;’p (D) into L7(D). From interpolation LP-spaces
we obtain the following interpolation inequality: Let % = % + 1;3;"9, then

luellg < Nuellpllaell .

I C.9 Exercise Prove the above interpolation inequality (Hint: use Holders inequality). "
We start with proving the Sobolev embedding for W#(R"). By definition
lllp < llull,p-
From the Sobolev inequality we deduce that

[[t]] p, < Clf[]1,p-
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Combining these two estimates together with the interpolation inequality we
obtain:
laellg < Nullpllaelly® <

1y =C 7 lull,.

Using the extension operator we then find the embedding inequality for W(} 7(D)
for g > p. In the case that D is a bounded domain the inequality holds for 1 < g < p,
which follows from the fact that ||u[[; < |D| 5 ||| on bounded domains. We can
now formulate the following theorem.

C.10 Theorem Let D C R" be a domain and let m < mp < n. Then

lullg < Cllullmp, VYu€ Wy (D),

% — % In the case that D is a bounded domain the result

>
_Pm
<q < Pum-

iy 1
with ,

>
holds for

1
q
1

Proof. The case m =1 was proved above. We prove this by induction. Assume the
embedding statement is true for m — 1. Let u € W, (D), n > mp > m, then u and
the partial derivatives v; = a—x”i belong to W,' 71’p(D). Consequently

Hqun,m—l S CHMHWI—LPI ”vinn,m—l S CHUZHWI—LPI

which implies that u € Wg’p ""1(D), where o 1}71 = % — "1 We now combine
this with the embedding for m = 1;

Hqun,m SCHM /an 1 —C HuHmp/
1 1 1 1 : 1 1 1 n,m
where o T e T n T p &, which proves the inequality into LP»» (D). The
remainder of the proof follows along the same lines as in the case m = 1. ]

A similar theorem can be proved for the spaces W™ (D). We state this theorem
without proof.

C.11 Theorem Let D C R" be a domain with a C! boundary 9D and let m <
mp < n. Then
[ullg < Cllullmp, YucW™(D),

with % > % > pnlm = % — 2. In the case that D is a bounded domain the result
holds for 1 < g < py ;.

C.12 Exercise Prove the Sobolev inequality
1,
lullp, < [ Vullp, ueWy™ (D).

Moreover, show that for D a bounded domain, p,, can be replaced by 1 < q < py,. n
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Sobolev inequalities as in the above exercise can be used to find equivalent
norms for Wy"? (D) in terms of only the highest order derivatives.

Very important for applications to differential equations is fact that the embed-
ding operators are sometimes compact mappings.

C.13 Theorem Let D C R" be a bounded domain with a C! boundary 9D and
let m < mp < n. Then the embedding

i: W"P(D) < LI(D),

with1l > = > p%m, is compact

1
q

The case mp = n can be considered as a limiting case of the previous embed-
dings.

C.14 Theorem Let D C IR" be a domain with a C! boundary 9D and let mp = n.
Then

lully < Cllullmp, Vuc W™P(D),

with p < g < co. If the domain is bounded then the embedding i : W"* (D) —
L1(D) is compact.

The final case concerns the embedidngs into Holder spaces.

C.15 Theorem Let D C IR" be a domain with a C! boundary 9D and let mp > n.
Then

llullc-1e < Cllttl|mp, Yu € W"P(D),

withk =m — [%],andO <0< [%} +1-— %,orO < 0 <1, when % is an integer. If
the domain is bounded then the embedding i : W"* (D) «— C*~19(D) is compact.

We will finish this section with a proof of the compactness of the embedding
W, *(D) < L (D).

In order to do so we start with a special case. Consider the C = [—1,1]" C R". On
this domain we can consider functions that extend periodically, which means we
are looking at functions on the periodic lattice R" /Z", which we denote by T";
the n-dimensional torus. For such functions we can use Fourier series. Define

) ae®*, x e R

kezn
Under the condition a_; = a, the above series represent real function on T",
provided that the series converge. From Fourier theory we have that the space
L?(T") is characterized as follows; a function u : T"toR lies in L{T") if and only if
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its Fourier coefficients satisfy

Z \ﬂk\z < o,

kez"

in which case we write u(x) = Yyczn are’**. In may be clear from the previous
considerations that the space W'2(T") is then characterized by the convergence
criterion

ue WYA(T"), iff Y (1+ [k[*)|ag|* < oo
kez"

C.16 Lemma The embedding

i WY (T") — L3(T"),

is compact.

Proof. We prove that the embedding i is the limit of finite rank maps. Define

in(u) =Y axe™.

[ki| <N

It is obvious that iy is a finite rank map. We now estimate

; _ 2 2 1+ k>
lin(u) —i(w)[z = Y lal*= ) 7 kz\ﬂk\
|ki|>N |kl“>N + ’ ‘
1 2 1 2
1+ n2N2 kEN’“"’ = 1 e

which proves that iy converges to i in the operator norm, establishing the com-
pactness of the map i. (]

Let D C R" be a bounded domain. As in the case of R” we can now embed the
space W,*(D) into W2(T") by considering the extension map. We may assume
without loss of generality that D is contained in the interior of C. Then by using
the extension map as in Lemma [C.§ we obtain the continuous map:

e: Wy*(D) — WIA(T™).

The yields the following lemma.

C.17 Lemma Let D C R" be a bounded domain, then the embedding
i: Wy(D) — L*(D),

is compact.
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Proof. We have the composition
Wy*(D) — WYA(T") — L*(T") — L*(D),

given by i = r o i o e, where e is the i« is the embedding map from Lemma
C.16| and r the restriction map from L?(T") to L?(D). Since iy is compact, the
so is i. Indeed, for any bounded sequence {u"}, the sequence {(ip: oe)(u"))}
has a convergent subsequece, and is thus {(r o ix» o e)(u"))} has a convergent
subsequence. m

We will now give a compactness proof for the case p > 2. Consider the embed-
dings
io: Wy? (D) — WI2(D) — L*(D) — L}(D).

Due to Lemma the embedding iy is compact. We also have the continuous
embedding from Theorem

i1: W," (D) —s LP» (D).
If we now use interpolation we obtain:
i: Wy? (D) —s L1(D),
for 1 <gq < p,1 with i satsifying the inequality

i) llg < o ()13~ llix (@) 115,,, < Cllully,llullf = COlluelnp-
P

From the first half of the inequality we see immediately that that any bounded
sequence {u"} yields a convergent subsequence in LI(D), provided 6 < 1, i.e.
g < pn,1. This proves that the embedding i is compact for all 1 < g < p,,1. The
compactness of this embedding can also prove the compactness of the embedding
WP (D) < L1(D) be using an appropriate extension mapping.

As for the higher order Sobolev spaces W,"” (D) we have now proved the
following result.

C.18 Theorem Let D C R” be a bounded domain, then the embedding
i: WyP(D) = LY(D), p>2

is compact for all 1 < g < py .

Proof. We have that the embedding i : W;" (D) — W&’p(D) — LY(D) is compact.
Now we use the interpolation again. ]

There are many ways we can extend these results. For example, by more
advanced interpolation theory, the result of Lemma also yields compactness
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in Theorem for 1 < p < 2. Also interpolation can be used to prove that the
fractional space W, ¥ (D), m > 0, have the following compact embeddings:

Wy? (D) = Wy~ (D),

with 0 < k < m.






D.1

Posets, lattices and Boolean algebras

D.1 Definition A partially ordered set or poset (P, <) is a set P with a binary
relation <, called a partial order, which satisfies the following axioms:
(i) (reflexivity) p < p,forallp € P,

(ii) (anti-symmetry) p <g,and g < p, then p =g,

(iii) (transitivity)if p <gq,and q <7, thenp <r.
If two elements p,q are not related, or incomparable we write p || g. A relation
< which satisfies only the transitivity property and p £ p for all p € P is called
a strict partial order and is denoted by (P, <).

Posets and strict poset are equivalent. A partial order < defines a strict order
via: p < g if and only if p < g and p # ¢. Similarly, a strict order < defines a partial
order via: p < g if and only if p < g, or p = q. The notations (P,<) and (P, <)
are used interchangeably to emphasize order or strict order. When there is no
ambiguity about the partial order, we refer to partially ordered sets simply by
denoting the set P. A partial order is called a total order if any two elements can
be compared.

A chain is a subset which totally ordered. An anti-chain is an unordered set.
A poset P has length ¢(P) = n if every chain in P has at most n + 1 elements. A
poset has width w(P) = n if every anit-chain has at most n elements. Note that an
infinite poset can have finite length. An anti-chain has length ¢ =1, and a chain
has width w = 1.

A least element in a poset, if it exists, is denoted by _L and has the property
that L < p forall p € P. A greatest element in a poset, if it exists, is denoted by T
and has the property that T > p for all p € P. Least and greatest elements need not



270 Posets and Lattices

exist in a poset. A minimal element p € P satisfies: p’ < p, implies p’ = p. Similarly,
a maximal element p € P satisfies: p’ > p, implies p’ = p. Minimal and maximal
elements always exists and are the least and greatest element, when unique.

D.2 Definition Let P and P’ be posets. A mapping f : P — P’ is called order
preserving if f(p) < f(g) for all p < g and order reversing if f(p) > f(q) for all

p=q

The set of order-preserving maps, or order homomorphisms is denoted by
Ord(P,P’) and the set of order reversing maps, or order anti-homomorphisms is
denoted by Ord*(P,P’). The set of all posets as objects and order-preserving, or
order-reversing maps as morphisms form the small categories Poset and Poset*
respectively (see Appendix ?? for details on categories).

Consider two elements p,q € (P, <). The infimum of p and g (if it exists) is
the greatest lower bound with respect to the partial ordering < and is denoted by
inf(p,q). Similarly, if there exists a least upper bound with respect to the partial
ordering it is called the supremum and is denoted by sup(p, 7).

We can regard the infimum and supremum as binary operations on a poset P
if for any two elements p,q € P the infimum and supremum exist:

pVq=sup(p,q), pAq=inf(p,q). (D.1.1)

A poset for which infimum and supremum exist for all pairs p,q € P is called a
lattice, and introduces an algebraic structure to P. The operation V is called ‘vee’
or join and the operation A is called ‘wedge’ or meet. A lattice can also be defined
independently as an algebraic structure.

D.3 Definition A lattice (L,V,A) is a set L with the binary operations V, A :
L x L — L satisfying the following axioms:
(i) (idempotent)aNa=aVa=aforallacl,
(ii) (commutative)a Ab=bAa,andaVb=bVaforalla,bel,
(iii) (associative)a A (bAc)=(aAb)AcandaV (bVc)=(aVb)Vcforall
a,b,celL,
(iv) (absorption)a A (aVb)=aV (aAb)=aforalla,b e L.
A distributive lattice satisfies the additional axiom
(v) (distributive)a A (bVc)=(aAb)V (aAc)andaV (bAc)=(aVb)A(aV
c) foralla,b,c € L.
A lattice is bounded if there exist neutral elements 0 and 1 with property that
(vi) 0ANa=0,0Va=a,forallacel,and1 Na=a,1Va=1,foralla e L.
A set K C Lisasublatticeifa Abe Kanda Vb € K for all 4,b € K. A sublattice
that contains 0 and 1 is called a (0, 1)-sublattice.
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n D.4 Remark For the distributivity axiom (v) only one of the identities is required,
i.e. the first one implies the second one and vice versa. .

When clear from context, we write L and omit the explicit reference to the
lattice operations. We should emphasize that posets and lattices need not be finite
sets. Finite lattices are always bounded.

» D.5 Remark Observe that any lattice (L,V, A) has a natural partial order given
by

a<bif aANb=a or equivalently, a<b if aVb=D,

which makes (L, <) a poset. "

We emphasize that distributivity and boundedness are not automatic for posets
with inf and sup. If a lattice satisfies the axiom (v) (modular)a > ¢ = a A (bV
c) = (aAb) Vg, itis called a modular.

D.6 Proposition A poset (P,<), with V and A as defined in (D.1.1) is an al-
gebraic lattice, i.e. the binary operation V and A satisfy (i)-(iv) of Definition
D.3

D.7 Definition Let (L,A,V) and (L', A’,V’) be lattices. A functionh:L — L' isa
lattice homomorphism if

h(a Ab) =h(a) N"h(b), h(aVb)=h(a)V' h(b),
a lattice anti-homomorphism if
h(aAb) =h(a) V' h(b), h(aVb)=h(a)\ h(b).

The set of lattice homomorphisms is denoted by Hom (L, L") and the set of lattice
anti-homomorphisms is denoted by Hom*(L,L’). Lattice homomorphisms for
which 1(0) =0, and h(1) =1 (h(0) =1, and k(1) = 0 for anti-homorphisms) are
called (0,1)-(anti-)homomorphisms. These sets are denoted by Homg(L,L")
and Homy; (L, L’) respectively.

With lattices as objects and with lattice (anti-)homomorphisms as morphisms
we obtain the small categories Latt and Latt* respectively. If distributivity or
modularity holds the categories are denoted by Lattp and Latty respectively.

Observe that (Hom(L,L"), <) and (Hom*(L,L’), <) are posets with the order
< defined by h < k if and only if h(a) <k(a), for all a € L. An anti-homomorphism
h:L — L' can be regarded as a lattice homomorphism by redefining the operations
A=V and V= A" on L’. Observe that the new order on L’ is the dual of the
original order.
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The algebraic structure of lattices does not accommodate inversion. In some of
the structures we encounter some inversion relations are satisfied. In this context
of lattices this is descibed by Boolean algebras.

D.8 Definition A Boolean algebra is a bounded distributive lattice (L,V,A,)
with the additional complementation relation a — a¢ € L, which satisfies the
axiom:

(vii) aAa®*=0andaVa®=1,foralla e L.

A Heyting algebra is a bounded distributive lattice (L,V,A,¢) with the addi-
tional pseudo-complementation relation a — a° € L, which satisfies the axiom:
(vii") a Na® =0, foralla € L.

m D.9 Remark To visualize partial orders and lattices in small examples we adopt
the following conventions. Let (P, <) be a poset. For p,q € P we say q covers p if
p <qand p <r < qimplies that p = r. This relation is denoted by p < 4. Observe
that if P is finite, then < determines < and vice versa.

As mentioned in Example ??, a partial order relation can be represented by a
directed graph, which is often useful for visualization. It is a common convention
to depict these graphs in a Hasse diagram. This diagram is a planar representation
which is constructed as follows. In a diagram of (P, <) we associate a circle to
each element of P, and an edge is drawn between the circles for p,q € P if p <q.
The circles are placed so that if p < g, then the circle for p is vertically lower than
the circle for g, and every edge intersects no circles other than its endpoints. We
note without proof that such a diagram is always possible. .



E.1

E.1.a

Homology and cohomology

In this section we will give an elementary exposition of the basic homology and
cohomology theories that are used in this text. This treatment is self-contained and
at elementary level. For more detailed accounts of homology and cohomology the-
ory we refer to various texts in algebraic topology. Before defining the homology
introduce the concept of simplicial complex.

Simplicial homology

Simplicial homology is the simplest homology theory from a conceptual point
view and is used for simplicial complexes in R". A collection of g + 1 points, or
vertices {Ul, R i +1} in IR" is said to be an independent set of points if the vectors
v? — ol 07"t — 9! form a linearly independent system. Note that this holds

relative to any chosen vertex v'.

E.1 Definition A g-simplex (g < n) is a (convex) subset 0, of R" generated by

1

g + 1 independent vertices v!,- - - ,07"! in the following way:

0y = {x eR" ’ X = ;Aivi, ;)\z =1, A 2> 0}

The notation for a specific g-simplex is o = [0! - - - o**1]. By choosing an order-
ing of the vertices one obtains oriented k-simplices., which are devided into two
orientation classes. For a given orientated g-simplex ¢; permuting the vertices
by a odd permutation yields an oriented g-simplex of opposite orientation
which we denote by —0;.
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The boundary of a simplex is given by its faces. The faces of ¢; are the
sets {x € 0; | A; = 0} which are (g — 1)-simplices. The ith face is give by

1 o~

[ol---9'---v1F1] where the notation 7' indicates removing the vertex v. This

brings us to considering collections of simplices.

E.2 Definition A finite collection of simplices K is called g-dimensional simpli-
cial complex if;

(i) 0v € K, £ < g then all its faces are contained in K;

(ii) two simplices 0y and oy can only intersect along common faces.
The dimension g of a simplicial complex K is determined by the maximal
dimension of the simplices in K.

The morphisms between simplicial complexes K and K’ are called simplicial
mappings f : K — K’ and are defined by the property that each simplex in K
is mapped onto a simplex in K’ of the same dimension or lower. This makes
simplicial complexes with the simplicial mappings a category.

For oriented simplicial complexes we can build free groups over the complex
as follows. Let K be a simplicial complex of dimension g, then define

Cr(KZ):={or=Y a0} |0l €K, a;€Z}, Vk<g,

which are finite linear combinations of the k-simplices in K. An element 0} € Ci(K)
is called a k-chain in K. A k-chain o7 is carried by a subcomplex L C K if oy = Zai(f,i
with o € L. We set Cy = 0 for all k < 0 and k > g. By allowing coefficient in Z we
consider oriented simplices and an oriented complex K. A simplicial mapping
f : K — K’ induces a homomorphism f4 : C¢(K) — Cy(K’) as follows:

(ot oty — U@ FED] ) # F@) Vi
0 otherwise
and f#(—U’k> = —f#(ak).
For an oriented simplex we can define a operation that assign to a simplex its
boundary. Let o; = [0' - - -v7"1] be an oriented g-simplex, then

q+1 ) )
aq[vl...vqﬂ] = Z(—l)l[vl“-ﬁ"--vq“],
i=1

which is called the g-boundary operator.

E.3 Example Let 0, = [0 ¢; e3] C IR?, where ¢; are the standard basis vectors in
IR2. Then 9,07 = [e1 e2] — [0 2] + [0 e1] which is a 1-complex which represents
the boundary of 0, with counter clockwise orientation.
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Since the boundary operator is defined for all simplices the defintion extends
to all elements in g-simplicial complex K, and

ak : Ck(K,'Z) — Ck_](K;Z), Vk < q.

The following lemma about the boundary operator is completely clear from an
intuitive point of view. If we apply the boundary operator twice, i.e. the boundary
of an oriented boundary, then the answer is the empty set.

‘ E.4 Lemma Letdy =0forallk <0andk > g. Then dx_; 0 9 =0.

I E.5 Exercise Prove LemmalE4] u

The groups Cy(K) are called chain groups and the combination {Cy(K),d }rez
is called a chain complex (due to the property of d; given in Lemma [E.4). For a
chain complex in general we can define its homology. Let

Zk(K;Z) = {U'k c Ck(K) | 010 = 0} = ker(ak),
Bi(K;Z) = {or € Cr(K)|Tors1 € Cr1(K) 2 0p = 0x0p11} = im(Igr1).

The elements in Z; are called k-cycles and the elements in By are called k-
boundaries. From Lemma [E.4]it follows that By (K) C Z;(K) as linear subgroups.

E.6 Definition The kth simplicial homology group Hy(K;Z) of a g-simplicial
complex K is defined as the quotient Hy(K;Z) := Z(K;Z) /By (K; Z).

The homology classes are equivalence classes under the equivalence relation:
o ~ 0%, 0,0, € Zi(K) if o — 0}, € Bi(K). Therefore an homology class [ok] can
be represented by cycles of the form oy + 01 10%+1, Ok+1 € Crr1(K). Computing
the homology of a g-simplicial complex becomes a linear algebra problem with
coefficients in Z. The addition in the abelian groups H(K) is given by: [ok] +
[0},] = [0 + 0] by the above considerations. The above construction can also be
carried out over different groups F, e.g. F =R, F = Q¢, or F = Z,,. Simplicial
homology Hi(K;F) may be different for different groups. As a matter of fact
Hi(K,Z) may contain more detailed information than Hy (K; Q°).

E.7 Exercise Let K be a 2-dimensional complex consisting of 0» = [0 e; €3] C R2
and all its lower dimensional faces. Compute the homology groups Hy(K;Z),
k=0,1,2. ]

E.8 Exercise Let K be a g-simplicial complex. Show that dim Hy(K;Z) is equal
to the number of connected component of K. ]
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E.9 Exercise Figure below is an example of a simplicial Mébius strip M. Com-
pute the homology H.(M;Z) and H.(M; Q°). Do these homology calculations
give the same answer? n

E.10 Exercise Let K = {0p}, a simplicial complex consisting of a single 0-
simplex. Show that Hy(K;Z) = Z. .

Simplicial mapping induce homomorphisms in homology:

E.11 Lemma Let f : K — K’ be a simplicial mapping then f40; = 0y f4 for all k
and f4 induces a homomorphism f, : Hy(K;Z) — Hy(K'; Z).

Proof. For a single simplex we need to verify the relation fy(d[v!---ok] =
O fu([0'---o¥]). If fu([o!---o¥]) is a simplex of dimension k, then the relation
follows from the defintion. [

E.12 Lemma For f. the following properties hold:
(i) if id : K — K is the identity mapping, then id. : Hx(K) — Hy(K) is the
identity homomorphism;
(ii) Let K,K’,K” be simplicial complexes. If f : K — K’ and g : K" — K" are
simplicial mappings, then (g o f). =g« o f,
where f, : Hy(K) — Hi(K') and g, : Hi(K") — Hi(K").

I E.13 Exercise Prove LemmallE.12| n

A second important ingredient of homology theory is the relative homology
of a pair of simplicial complexes (K,L) with L C K, where L is a subcomplex of K.
The groups Cx(L;Z) are subgroups of Ci(K;Z). Define

Cv(K,L;Z) :=C(K;2)/C(L; Z2),

and equivalence classes are given by o + C¢(L;Z), 0 € Cx(K\L;Z) (a chain
consisting of simplices that are not in L). The boundary operator i : Cx(K,L) —
Cx_1(K, L) is defined by ox (0% + Cx(L)) = 9x0 + Cx_1(L). From the properties of
oy it follows that 3k_1 o gka'k = 0k_1 000k + Cx_2(L) = Cx_»(L), which is zero in
Cr_2(K,L) and therefore d_1 00 =0.

As before set Zi (K, L; Z) = ker(9¢) and Bi(K,L;Z) = im(9¢,1) and are called
relative k-cycles and relative k-boundaries respectively. It follows that elements
in Zy(K,L) are of the form oy + C¢(L) with 0¢0y carried by L and elements in
By (K, L) are of the form oy = 910411 + C(L) with o — 010441 carried by L.
Relative homology classes [0k] are represented by relative k-cycles of the form
Ok + 0k10k 41 + Ci(L).
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E.14 Definition The kth relative simplicial homology group Hi(K,L;Z)
of a simplicial pair (K,L) is defined as the quotient Hy(K,L;Z) :=

Consider the short exact sequence of maps:
0— LK1 (KL —0,

where i is the embedding and j(K) = (K, @). It holds that ker(i) = 0 and ker(j) =
im(7) = L and thus the sequence is exact.

E.15 Lemma The above short exact sequence yields a long exact sequence in
homology:

25 Hi(L) = He(K) 25 Hi(K L) 2 Hi (L) 5o

where i,, j, and 9, are the induced homomorphisms on homology.

Proof. The homomorphism i, is induced by the simplicial mapping i as described
above. Define jy : Cx(K) — Ci(K,L) by js(ox) = o + Cx(L), where o € Cx(K).
Now j#(akO'k> = 00y + Ck_l(L) and §k(]'#ak) = ﬁk(ak + Ck_l(L)) = 0x0. There-
fore, judy = é\k]'#. Let [O'k] € Hk(K), then 5kj#([ak]) = j#ak([ak]) = 0 and thus
j#([ox]) € Zk(K,L). The latter defines the homology class [j#([cx])] € Hx(K,L)
and thereby the mapping j..

Under construction. [

E.1.b Definition of De Rham cohomology

In the previous chapters we introduced and integrated m-forms over manifolds
M. We recall that k-form w € T*(M) is closed if dw = 0, and a k-form w € T¥(M)
is exact if there exists a (k — 1)-form o € T*~1(M) such that w = do. Since d> =0,
exact forms are closed. We define

ZKM) = {weT"M) : dw =0} =Ker(d),
B5(M) = {weT*(M):Jocel™ (M) > w=do}=Im(d),
and in particular
BY(M) c ZF(Mm).

The sets Z¥ and B* are real vector spaces, with B* a vector subspace of Z¥. This
leads to the following definition.
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E.16 Definition Let M be a smooth m-dimensional manifold then the de Rham
cohomology groups are defined as

HS (M) := ZF(M)/BX(M), &k

I
o
E

(E.1.1)
where B°(M) := 0.

It is immediate from this definition that Z°(M) are smooth functions on M that
are constant on each connected component of M. Therefore, when M is con-
nected, then H}, (M) = RR. Since I'*(M) = {0}, for k > m = dim M, we have that
HE. (M) = 0 for all k > m. For k < 0, we set H%, (M) = 0.

m E.17 Remark The de Rham groups defined above are in fact real vector spaces,
and thus groups under addition in particular. The reason we refer to de Rham
cohomology groups instead of de Rham vector spaces is because (co)homology
theories produce abelian groups. .

An equivalence class [w] € HX, (M) is called a cohomology class, and two form
w,w' € ZF(M) are cohomologous if [w] = [w']. This means in particular that w and
w’ differ by an exact form, i.e.

W' =w+do.

Now let us consider a smooth mapping f : N — M, then we have that the
pullback f* acts as follows: f*: T¥(M) — T¥(N). From Theorem ?? it follows that
do f* = f* od and therefore f* descends to homomorphism in cohomology. This

can be seen as follows:
dffw= f*dw =0, and f*do=d(f*0),

and therefore the closed forms Z¥(M) get mapped to Z¥(N), and the exact form
B¥(M) get mapped to BX(N). Now define

frlwl=f*wl,
which is well-defined by
ffw' = ffo+ ffdo= ffw+d(ffo)

which proves that [f*w'] = [f*w], whenever [w'] = [w]. Summarizing, f* maps
cohomology classes in HX, (M) to classes in HX, (N):

e HﬁR(M> - HZ:{IR(N)I
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E.18 Theorem Letf:N — M, and g: M — K, then

g of =(fog)": Hir(K) = Hi(N),

Moreover, id* is the identity map on cohomology.

Proof. Since ¢* o f* = (f o g)* the proof follows immediately. m

As a direct consequence of this theorem we obtain the invariance of de Rham
cohomology under diffeomorphisms.

E.19 Theorem If f : N — M is a diffeomorphism, then H, (M) = HX, (N).

Proof. We have thatid = fo f~! = f~1 o f, and by the previous theorem
= o () = () e,

and thus f* is an isomorphism. ]

Homotopy invariance of cohomology

We will prove now that the de Rham cohomology of a smooth manifold M is even
invariant under homeomorphisms. As a matter of fact we prove that the de Rham
cohomology is invariant under homotopies of manifolds.

E.20 Definition Two smooth mappings f,g : N — M are said to be homotopic if
there exists a continuous map H : N x [0,1] — M such that

H(p,0) = f(p)
H(p1) = g(p)
forall p € N. Such a mapping is called a homotopy from/between f to/and g. If in

addition H is smooth then f and g are said to be smoothly homotopic, and H is
called a smooth homotopy.

Using the notion of smooth homotopies we will prove the following crucial
property of cohomology:

E.21 Theorem Let f,g: N — M be two smoothly homotopic maps. Then for
k > 0it holds for f*,¢* : HX, (M) — HX(N), that

ff=g".

m E.22 Remark It can be proved in fact that the above results holds for two
homotopic (smooth) maps f and g. This is achieved by constructing a smooth
homotopy from a homotopy between maps. .
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Proof of Theorem [E.21} A map h : T*(M) — T*=1(N) is called a homotopy map
between f* and g* if

dh(w) +h(dw) = g*w — f*w, weTFM). (E.1.2)

Now consider the embedding i; : N — N x I, and the trivial homotopy between
ip and i1 (just the identity map). Let w € T¥(N x I), and define the mapping

1
h(w) = / i wdt,
0 ot
which is a map from I'*(N x I) — T*=1(N). Choose coordinates so that either
w=wi(x,t)dx!, or w=wpy(x,t)dt Nd*T.
In the first case we have that i 2w = 0 and therefore dh(w) = 0. On the other hand
t
h(dw) = h<%dt pdxl 4 29 g A dxf)
) ox;
1
= ( @dt) dx!
0

ot
= (wi(x,1) —wi(x,0))dx' =ifw — ifw,

which prove (E.1.2) for ij and 7], i.e.
dh(w) + h(dw) = ijw — ijw.

In the second case we have

h(dw) = h(%xfd /\thdx)

. 1 awl
= adl x(dx Adt A dx! )d
. a(dj i I
- —<t0 axidt>dx Adxl.
On the other hand
dh(w) = ((/ wy(x,t) dt)dxll)

_ ai(/ wi (x )dt) dx' A dx”
1

_ (01 %ﬁfdt)dxi/\dxl'

= —h(dw).

This gives the relation that

dh(w) +h(dw) =0,



E.1 Homology and cohomology 281

and since ijw = ijw = 0 in this case, this then completes the argument in both
cases, and h as defined above is a homotopy map between i; and 7.
By assumption we have a smooth homotopy H: N x [0,1] — M bewteen f and
g, with f = H oip, and g = H o i;. Consider the composition h = h o H*. Using
the relations above we obtain
h(dw) +dh(w) = h(H*dw)+dh(H W)

h(d(H*w)) +dh(H"w)

iTH'w —igH w

(Hoiy)*w — (Hoip)*w

= g'w—fw.

If we assume that w is closed then
"w— ffw=dh(H'w),

and thus
0=[dh(H'w)] =[g"w — ff'w] =g"[w] = f[w],

which proves the theorem. ]

m E.23 Remark Using the same ideas as for the Whitney embedding theorem one
can prove, using approximation by smooth maps, that Theorem holds true
for continuous homotopies between smooth maps. n

E.24 Definition Two manifolds N and M are said to be homotopy equivalent, if
there exist smooth maps f : N — M, and g : M — N such that

go f>idy, fog=idy (homotopic maps).

We write N ~ M., The maps f and g are homotopy equivalences are each other
homotopy inverses . If the homotopies involved are smooth we say that N and M
smoothly homotopy equivalent.

E.25 Example Let N = S!, the standard circle in R?, and M = IR?\{(0,0)}. We
have that N ~ M by considering the maps

f=i:8' < R>\{(0,0)}, g=id/|-|

Clearly, (go f)(p) =p,and (f o g)(p) = p/|p|, and the latter is homotopic to
the identity via H(p,t) =tp+ (1 —t)p/|p|.
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E.26 Theorem Let N and M be smoothly homotopically equivalent manifold,
N ~ M, then

Hir(N) = Hix(M),
and the homotopy equivalences f ¢ between N and M, and M and N respec-

tively are isomorphisms.

As before this theorem remains valid for continuous homotopy equivalences

of manifolds.
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Solutions

Answers Exercises

1.1 Let A C IR" be a closed set. In order to show that f(A) is closed we show that
the complement (f(A))¢ is an open set. Let p € (f(A))¢ and let B¢ (p) be a compact
neighborhood. By assumption f~!(B(p)) is compact. Define D = AN f~'(B.(p)).
The continuous image of f(D) is again compact. The set B¢(p) \ f(D) is open and

contains p and is therefore a neighborhood of p is disjoint of f(A). This show that
points p € (f(A))¢ allow open neighborhoods and therefore (f(A))® is open and
consequently f(A) is closed.

1.2 We show that there exist constants cp, cj, > 0 such that ¢, |x[> < [x[, < c},|x|> for
all x € R". The inequality holds for x = 0 and therefore assume that x # 0. Then
x/|x| is a point on the standard unit sphere S" ! := {y € R" | |y|, = 1}. Consider
the postive continuous function y — |y|,, y € S"~!. A continuous function on a

compact space attains a minimum c, and maximum c;, and therefore

-1
cp <lylp<c, VyeS' .
For x this implies: ¢, < |x[,/[x[> < ¢, which proves the statement.

1.6 Consider the function f(x) =x?> —1,x € R. Let Q = (0,1) and let p = 0. In this
case f(0Q)) = {—1,0} and therefore 0 € f(9Q2). The degree formula in Definition
given deg(f,0,0) = 1. If we take p = € > 0 sufficiently small, then x> — 1 =¢
has no solutions in [0, 1] and thus deg( f,2,€) = 0. This demonstrates the instability
of degree when p € f(9Q)).

1.22 Under construction.
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1.30 Let f* be smooth functions on Q with f¥ — f in C'(Q). For smooth functions
we have (f5)*0 = d((f¥)*8), cf. [19]. Since the convergence is in C! we have that
both (f¥)*@ — f*d6 and d((f*)*8) — d(f*8) in C°(Q), which completes the proof.

1.34 Letc = f ,w and normalize @ := ¢~ lw. Since fRn w =1 we can apply Defi-

nition which gives deg(f,Q,p) = [ ff@o=c! [ ffw= [ f'w/ [p.w.

1.36 The mapping [w] — f]R,, w. Indeed, let w,w’ € [w], then w' — w = d6 and
thus [, @ = [, @’ (see proof of Lemma . The integral is onto RR; replace w
by kw. Finally, infectivity follows from the Poincaré Lemma. Let [, w = [, @/,
then w’ — w = d#, which shows that [w] = [w'].

3.33 By assumption 0 € () and since () is open there exists an open ball B¢ (0) C Q.
Let x € 9Q), then by convexity tx € Q for all t € [0,1]. Again by convexity Bse(tx) C
Q forall 0 <t < 1, which proves that tx is an interior point for all 0 <t < 1.

4.7 This result is trivially true if S = @. So assume S # @. If S is invariant the
inclusion is trivially satisified for ¢t > 0. For t < 0 the inclusion follows from
Proposition ?? by choosing s = —t.

Now assume S C ¢(t,S) for all t € R. For all t < 0, the semi-group property
and Proposition ?? implies that ¢(—t,S) C ¢(—t,¢(t,S)) C S. Thus,

¢(—t,S)CcScCo(t,S)
for any ' > 0. Observe that the result follows from choosing t' = —t.

4.9 Assume (i) that S is invariant. Since ¢(t,S) = S for t+ € RT, we have
Nicr ¢(£,S) C S. Conversely, since S C ¢(t,S) for all t € R, we have that
S CNier ¢(,S), and ¢||s is surjective, establishing (ii).

Assume (ii). Given x € S there exists a unique forward orbit y; C S. Consider
x_1 € ¢|ls(—1,x) # @. Then for s € [0,1], we have ¢||s(s — 1,x) = ¢||s(s,x_1),
and ¢||s(1,x_1) = x. Inductively repeating this process by producing x_;_1 €
¢|ls(—1,x_g) yields an orbit v, in S, establishing (iii).

Assume (iii), then ¢(¢,S) C S for all f > 0. Let x € S. For each t > 0 there exists
ay e ¢(—t,x)NS. Since ¢(t,y) C ¢(t,S), wehave x € ¢(t,S), and thus S C ¢(t,S),
establishing (i).

The equivalence between (i) and (iv) follows from the group property.

4.18 For y € w(U) it holds that y € cl(¢([t,0),U))) for all t € T*, and thus
w(U) C N cl(@([t,0),U)). On the other hand, if y € N cl(¢([t, ), U)),
theny € cl(¢([t,0),U))) forall t € T*. Choose an increasing sequence of t, € T*
and x,, € U such that d(¢(tn,x,),y) < 1/n. Since d(¢(ty, xn),y) — 0 as t, — 0o, it
follows that y € w(U) which proves the other inclusion.
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In the case U C X is forward invariant, the semi-group property implies,
p(t+s,U)=g(t,¢(s,U)) C ¢(t,U) foralls,t > 0. Therefore ¢([t,00),U) = ¢(t,U),
which proves Equation (#.1.3).

The second identity in Equation follows from the semi-group property,
ie. ¢([t,00),U) = ¢(t,TT(U)), Equation and the forward invariance of
[t (U). Closedness follows immediately from the definition.

As for the forward invariance of w(U) we argue as follows. We first show
forward invariance of w(U) when U is forward invariant. For any + € T+ we have
that

p(t,wl)) = (p(t,ﬂcl(go(s,LI))> C ﬂcl(cp(t,qo(s,ll)))

$>0 s>0

For general U, use the fact that I'* (U) is forward invariant. Therefore,
(L w(U)) = (w0 (U))) Cw((U)) =w(l),

which proves forward invariance for general U. The omega limit set is obviously
contained in cl(I'" (U)).

4.20 Property (i) follows from the characterization in Lemma Define the
truncation

wnUUV) = ﬂ cl(@([t,00),UUV)) =cl(¢([N,00),UUV))
te[0,N]
= cl(¢([N,00),U)) Ucl(¢([N,o0),V))

= wN(U) U wN(V),

which proves the first part of (ii) by letting N — co. As for the intersection we argue
as follows. Note that UNV CUand UNV C V,and by (i) w(UNV) C w(U) and
w(UNV)Cw(V). Combining this gives w(UNV) C w(U) Nw(V).

By forward invariance of w(U), ¢(t,V) C ¢(t,w(U)) C w(U). Since the latter
is closed it follows that w (V') C w(U), proving (iii)

Since U C cl(U) it follows that w(U) C w(cl(U)). As for the reversed inclusion
we argue as follows. Since ¢ is continuous map from T* x X to X it follows that
the image of cl([t,00) x U) is contained in the closure of the image of [t,c0) x U,
for all t > 0, see Lemma ?2(iii). Therefore, ¢([t,00),cl(U)) C cl(¢([t,00),U)), and
thus cl(¢([t,00),cl(U))) C cl(¢([t,00),U)). For the omega limit sets this implies
that w(cl(U)) C w(U), which proves (iv).

Since w(I'"(U)) = w (Tt (¢(t,U))) and I'" (¢(t,U)) = ¢(t, T (U)), Property
(v) follows.
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If there exists a backward orbit 7,y C U, then y, = v; (—t,) € U, t, — oo has
the property that x € ¢(t,,yx) as t, — co, which shows that x € w(U) and proves
Property (vi).

4.26 By definition any point x € W*(S) has the property that I'"(x) C W*(S). In-
deed, for any s < 0 it follows from Proposition ?? that ¢(t, ¢(s,x)) = ¢(t +s,x)
for t +s > 0, and thus lim;d(¢(t,¢(s,x)),S) = lim;d(@(t + s,x),S) = 0.
Therefore T'(x) C W5(S) for all x € W*(S). Obviously, ¢(t, W*(S)) C W(S), for
t > 0, which shows that W*(S) is forward invariant. Also for any x € W*(S),
¢(—t,x) C T~ (x) C W%(S) which shows that ¢(t, W*(S)) C W*(S), for t <0, prov-
ing backward invariance. If ¢ is surjective, then by Lemma ??, W*(S) is strongly
invariant.

The invariance of W"(S) is established as follows. Let x € W*(S) and let v
be the forward orbit. Choose any point y = ¢(s,x) € 7, then

vy, (t) =

yi(t+s) for —s<t<0
vy (E+s) fort < —s,

is a backward orbit through y and d(7, (t),S) — 0 as t — —oo. Indeed, since for
any € > 0 there exists a T, < 0 such that d(y; (f),S) < € for all t < T, it holds that
d(v, (t),S) <eforallt < T. —s. We have now proved that for any y = ¢(s,x) € 75
there exists a backward orbit -y, which converges to S in backward time. The
same holds of course for points y € v . Therefore, for each x € W*(S) we have
that v, = v Uy € W*(S) which proves the invariance of W*(S) by Proposition
[.8(iii).
4.29 Invariance of C(S’,S) follows from Proposition ?? and Exercise ?? that the in-
tersection of forward and backward invariant set with an invariant set is invariant.

Assume x € C(S',5) NS’ Then, for points x € S’ it holds that ¢(t,x) € S’ for
t > 0 (invariance) and for points x € C(S’,S) itholds that d(¢(t,x),S) — 0 as t — co.
Since SN S’ = @, such points do not exist. Similarly, assume that x € C(S',5) N S.
Then, for points x € S it holds that ¢(t,x) € S for t > 0 (invariance) and for points
x € C(S8/,S) it holds that d(¢(t,x),S) — 0 as t — co. There may be points that
satisfy these properties unless ¢ is invertible.

From the arguments in Lemma ?? it follows that w(x) C S and similarly
ao(7y ) C S for some orbit 7y.

Answers Problems
8.23 We have

lte™ +se™ 2, 12 = Llle |22, 12+ 2 [Bay 2 + 25He ™€) o
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For the inner product we have

(e7 e )r2us2 = lle [|2xr2lle™ |2 2 cos(x),
which implies 2st(e”,e") 2,2 < £2]le” |17, |, +s*cos?(x)[|eT 7., ;»- Combining
this we obtain

lte +set 2, 12 = Llle 22,2 + e [Bay o +25He ™€) 2
> et 212 — o) e [, 10

=ssin’(x)le" |2, 2,

which completes the proof.






‘ :

/"""'

.{,?

¢ A0

Bibliography

[1] S. Agmon, A. Douglis, and L. Nirenberg. Estimates near the boundary for
solutions of elliptic partial differential equations satisfying general boundary
conditions. I. Comm. Pure Appl. Math., 12:623-727, 1959.

[2] Herbert Amann and Stanley A. Weiss. On the uniqueness of the topological
degree. Math. Z., 130:39-54, 1973.

[3] Antonio Ambrosetti and Paul H. Rabinowitz. Dual variational methods in
critical point theory and applications. . Functional Analysis, 14:349-381, 1973.

[4] S. Angenent, ].B. VandenBerg, and R.C.A.M VanderVorst. Contact and non-
contact type Hamiltonian systems generated by second-order Lagrangian
systems. Preprint, 2002.

[5] Vieri Benci. A new approach to the Morse-Conley theory and some applica-
tions. Ann. Mat. Pura Appl. (4), 158:231-305, 1991.

[6] Vieri Benci and Paul H. Rabinowitz. Critical point theorems for indefinite
functionals. Invent. Math., 52(3):241-273, 1979.

[7] Melvin S. Berger. Nonlinearity and functional analysis. Academic Press [Har-
court Brace Jovanovich Publishers], New York, 1977. Lectures on nonlinear
problems in mathematical analysis, Pure and Applied Mathematics.

[8] Djairo G. de Figueiredo and Enzo Mitidieri. Maximum principles for co-
operative elliptic systems. C. R. Acad. Sci. Paris Sér. I Math., 310(2):49-52,
1990.



290 BIBLIOGRAPHY

[9] Albrecht Dold. Lectures on algebraic topology. Classics in Mathematics. Springer-
Verlag, Berlin, 1995.

[10] W. Fulton. Intersection Theory. 1984.

[11] R.W. Ghrist, ].B. VandenBerg, and R.C.A.M VanderVorst. Morse theory on
spaces of braids and Lagrangian dynamics. Preprint, 2001.

[12] David Gilbarg and Neil S. Trudinger. Elliptic partial differential equations of
second order. Classics in Mathematics. Springer-Verlag, Berlin, 2001. Reprint
of the 1998 edition.

[13] H. Hofer and E. Zehnder. Symplectic Invariants and Hamiltonian Dynamics.
1994.

[14] Sze-tsen Hu. Homotopy theory. Pure and Applied Mathematics, Vol. VIIL
Academic Press, New York, 1959.

[15] Josephus Hulshof and Robertus van der Vorst. Differential systems with
strongly indefinite variational structure. J. Funct. Anal., 114(1):32-58, 1993.

[16] W D Kalies and R C A M Vandervorst. Closed characteristics of second-
order Lagrangians. Proceedings of the Royal Society of Edinburgh. Section A.
Mathematics, 134(1):143-158, 2004.

[17] W.D. Kalies, J. Kwapisz, ].B. VandenBerg, and R.C.A.M VanderVorst. Homo-
topy classes for stable periodic and chaotic patterns in fourth-order Hamilto-
nian systems. 214:573-592, 2000.

[18] W.D. Kalies, J. Kwapisz, and R.C.A.M VanderVorst. Homotopy classes for
stable connections between Hamiltonian saddle-focus equilibria. 193:337-371,
1998.

[19] John M Lee. Introduction to smooth manifolds, volume 218 of Graduate Texts in
Mathematics. Springer, New York, second edition, 2013.

[20] J.-L. Lions and E. Magenes. Non-homogeneous boundary value problems and
applications. Vol. I. Springer-Verlag, New York-Heidelberg, 1972. Translated
from the French by P. Kenneth, Die Grundlehren der mathematischen Wis-
senschaften, Band 181.

[21] N. G. Lloyd. Degree theory. Cambridge University Press, Cambridge, 1978.
Cambridge Tracts in Mathematics, No. 73.

[22] William S Massey. A basic course in algebraic topology, volume 127 of Graduate
Texts in Mathematics. Springer-Verlag, New York, 1991.



BIBLIOGRAPHY 291

[23] John W. Milnor. Topology from the differentiable viewpoint. Princeton Landmarks
in Mathematics. Princeton University Press, Princeton, NJ, 1997. Based on
notes by David W. Weaver, Revised reprint of the 1965 original.

[24] Mitio Nagumo. A theory of degree of mapping based on infinitesimal analysis.
Amer. |. Math., 73:485-496, 1951.

[25] Louis Nirenberg. Topics in nonlinear functional analysis, volume 6 of Courant
Lecture Notes in Mathematics. New York University Courant Institute of Math-
ematical Sciences, New York, 2001. Chapter 6 by E. Zehnder, Notes by R. A.
Artino, Revised reprint of the 1974 original.

[26] L.A. Peletier and W. Troy. Spatial Patterns: Higher-Order Models in Physics and
Mechanics, volume 45 of Progress in Nonlinear Differential Equations and their
Applications. 2001.

[27] S. 1. Pohozaev. On the eigenfunctions of the equation Au + Af(u) = 0. Dokl.
Akad. Nauk SSSR, 165:36-39, 1965.

[28] Murray H. Protter and Hans F. Weinberger. Maximum principles in differential
equations. Prentice-Hall, Inc., Englewood Cliffs, N.J., 1967.

[29] P. Rabinowitz. Periodic solutions of a Hamiltonian system on a prescribed
energy surface. 33:336-352, 1979.

[30] K.R. Stromberg. An Introduction to Classical Real Analysis. Wadsworth Inc.,
Belmont, CA, 1981.

[31] R.C. A.M. Van der Vorst. Variational identities and applications to differential
systems. Arch. Rational Mech. Anal., 116(4):375-398, 1992.

[32] R. C. A. M. Van der Vorst. Best constant for the embedding of the space
H? N H{(Q) into L2N/(N=4)(Q)). Differential Integral Equations, 6(2):259-276,
1993.

[33] J.B. VandenBerg and R.C.A.M. VanderVorst. Second-order Lagrangian twist
systems: simple closed characteristics. 354:1393-1420, 2002.

[34] C. Viterbo. A proof of Weinstein’s conjecture in IR*". 4:337-356, 1987.

[35] Russell C. Walker. The Stone-Cech compactification. Springer-Verlag, New
York-Berlin, 1974. Ergebnisse der Mathematik und ihrer Grenzgebiete, Band
83.

[36] A. Weinstein. On the hypothesis of Rabinowitz” periodic orbit theorems.
33:353-358, 1979.






O,[15
1 £llco. 17
Il 07
w,[29
deg(f,Q,p),[19
0,15

90, [5
supp(f),[17]

v, 268
|x,[16]
‘x|pr
A, 268
d(x,y),[16
d,(x,y

6
dx, 29

frw, D9
), 17

n-form

compactly supported, 29
(0,1)-(Anti-)Homomorphisms,
(0,1)-Sublattice,

Admissible triple, 27]
Admissible triples, [47]
Alpha limit point,
Alpha limit set,
Anti-chain, 267
Anti-homomorphism

(0,1),

lattice,
Attracting block,
Attracting neighborhood, [97]
Attractor,

Banach space,
Binary operations, 268
Birkhoff’s Representation Theorem,
106
Boolean algebra,
Brouwer
fixed point theorem,
Brouwer degree, [36]



294

INDEX

Brouwer fixed point theorem,

Cauchy-Riemann equations,
Chain,

anti-, 267
Classification problem,
Closed mapping,
Cohomology,

compactly supported,
Compact

limit point,

sequentially compact,
Compact domain,
Compact mapping, [77]

Compactly supported n-form,

Complete,
normed linear space,

Complete trajectory, see Trajectory
Conjugate, [64]
Conley index,
Connecting orbit,
from S’ to S,
set of,
Contact type, 209
Continuous mapping
proper, [16]
Contraction mapping, 21|
Covers, 270]
Critical exponent, 163
hyperbola of,
Critical point,
Critical value,

Deformation

retract, [124]

retraction, [124]
Degree, [15] [19]
Brouwer, 36]
finite dimensional,
mod-2,
Degree theories, §7]

Distance, [T6]
Distributive lattice,[97]
Domain, [T5]
boundary,
bounded,
closure,

compact, [I5]
unbounded,

Dynamical system,
gradient-like,
restriction to S,

Element

greatest, [267]
least, 267]
maximal,
minimal,
Essential,
Euclidean norm,

Exit set, [TT8|
Extension problem,

Filtration,

Finite dimensional degree,

Finite rank mapping,

First-return time, [43]

Fixed point,

Flow,
gradient-like,

Folded pancake,

Function

test, [29]

uniformly continuous,

weight,

Gradient-like dynamical system,

Gradient-like flow, [135
Greatest element,

Group property,

Hasse diagram,
Heyting algebra,



INDEX

295

Higher-order Lagrangian,
Hilbert space,
Holomorphic mapping, 0]
Homomorphism

(0,1)—, 69

lattice, 269
Homotopic, [67]
Homotopy, [67]

between mappings, [67]
Homotopy class,
Homotopy invariant, [6§]
Homotopy type, 57} [67]
Hopf Degree Theorem,
Hopf’sTheorem,

Hopf, E.,

Implicit Function Theorem,
Incomparable elements, 267]
Index
of a zero,
Index class, [T19]
Index filtration

regular, [131]

Index pair,
for an isolating neighborhood,
regular,

Inessential,

Infimum,

Invariant set, [92} 03]
backward,
forward,
stable/unstable set,

Irreducible, [105

Isolated invariant set

tight,
Isolating neighborhood

tight,
Isolating neighborhood class, 119

Isotopy, [69]

Jacobian,

Join-irreducible, (105

Lagrangian
higher-order,
second-order, [208
Lattice, 268]
bounded,
distributive, [268
of attracting sets,
sublattice, 268
Lattice anti-homomorphism,
Lattice operations, [26§]
Least element,
Length,
Linear vector space, [/3]
Lyapunov function
for ¢ relative to U,
non-trivial,
regular value, [100]
trivial,

Mapping
closed,
compact, [77]
finite rank,
order preserving,
order reversing,

Mapping degree,
cl,
local,

Maximal element, [268

Meet-irreducible,

Metric, [16]

Metric space, [16]
complete,

Minimal element, 268

Mollification, 246

Mollifier, 246

Morse decomposition, [133]

Morse neighborhood,
Morse product,



296

INDEX

Morse relations, (133

Neighborhood deformation retract

pair, [125]
Norm, [T6]
p-norm, [16]
Normed linear space,
Normed linear vector space,

Omega limit point, 94]
Omega limit set,
Orbit,
complete,
Order
partial,
Order preserving mapping,
Order reversing mapping,

Partial order,

strict, [267]

Partially ordered set, 267
anti-chain,

chain, [267]
incomparable elements,
lenght,

width, 267]
Peano’s Theorem,
Poincaré Lemma, 3]

compactly supported,
Poincaré section, 43|
Poincaré-Hopf Index Theorem,
Poset, see Partially ordered set

attracting, [104]
Principle of Least Action,
Proper mapping, [16]
Pseudo complement, 270

Regular closed set, 110
Regular index pair, [123]
Regular open set,
Regular point,
Regular value,

Regularly disjoint sets, {112

Repeller,
Repelling region,
Retract, [124]
Retraction, [124]

Schauder

fixed point theorem,
Schauder fixed point theorem,
Second-order Lagrangian, 208]
Semi-lattice, [116
Set of connecting orbits,
Simplicial complex,
Singular point,
Singular value,
Solvability problem,
Stable set,
Stokes” Theorem,
Sublattice, 268

(0,1)-, 268
Support, [T7]
Supremum, @

Tangent vector field,
Test function,
The Imverse Function Theorem,
Total order,
Trajectory,
complete,
Trapping region, 08|
Triangulable,

Unbounded domain,
Uniformly continuous function,
Unstable set,

Vector field

tangent, [65]
Vector space, [73]

Wazewski set, [124
Weight function,



INDEX 297

Width, 267]

Winding number, 57
generalized, [57]




	Finite Dimensional Degree Theory 
	Notation
	The C1-mapping degree
	Regular values
	Homotopy invariance
	The degree for arbitrary values

	Integral representations
	Regular integrals
	The Poincaré Lemma
	A general representation
	Homotopy invariance

	The Brouwer degree
	Definition of the Brouwer degree
	The index of isolated zeroes
	Linear vector spaces

	Elementary applications of the mapping degree
	The degree for holomorphic functions
	Periodic orbits in planar systems of differential equations

	Problems

	Axiomatic Degree Theory
	Properties and axioms for the Brouwer degree
	Properties of degree theories
	Characterization and uniqueness of degree theories
	The mapping degree and homology

	Boundary dependence of the degree
	Generalized winding numbers
	Winding numbers in the plane

	Linking numbers
	The Brouwer fixed point theorem
	Homotopy types and Hopf's Theorem
	Problems

	The Leray-Schauder Degree
	Notation
	Continuity
	Differentiability

	Compact and finite rank maps
	Definition of the Leray-Schauder degree
	Infinite dimensional spheres are contractible
	The Leray-Schauder degree

	Properties of the Leray-Schauder degree
	Validity of the Leray-Schauder degree
	Degree theories
	Properties

	The Schauder fixed point theorem
	Semi-linear elliptic equations and a priori estimates
	Problems

	Dynamical Systems
	Preliminaries and notation
	Invariant sets
	Asymptotic limit sets
	Stable and unstable sets and connecting orbits

	Attractors and repellers
	Attracting neighborhoods
	Binary operations
	Attractors

	Lyapunov functions and blocks
	Lyapunov functions
	Attracting and repelling blocks
	Existence of Lyapunov functions and blocks

	Sublattices and filtrations
	Birkhoff's Representation Theorem
	Booleanization and duality
	Filtrations and tilings

	Regular closed sets and attracting blocks
	Regular open and closed sets
	Attracting and repelling blocks


	Conley Index
	Isolating neighborhoods
	Index pairs
	Invariants for index pairs
	Regular index pairs
	Wazewski's Principle

	The Conley Index
	Definition of the index
	Compactness properties

	Index filtrations and the Morse relations
	Filtrations of isolating blocks and trapping regions
	Filtrations of index pairs
	The Morse relations

	Continuation
	Cup-length estimates
	Problems

	Morse Theory
	Gradient-like flows on compact spaces
	Palais-Smale functions and compactness
	The Morse relations for critical points
	Gradient flows and Morse decompositions
	Morse relations and critical points

	The deformation lemma
	Homotopy types and the Morse index
	Other homology invariants and the Morse inequalities

	Morse Theory for Elliptic Equations
	Variational principles and critical points
	Solutions via Morse Theory
	Multiplicity results for critical points
	Functions lacking compactness

	Strongly Indefinite Elliptic Systems
	Elliptic Systems
	The functional analytic frame work.
	Function spaces
	The quadratic form
	The functional J is well-defined

	Compactness and Geometry
	The Palais-Smale condition
	Linking sets

	Existence of critical points.
	Deformation of S and Q
	Minimax values
	Weak solutions
	Positive solutions

	Regularity of solutions
	Nonlinear Eigenvalues problems
	Problems

	Discrete Parabolic Dynamics
	Parabolic recurrence relations
	Parabolic flows and braids
	Isolating blocks and braid classes
	Stabilization and global invariants
	Free braid classes and the extension operator
	A topological invariant
	Eventually free classes

	Duality
	Morse theory
	The exact, nondegenerate case
	The exact, degenerate case
	The non-exact case

	Morse decompositions, Morse relations and connecting orbits

	Conservative Differential Equations
	Second-Order Lagrangian Systems
	Twist sytems
	Discretization of the variational principle
	Up-down restriction
	Universality for up-down braids
	Morse theory

	Multiplicity of closed characteristics
	Compact interval components
	Non-compact interval components: IE = R
	Half spaces IE R

	A general multiplicity result and singular energy levels
	Proof of Theorem 10.1.2
	Singular energy levels
	Case I: IE=R
	Cases II and III: IE=[a,b] or IE=R

	Computation of the homotopy index
	The Geometry of Second-Order Lagrangians
	Intersection theory
	Continuation

	Existence of Minimizing Laps
	The Existence of Minimizers
	Extensions and Concluding Remarks
	More General Lagrangians
	Sharp Lower Bounds
	The Topology of Energy Manifolds
	Singular Manifolds
	Forcing of Additional Closed Characteristics


	Mappings and topology
	Differentiable mappings
	Approximation

	The theorem's of Tietze, Sard and Smale

	Nemytskii Mappings
	Basic Nemytskii maps

	Sobolev Spaces
	Sobolev Spaces
	Weak derivatives and Sobolov spaces
	Sobolev inequalities
	Continuous and compact embeddings


	Posets and Lattices
	Posets, lattices and Boolean algebras

	Homology Theory
	Homology and cohomology
	Simplicial homology
	Definition of De Rham cohomology
	Homotopy invariance of cohomology


	Solutions
	Answers Exercises
	Answers Problems

	Bibliography
	Index

