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Preface

In this work we prove persistence of normally hyperbolic invariant manifolds. This result is well-known
when the invariant manifold is compact; we extend this to a setting where the invariant manifold as well
as the ambient space are allowed to be noncompact manifolds. The ambient space is assumed to be a
Riemannian manifold of bounded geometry.

Normally hyperbolic invariant manifolds (NHIMs) are a generalization of hyperbolic fixed points. Many
of the concepts, results and proofs for hyperbolic fixed points carry over to NHIMs. Two important
properties that generalize to NHIMs are persistence of the invariant manifold and existence of stable
and unstable manifolds.

We shall focus on the first property. Persistence of a hyperbolic fixed point follows as a straightforward
application of the implicit function theorem. For a NHIM the situation is significantly more subtle,
although the basic idea is the same. In the case of a hyperbolic fixed point we only have stable and
unstable directions. When we consider a NHIM, there is a third direction, tangent to the manifold
itself. The dynamics in the tangential directions is assumed to be dominated by the stable and unstable
directions in terms of the respective Lyapunov exponents. Thus the dynamics on the invariant manifold
is approximately neutral and the dynamics in the normal directions is hyperbolic; hence the name
normally hyperbolic. The system is called r-normally hyperbolic if the spectral gap condition holds
that the tangential dynamics is dominated by a factor r = 1. An r-NHIM persists under C! small
perturbations of the system. The persistent manifold will be C” if the system is, but it may not be
more smooth, even if the system is C* or analytic. This can also be formulated as follows: r-normal
hyperbolicity is an ‘open property’ in the space of C” systems under the C! topology. The description
above shows that the spectral properties of NHIMs and center manifolds are similar. The difference is
that NHIMs are globally uniquely defined, while center manifolds are not.

There are two basic methods of proof for hyperbolic fixed points and center manifolds: Hadamard’s
graph transform and Perron’s variation of constants integral method. Both can be extended to prove
persistence of NHIMs, as well as existence of its stable and unstable manifolds. We employ the Perron
method.

Both methods of proof construct a contraction scheme to find the persistent NHIM (and a similar
contraction scheme can be used to find its stable and unstable manifolds). Heuristically, we can
construct the implicit function F(M, v) = ®'(M) — M = 0, where M is the NHIM and ®" is the flow of the
vector field v after some fixed time ¢. Normal hyperbolicity of M implies that D, F is invertible. Hence,
there is a function M = G(#) that maps perturbed vector fields 7 to persistent manifolds M, at least in a
neighborhood of v. This idea does not work directly for higher derivatives. An inductive scheme can be
set up that typically uses some form of the fiber contraction theorem. This scheme will break down after
r iterations, hence the limited smoothness. Example[1.1]shows that this is an intrinsic problem.
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To tackle the noncompact case, we replace compactness by uniformity conditions. These include
uniform continuity and global boundedness of the vector field and the invariant manifold and their
derivatives up to order r. We require additional uniformity conditions on the ambient manifold, namely
‘bounded geometry’. This means that the Riemannian curvature is globally bounded, and as a result we
have a uniform atlas which allows us to retain uniform estimates throughout all constructions in the
proof.

Organization of the book

This book is organized as follows. In the introduction, we give a broad overview of the theory of NHIMs
with references to more details in the later chapters. We start by describing how NHIMs are related to
hyperbolic fixed points and center manifolds. Then we give some basic examples and motivation for
studying the noncompact case. We give a brief overview of the history and literature and compare the
two methods of proof in the basic setting of a hyperbolic fixed point. Then we continue to introduce
the concept of bounded geometry and a precise statement of the main result of this work and discuss
its relation to the literature. We describe a few extensions and details of the results and conclude the
chapter with notation used throughout this book.

Chapter [2| treats Riemannian manifolds of bounded geometry. We first introduce the definition of
bounded geometry and some basic implications. We explicitly work out the relation between curvature
and holonomy in Section[2.2} This we use in Section[3.7|to prove smoothness of the persistent manifold.
In the subsequent sections we develop the theory required to prove persistence of noncompact NHIMs
in general ambient manifolds of bounded geometry. We extend results for submanifolds to uniform
versions in bounded geometry, to finally show how to reduce the main theorem to a setting in a trivial
bundle. A number of these results are new and may be of independent interest, namely the uniform
tubular neighborhood theorem, the uniform smooth approximation of a submanifold, and a uniform
embedding into a trivial bundle.

In Chapter[3|we finally prove the main result in the trivial bundle setting. We first state both this and the
general version of the main theorem and discuss these in full detail. We include a precise comparison
with results in the literature, followed by an outline of the proof. Section contains a discussion of
the differences to the compact case and presents detailed examples to illustrate these. Then we start
the actual proof. We first prepare the system: we put it in a suitable form and obtain estimates for the
perturbed system. Then we prove that there exists a unique persistent invariant manifold and that it
is Lipschitz. Secondly, we set up an elaborate scheme in Section[3.7]to prove that this manifold is C"
smooth by induction over the smoothness degree.

In Chapter[4|we discuss how the main result can be extended in a number of different ways that may
specifically be useful for applications. We show how time and parameter dependence can be added and
we present a slightly more general definition of overflow invariance that might be applicable to systems
that are not overflowing invariant under the standard definition.

Finally, the appendices contain technical and reference material. These are referenced from the main
text where appropriate. Appendix[A|shows an important idea that permeates this work: the implicit
function theorem allows for explicit estimates in terms of the input, hence it ‘preserves uniformity
estimates’. This can then directly be applied to dependence of a flow on the vector field. In Appendix[B}
the Nemytskii operator is introduced as a technique to prove continuity of post-composition with
a function. This is an essential basic part in the smoothness proof, together with the results on the



exponential growth behavior of higher derivatives of flows in Appendix|[C| Here, we also develop a
framework to work with higher derivatives on Riemannian manifolds. The last appendices include the
fiber contraction theorem of Hirsch and Pugh that is used in the smoothness proof, Alekseev’s nonlinear
variation of constants integral defined on manifolds, and a brief overview of those parts of Riemannian
geometry that we use.

What is (not) new

Normal hyperbolicity can nowadays be called a classical subject; it was first formulated and studied in
the late sixties and seventies, see the historical overview in Section|[I.3] Although initial results were
formulated for compact NHIMs, more recent work by Sakamoto and especially Bates, Lu, and Zeng have
brought this to the noncompact setting, and even to semi-flows in Banach spaces.

The specific aspect that is new in this work is the differential geometric context in which our results on
noncompact NHIMs are formulated. Uniformity of the ambient space seems not to have been addressed
before in the literature, and our use of bounded geometry allows us to extend persistence of NHIMs
to this setting, see Section[1.5land Chapter[2] Additionally, some of our results on bounded geometry
appear to be new, including the uniform tubular neighborhood theorem and the theorem on uniform
smooth approximation of a submanifold.

The ‘core’ persistence proof itself is based on the Perron method; it can probably be replaced by the
proof of Bates, Lu, and Zeng, that is based on the graph transform, when taking into account the
necessary bounded geometry technical details from Chapter[2] Our proof uses ideas of Henry and
Vanderbauwhede and Van Gils to extend the Perron method to NHIMs and higher smoothness. A novel
aspect is that we develop these ideas on a trivial bundle with a bounded geometry manifold as base. This
requires a whole framework to be set up, including representations of higher jets of a flow in Appendix|C]
and formal tangent bundles of spaces of curves (see Section[3.7.4) to study derivatives of the Perron
contraction operator. These ideas might be of interest in other contexts of dynamics in noncompact
differential geometry.

Finally, our Definition of a priori overflowing invariance might be new (although probably not
surprising to experts in the field) and could prove useful for certain applications where the original
definition of over- or inflowing invariance does not hold.
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Chapter 1

Introduction

The basics of the theory of hyperbolic dynamics date back to the beginning of the 20th century, and the
general formulation of the theory of normally hyperbolic systems was stated around 1970. Since then,
many people have extended the theory, and even more people have applied it to problems in all kinds
of areas.

Normally hyperbolic invariant manifolds are important fundamental objects in dynamical systems the-
ory. They are useful in understanding global structures and can also be used to simplify the description
of the dynamics in, for example, slow-fast or singularly perturbed systems.

In this work, we are specifically interested in noncompact normally hyperbolic invariant manifolds. We
extend classical results that were previously only formulated for compact manifolds. However, in many
applications the manifold is not compact, so an extension of the theory to the general noncompact case
allows one to attack these problems in their natural context. The main result of this work is an extension
of the theorem on persistence of normally hyperbolic invariant manifolds to a general noncompact
setting in Riemannian manifolds of bounded geometry type.

1.1 Normally hyperbolic invariant manifolds

We should first point out that the theory of (normally) hyperbolic systems can be applied to both discrete
and continuous dynamical systems. That is, if we have a dynamical system (T, X, ®) with X a smooth
manifold and ®: T x X — X the evolution function, then the systenﬂ is called discrete if T = Z and
continuous if T = R. In the discrete case, one typically has a diffeomorphism ¢: X — X and the full
evolution function is defined as ®(n, x) = ¢"(x), i.e. iterated application of ¢. In the continuous case,
the map @ is called a flow. It is generated by a vector field v € X(X) and in that case the map Pl X—-X
is again a diffeomorphism for any ¢ € R.

The two cases can be related by fixing a € R in the continuous case and then view ¢ = ®' as generating
a discrete system. The statements of definitions and results are (almost) identical if formulated in terms
of the evolution function ®. The methods of proof share this similarity and can be translated into each
other. We shall adopt the continuous formulation in this work, and refer to the evolution parameter
t € T =R as time. Even though our system is defined in terms of a vector field v, we call x € X a fixed

1 For simplicity of presentation we ignore the facts that ® may have a smaller domain of definition, or that it is a semi-flow
or semi-cascade, only defined on T = 0.



2 CHAPTER 1. INTRODUCTION

point of the system when ®!(x) = x for any ¢ € R. This is equivalent to saying that v(x) =0, i.e. thatitis
a critical point of v; we adhere to the former terminology to better preserve the analogy with discrete

systems.

Before we proceed to explaining normally hyperbolic invariant manifolds, it should be pointed out that
these are a generalization of hyperbolic fixed points. Many of the characteristic properties generalize as
well, so we first sketch the basic picture for hyperbolic fixed points. Let x be a fixed point of a vector field,
v(x) = 0; it is called hyperbolic if the derivative Dv(x) has no eigenvalues with zero real part. This means
that the eigenvalue spectrum splits into parts left and right of the imaginary axis, that is, the stable and
unstable eigenvalues, but no neutral ones. The corresponding stable and unstable eigenspaces E. are
both invariant under the linear flow of Dv(x) and these spaces are characterized by the fact that solution
curves on them converge exponentially fast towards the fixed point under forward or backward time
evolution respectively. It is a well-known result that there are corresponding stable and unstable (local)
manifolds, denoted ngc and ngc respectively, which are the nonlinear versions of these, see Figure
This situation can be generalized to a normally hyperbolic invariant manifold by replacing the single
fixed point by a ‘fixed set of points), that is, a manifold which is, as a whole, invariant.

. . . . . . S U
Figure 1.1: A hyperbolic fixed point with (un)stable manifolds W , W,_ ..

Let us start with a somewhat informal explanation of the concept of a normally hyperbolic invariant
manifold, which we shall from now on often abbreviate as a NHIM, as is common in the literature. If
we have a dynamical system (T, Q, ®) with phase space Q (which we shall often refer to as the ‘ambient
manifold’) and evolution map @, then a manifold M c Q is called invariant under the system if it is
mapped to itself under evolution. In the continuous case this means that ®!(M) = M for all times £ € R,
that is, any point x € M stays in M, so its complete orbit is contained in M.

An invariant manifold M is then called normally hyperbolic if in the normal directions, transverse to
M, the linearization of the flow ® has a spectrum separate from the imaginary axis again. Although
the precise definition is a bit more technical than in the case of a hyperbolic fixed point, the geometric
idea is the same. The normal directions must separate into directions along which the linearized
flow exponentially converges towards M and directions along which it exponentially expands; no
neutral directions are allowed. Finally, the flow on M itself may expand or contract, but only at rates
that are dominated by the expansion and contraction in the normal directions. Figure shows
part of a normally hyperbolic invariant manifold M that has only stable normal directions. Note
that the dynamics on M itself can be very complex; it can have fixed points or even be chaotic. The
only restriction is that the vertical contraction rate is stronger than horizontal ones (and similarly for
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Figure 1.2: A normally hyperbolic invariant manifold. The single
and double arrows indicate slow and fast flow respectively.

expansion), as is indicated by the double and single arrows and visible from the convergence of solution
curves to the rightmost fixed point on M.

1.1.1 Persistence and (un)stable manifolds

There are two important properties that generalize from hyperbolic fixed points to normally hyperbolic
invariant manifolds. These are persistence of the fixed point and the existence of stable and unstable
manifolds. The generalization of these properties is not a trivial statement nor easily proven in the
generalized case of NHIMs, however.

Let us first focus on persistence. In case of a hyperbolic fixed point, this is trivially stated and proven.
If the fixed point x is hyperbolic, then it will persist as a nearby fixed point under small perturbations
of the vector field v and stay hyperbolic. The proof is a direct application of the implicit function
theorem. If Dv(x) has no eigenvalues on the imaginary axis, then certainly it has no zero eigenvalue,
and therefore is a bijective linear map. So a slightly perturbed vector field # will again have a fixed point
X nearby x and the eigenvalues of D#(X) will be close to those of Dv(x) if # — v is small in C'-norm.
Hence the eigenvalues are still separated by the imaginary axis. For a NHIM the situation is similar
but technically much more involved due to the fact that there is no control on the behavior of solution
curves in the invariant manifold. A normally hyperbolic manifold M does persist under C! small
perturbations and the perturbed manifold M is again normally hyperbolic and close to M in a precise
way. The most important difference, however, is that M generally has only limited smoothness, even if
M and the system were smooth or analyti(ﬂ This smoothness is dictated by the spectral gap condition,
which is roughly the ratio between the normal exponential expansion/contraction and the exponential
expansion/contraction tangential to M. This fact already indicates that the proof of persistence of a
NHIM cannot be a straightforward application of the implicit function theorem.

The stable and unstable manifolds generalize as well. That is, a normally hyperbolic invariant manifold
M has stable and unstable manifolds WS (M) and WY (M) such that solution curves on these converge
exponentially fast towards M in forward or backward time, respectively. Their intersection is precisely M.
But there is actually more structure: these manifolds—we consider W (M) but everything is equivalent

21 do not know whether loss of smoothness is generic for NHIMs. See [Has94;[HW99) for the case of Anosov systems.
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for WY (M)—are fibrations of families of stable and unstable fibers to each point m € M,

wsan = | wim).
meM
We should be a bit careful with this last statement, as points m € M are generally not fixed points. These
fibers W (im) are invariant in the sense that the flow commutes with the fiber projection 7°:

VieER, meM,xe WS(m): 150 ®!(x) = ® o 5(x).

In other words, each fiber is mapped into another single fiber under the flow, namely the fiber over the
flow-out of the base point m. This important fact means that if we use the fibration for local coordinates,
then in these coordinates the horizontal, base flow decouples from the vertical, fiber flow. This is
sometimes also called an isochronous fibration [Guc75] as all points in a fiber have the same long-term
behavior. Each single fiber is as smooth as the system, but the dependence on the base point m, and thus
the smoothness of the fibrations as a whole, is generally not better than continuous, see Fenichel [Fen74,
Sect. I.G]. We do not investigate these invariant fibrations in the present work, although the mentioned
results should hold for noncompact NHIMs as well.

1.1.2 The relation to center manifolds

Normally hyperbolic invariant manifolds bear a close resemblance to center manifolds. Their spec-
tral properties are roughly equivalent; they differ in the fact that NHIMs have an intrinsically global
definition, while center manifolds are defined in local terms.

A center manifold ngc (x) of a fixed point x is a local invariant manifold such that its tangent space at
the fixed point is the (generalized) eigenspace Ej of the eigenvalues with real part zero, that is,

T WS, (x) = Ej. (1.1)

We can extend the definition of center manifold a bit by including all eigenvalues A with real part
bounded by |*Re(1)| = po. An associated generalized center manifold consists of solutions that converge
or diverge from x at an exponential rate bounded by py. Curves in the strongl}ﬂ stable or unstable
manifold converge or diverge at exponential rates larger than +py, respectively. These conditions can
directly be compared to the description of NHIMs above, or Deﬁnition (with pg = pum)-

If we take a look at Figure|1.2|again, then we see that both fixed points (indicated with a dot) on M
have (generalized) center manifolds; M itself is a center manifold for these, but for the rightmost fixed
point we can actually construct the center manifold from any two solution curves converging to that
fixed point from the left and right. For example, the union of the two curves drawn in the figure that
converge to it could be taken as alternative center manifold. This reflects the well-known fact that
center manifolds are generally not unique. This is the main difference with the case of NHIMs: center
manifolds are only defined in terms of growth rates of solution curves locally with respect to one fixed
point, while NHIMs are globally invariant objects, where the spectral splitting must hold everywhere
along the invariant manifold. This difference is effectively the reason that center manifolds are not
uniquely defined, while the perturbations of NHIMs are, see below. If we perturb the system in Figure[L.2]
a bit, then the persistent NHIM must everywhere be close to the original invariant manifold M. This

3We remove the eigenvalues associated to Eg from E. so that E_, Eg, E4 together disjointly span the total tangent space at
X.
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enforces uniqueness; in Figure[1.2]this is clearly visible: the alternative choice of center manifold to the
rightmost fixed point diverges far from M. See also the example in Section

There is a subtle question of smoothness both for center manifolds and NHIMs, related to the spectral
gap condition[(1.11)] Center manifolds are arbitrarily smooth in a sufficiently small neighborhood of the
fixed point x, but they are generally not C*, even though they satisfy an infinite spectral gap. See Van
Strien’s short note [Str79]. The reason is that the size of the neighborhood may depend on the degree of
differentiability C*. Persistent NHIMs generally have bounded smoothness due a finite spectral gap;
but even if they have an infinite spectral gap, the smoothness of a persistent NHIM is (generally) not C*
for the same reasons. See Remark[1.12Jand Example[I.3]

1.2 Examples

We present a few examples. The first detailed example serves to show explicitly that smoothness of a
persistent manifold depends crucially on the spectral gap condition. The next examples motivate the
usefulness of a noncompact version of the theory of normal hyperbolicity.

1.2.1 The spectral gap condition

An invariant manifold is called an r-NHIM if the flow contracts or expands at exponential rates along the
normal directions, and if these rates dominate any contraction or expansion along tangential directions
at least by a factor r. This separation between growth rates along directions tangential and normal to
the NHIM is encoded in equations|(1.10)|and|(1.11)}

Here we introduce a simple example where the growth rates can be identified with eigenvalues 1 of
the linearization of the vector field at stationary points. Furthermore, we consider the simplified case
where only a stable normal direction is present. That is, we consider a flow that contracts in the normal
direction at an exponential rate of at least p, < 0 and along the invariant manifold it contracts at most at
the rate p, with the simplified spectral gap condition

Py <TpPx with py<0,r=1. (1.2)

The spectral gap is fundamental to persistence of invariant manifolds: the compact invariant mani-
folds that are persistent under any small perturbation are precisely those that are normally hyper-
boli [Mafi78]. Mafié only proved this inverse implication for 1-normal hyperbolicity, the question is
still open for r-normal hyperbolicity with r > 1. A further property of normally hyperbolic invariant
manifolds is that the differentiability of a slightly perturbed manifold depends not only on the smooth-
ness of the original manifold and the perturbed vector fields, but also on the spectral gap. The spectral
gap determines an upper bound 1 < r < oo on the smoothness of the perturbed system, as r has to
satisf;ﬂ This condition stems from the fact that when the flow has exponential growth behavior
ef!, then higher order derivatives will generally have growth behavior e*?* and the interval inclusion
[kp,p] < (py,px) is required to show existence and uniqueness of the k-th derivatives via a contraction.

4The definition of normal hyperbolicity in [Mafi78] is a bit more general than the definition in this paper. That definition
only requires a growth ratio r = 1 along solution curves in the invariant manifold, and not as a ratio of global growth rates
0x, Py, see also Remark

5The case r = oo would require py > 0; when py = 0, any finite order r can be obtained, but only for perturbations
sufficiently small depending on r.
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The optimal differentiability degree r can be extended to a real number by viewing a-Hdlder continuity
as a fractional differentiability degree. That means that the perturbed manifold can be shown to be CK*
when r = k + a satisfies the spectral gap condition and the system is C¥¢ to start with.

The following example shows that this result is sharp. We construct a very simple compact, normally
hyperbolic invariant manifold, and then show that an arbitrarily small perturbation yields a unique
perturbed C*® invariant manifold, where r = k + a satisfies p, = r py. This in fact precisely violates
the spectral gap condition, since that requires a strict inequality. The example could be adapted to
obtain a perturbed manifold with smoothness no better than C” for some r’ < r, cf. Example
A more qualitative exposition of this example can also be found in [Fen72, p. 198-200] and [Hal69,
p. 239, 251].

Example 1.1 (Optimal C*® smoothness of persistent manifolds).

Let the horizontal space X = S! be the circle and the vertical space Y = R. Take two points x_ = 0
and x; = 7 in X and set the vector field v to zero at (x_,0), (x4+,0). We turn these stationary points
into hyperbolic fixed points, with v linear in neighborhoods around them and Dv(x_,0),Dv(x,,0)
having eigenvalues A1_ <0 < 1, along X, respectively, and one global eigenvalue A, < A_ in the vertical
direction along Y, i.e. y = vy (x,y) = Ay y, see Figure We extend the horizontal component vy of the
vector field v to the whole space X x Y in such a way that it is C*°, independent of y, and has no critical
points except for x_, x;. Hence, M = X x {0} is an invariant manifold for the flow ®’ of v.

First, we check that M is normally hyperbolic. The long time behavior of any point m € M is governed
by its approach of the stable fixed point (x_,0), except for m = (x4,0). For m = (x,0) we have D®!(m) =
ePvmt hence

DO’ (m)|r,,x = e,

DO (m)l1,y = Mt
More generally, consider a point m € M in the neighborhood of either (x.,0) where v is linear. Then
D®!(m) is given by
At
¢ _ et 0
Do (m) —( 0 e’”t)

for as long as ®’(m) stays in that neighborhood of (x.,0) where the vector field is linear. The transition
time between these two neighborhoods is finite as v does not have zeros and the transition map
preserves vertical lines {x} x Y. The latter fact is because v, is independent of y, that is, we have also

Y
| | | I ! ) \
| | | I ! i | \
\ | Ay 1 I /l // I Ay \\
Lo v o PO EN
~ \ / Y v - / ~
\ \ / / _/_.~~ )'/
\ / . v
S /A//\“ -
M >~ = . : M
77 - e~ N T 7 X
/l_ 7 / X S N /]\X N /1+ X+ - =
/ N . N Z
;o v ~ |
/1\ ! ),\ T~ \ / -~
/ ™ \ T e
| | \ \ \ | /
| | \ \ \ | !
I I | \ | ! !

Figure 1.3: an example invariant manifold exhibiting C¥® smoothness under perturbation.
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found the invariant, foliated stable manifold of M. Gluing together these D®’ maps on the different
domains, we see that the resulting tangent flow splits again into independent horizontal and vertical
parts, which can be estimated by

Vi<0: DO (m)lr, x|l < Cre*’,
Vi=0: DO (m)lr, vl <Cyel’,

where the constants Cy, C, are determined by the flow ®! in the domain where v is nonlinear. For any
point m close to (x_,0) this estimate is sharp, hence we expect maximal smoothness r = A,/A_ for a
generic perturbation.

Next, we add a perturbation term ¢ y to the vector field v, so we have a perturbed vector field 7 = v + €y,
where y € Ci° is chosen with support on a small ball intersecting M away from the fixed points and
pointing upward. This will ‘lift’ the invariant manifold as indicated in Figure|1.3|for any £ > 0. Let M
denote this lifted manifold, that is, M is the image of the two heteroclinic solution curves that run from
(x4,0) to (x_,0) together with these fixed points. The solution curve that runs to the left is lifted up from
the x-axis after entering the region supp y.

We first investigate two claims: that M is invariant and that it is the unique invariant manifold that is
close to M. The invariance is obvious; to the right of x; nothing has changed, so there M = M. To the
left of x, we follow the original unstable manifold, get pushed up within the domain of support of y and
after leaving that domain and entering the linear flow around (x_, 0) we follow a standard curve ending
at (x_,0). This is a solution curve of # € C*, hence invariant and even smooth. Now assume there exists
another invariant manifold M’ nearby and let (x, ') € M’ \ M. The backward orbit of the point (x/, ")
must diverge to |y| > 1. If x’ = x_, then y’ # 0 and this is clear. If x’ # x_, then the backward orbit will
end up at a point (x, y) with x close to x; and y # 0; since we are in the linear domain of (x,0), this
orbit will then diverge (in reverse time) along the stable manifold towards |y| > 1. Hence, M’ is not
close to M.

Next, we show that (for any & > 0) the perturbed manifold M is not more than C*% with k+a = A,/1_,
even though the original and perturbed systems are C>-smooth. To the left of (x_,0), M is given by the
graph of the zero function from X to Y (as the continuation from (x,0) to the right along X = SH. To
the right of (x_,0), the solution curve is given by (x, y)(£) = (xo e} %, yo e’ 1), hence y = C x}*/* where
C depends on xg, yp only. So we can write M as the graph of the function

0 if x<0,
CxM/ - if x>o0.

h:X—»Y:xH{

This function is exactly C*% for k+a = r in x = 0. Note that the loss of smoothness appears at a different
place than the perturbation of the vector field. The relevant fact is that the different solution curves
approaching the stable limit point have finite differentiability with respect to each other, and this
depends on the horizontal and vertical rates of attraction at (x_, 0). O

If we had assumed that p, = py, thatis, r = 1, but with a non-strict inequality p, < r py, then normal
hyperbolicity precisely fails and the invariant manifold indeed need not persist. By the arguments above
it can already be seen that the persistent manifold can lose differentiability: when r = 1, the graph of the
manifold will be given by

. {o if x<0,

h(x) =

Cx ifx>0,
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which is clearly non-differentiable at x = x_ = 0. We can extend the example above to show that even
more serious problems can occur.

Example 1.2 (Non-pefsistence of non-NHIMs).
We consider Example|l.1|with p, = px. If we perturb the system with a small circular vector field around

x_ = (0,0), then Dv(0,0) will have two eigenvalues 1, + iw with 1, < 0 and w € R small. Thus, the
solution curves that should make up the invariant manifold around (0, 0) will spiral in, which leads to
the picture in Figure Note that the curves wind around the origin infinitely often. At the origin this
is not a manifold anymore, and cannot be described by a function i: X — Y. O

Y

il

N

V2

Figure 1.4: breakdown of a non-NHIM under a circular perturbation.

The idea to perturb around the stable fixed point x_ also leads to the following example.

Example 1.3 (Non-C® persistence for r = co NHIMs).
We consider again Example|1.1} but now with A_ = 0. Then we have p, = 0 and spectral gap r = co. If we

let A_ = € depend on the perturbation parameter € > 0, then this decreases the spectral gap conditiorﬁ
to a finite number r = A,/A_. Even though r — oo as the perturbation size € goes to zero, we still
have a finite spectral gap for any fixed perturbation. We conclude that the corresponding perturbed
manifolds are not C*°, but have smoothness C” where r can be made arbitrarily large by decreasing the
perturbation size. O

1.2.2 Motivation for noncompact NHIMs

Most of the literature on normal hyperbolicity and its applications treat compact NHIMs only. This
excludes possibly interesting applications. Settings where a noncompact, general geometric version
of normal hyperbolicity may be useful include chemical reaction dynamics [Uze+02] and problems in
classical and celestial mechanics [DLS06].

We describe three examples where noncompactness naturally comes into play. The first example, a
normally attracting cylinder, is set in Euclidean space. This example could be complicated a bit more by
adding normal expanding directions to get a fully normally hyperbolic system. Such situations show up
in Hamiltonian or reversible systems with invariant tori [Bro+09]. The second and third examples are
set in ambient manifolds with nontrivial topology, thus motivating the need for a theory of noncompact
NHIMs in such a geometric setting. The third example shows an application to classical mechanics and
actually motivated this work.

Let us first treat a simple example.

6The ratio r in the spectral gap is defined by a strict inequality, which we ignore here for simplicity of presentation.
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Example 1.4 (A normally attractive cylinder).
Let us consider the infinite cylinder y + z? = 1 in R3. If we define a very simple dynamics by

(x,7,0)=(0,r1-r),1)

in cylindrical coordinates, then the cylinder is normally attractive and the motion on the cylinder
consists of only periodic orbits, see Figure[1.5]

The dynamics on the cylinder is completely neutral, while it attracts in the normal direction with rate
—1. Hence, there exists a unique persistent manifold diffeomorphic and close to the original cylinder.
For any k > 1, the persistent manifold has C* smoothness if the perturbation is chosen sufficiently small.
The perturbed manifold must be uniformly close to the original cylinder; this rules out Example[3.9of a
cylinder with exponentially shrinking radius.

The dynamics on the persistent manifold can be perturbed in arbitrary ways. It could slowly spiral
towards x-infinity, or develop attracting and repelling periodic orbits on the cylinder. If the cylinder
were higher dimensional, it could even become chaotic. O

Figure 1.5: A normally attracting cylinder.

The previous example is set in Euclidean space, even though the invariant manifold has not completely
trivial topology. Let us next consider a case where the ambient space is a manifold of nontrivial

topology.
Example 1.5 (A pendulum with time-dependent perturbation).

Consider a classical pendulum described by its angle 6 € S' and angular velocity w. The unstable top
position 8 = 7 is a hyperbolic fixed point, hence a special case of a NHIM.

The phase space TS! is noncompact and nontrivial. Without perturbations we could restrict ourselves to
a compact energy surface; if we add a general time-dependent perturbation, however, then energy is not
preserved anymore and the full phase space must be considered. We should include the noncompact
time interval R as well, leading to the full phase space TS' x R. Then the unperturbed unstable top
position corresponds to the one-dimensional NHIM

M={0,0,)eTS'xR|0=m, w=0}. (1.3)

If the perturbation is globally sufficiently small in C! norm, then M uniquely persists into a manifold M
nearby. This means that under any small perturbations there exists a unique orbit of the pendulum that
balances closely around the unstable top position for all time ¢ € R. Note that this orbit stays uniformly
close to the top position and that the perturbation need not depend (quasi-)periodically on time. O
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Remark 1.6. The nontrivial topology of S! can easily be undone by modeling the system on its universal
cover R. The example can be changed to a spherical pendulum modeled on S?; this indicates more
clearly the usefulness of having the theory available in spaces with nontrivial topology, although in this
case we still only need to study the problem in a small neighborhood of the top position. It was pointed
out to me by Robert MacKay that TS? is still a trivializable tangent bundle, and that more complex,
non-trivializable examples including higher dimensional spheres can be constructed in the setting of
chemical reaction dynamics. O

The last example actually motivated this work.

Example 1.7 (Nonholonomic systems as singular perturbation limit).

Let a classical mechanical system be given by a smooth Riemannian manifold (Q, g) as configuration
space and a Lagrangian L: TQ — R. The vector field v on TQ is determined by the Lagrange equations
of motion, given in local coordinates by

o _ "~ —o. 1.4
[] dtox; Ox; (1.4)

A nonholonomic constraint can be placed on such a system by specifying a distributiorﬂD cTQ and
adding reaction forces to [L] according to the Lagrange—d’Alembert principle, that is, we require that a
solution curve y satisfies

[L](HeD® and y(H)eD forallteR (1.5)

where D° c T*Q denotes the annihilator of D. This means that we restrict the velocities—but not the
positions—of the system and adapt the vector field such that it preserves D. Such constraints are called
‘nonholonomic’ if the distribution D is not integrable. This means that some small positional changes
can only be obtained through long orbits due to the constraints. The prototypical example is that
parallel parking a car a small distance sideways requires repeated turning and moving forward and
backward.

As a concrete example of a nonholonomic system, let us consider a ball rolling on a flat surface. The
possible positions of the ball are specified by Q = SO(3) x R?, i.e. orientation and position in the plane.
If we enforce the constraint that the ball can only roll and not slip, then its linear velocity is determined
by its angular velocity w € so(3), thus we have

50(3) x SO(3) x R* =D c T(SO(3) x R?).

The addition of the nonholonomic reaction forces specified by the Lagrange-d’Alembert principle can
be argued for on physical grounds, and some experimental verification has been done by Lewis and
Murray [LM95] to check its correctness against the alternative vakonomic principle. Still, it would be
nice to rigorously derive these forces from fundamental principles; this would complement [RU57;
Tak80; KN90] which showed this for holonomic constraints. The nonholonomically constrained system
can be obtained from the unconstrained system by adding friction forces, see [Kar81; Bre81; Koz92].
Heuristically, one could say that if a rolling ball feels a strong contact friction force, then if this force is
taken to infinity, it suppresses all slipping. This can be viewed as a singular perturbation limit, where D
precisely is the invariant manifold, and it is normally attracting due to the dissipative friction force.

"Here, a distribution is meant in the sense of differential geometry as a subbundle of the tangent bundle, not a generalized
function (nor a probability distribution).
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The cited works prove this result, but only asymptotically on finite time intervals. The extension of the
theory of NHIMs to noncompact manifolds as developed in this work can be applied here. It allows
one to improve upon this result and make it exact on infinite time intervals and general noncompact
configuration spaces Q, as long as these satisfy the ‘bounded geometry’ condition. One could think, for
example, of a gently sloping surface and a ball that is not perfectly round, or even a time-dependent
perturbation, as long as it is uniformly bounded in time. O

1.3 Historical overview

As already mentioned, the theory of normally hyperbolic invariant manifolds is a generalization of the
theory of hyperbolic fixed points. The study of these dates back to the beginning of the 20th century,
or even the end of the 19th century. From 1892 onwards, Poincaré published his works “Les méthodes
nouvelles de la mécanique céleste” [P0i92], in which he founded the theory of dynamical systems and
famously studied the three-body problem. This triggered further research in nonlinear dynamical
systems and persistence questions. Another important work published in the same year is “The
general problem of the stability of motion” by Lyapunov; the original is in Russian, but translations in
French [Lya07] and English [Lya92] are available. In this work, he introduced the concept of characteristic
numbers, nowadays called ‘Lyapunov exponents), to study ‘conditional stability’ of nonlinear differential
equations at a fixed point. Conditional stability corresponds to the existence of stable (and unstable)
linearized directions and Lyapunov proves the existence of a stable manifold by means of a series
expansion under the assumption that the system is analytic.

In the beginning of the 20th century, the problem of stable manifolds was studied, without assuming
analyticity, by Hadamard [Had01] and Cotton [Cot11]. Both Frenchmen applied different methods to
obtain the stable and unstable manifolds of a hyperbolic fixed point. Later, the German mathematician
Perron extended the ideas of Cotton to allow for generic complex eigenvalues, possibly of higher
multiplicity, as long as the real parts of the eigenvalues are separated by zero (or even a number r # 0),
see [Per29;|Per30]. Hadamard’s method is now named after him, and also known as the ‘graph transform’.
The other method was first formulated by Cotton, although the idea of exponential growth of solution
curves can be traced to Lyapunov. This method is commonly referred to as the Perron or Lyapunov—
Perron method in the literature. This seems to pay too little credit to Cotton, even though Perron
himself [Per29] does attribute the method to Cottorf}

From around 1960, renewed activity in the area of hyperbolic dynamics led to the generalization of the
theory of (un)stable manifolds for hyperbolic fixed points to persistence and (un)stable fibrations for
normally hyperbolic invariant manifolds. Many authors have contributed to this subject, culminating
in the seventies in the works by Fenichel [Fen72| and Hirsch, Pugh, and Shub [HPS77|. These two
works formulate the theory slightly differently, but in broad generality and can be viewed as the basic
references nowadays; references to earlier works can be found in both. Both Fenichel and Hirsch, Pugh,
and Shub use Hadamard’s graph transform as their fundamental tool. In these works, compactness
of the invariant manifold is a basic assumption. Noncompact, immersed manifolds are considered
in [HPS77, Sect. 6], albeit under the assumption that the immersion image is compact again.

The theory of normal hyperbolicity has seen some interesting developments since these foundational
works, and the applications have slowly started to flourish, see [Wig94] for a list of subjects. A major
development was the generalization to semi-flows in Banach spaces. This situation can arise when one

8These facts were pointed out to me by Duistermaat.
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wants to study partial differential equations as ordinary differential equations on appropriate function
spaces. This technique has been applied to PDEs such as the Navier-Stokes or reaction-diffusion
equations.

In his book on parabolic PDEs, Henry extended the Perron method to apply to semi-flows with a NHIM
given as the horizontal submanifol(ﬂ X x {0} in a product X x Y of Banach spaces [Hen81, Chap. 9].
Henry’s idea is to linearize only the normal directions, but keep the horizontal flow along M in its
general, nonlinear form, while at the same time splitting the Perron contraction map into a two-stage
contraction map on horizontal and vertical curves separately. Henry obtains C1'* smoothness only. In
the series of papers [BLZ98;|BLZ99; BLZ08], Bates, Lu, and Zeng study more general NHIMs of semi-
flows in Banach spaces. They employ Hadamard’s graph transform and allow so-called ‘overflowing
invariant manifolds’, as in [Fen72]. They also allow the NHIM to be noncompact and an immersed
instead of an embedded submanifold. In [BLZ99] the unperturbed NHIM is assumed to be C? to obtain
C! persistence results, for the technical reason of constructing C! normal bundle coordinates. In their
later paper [BLZ08], this technicality is overcome{ﬂ and existence of a NHIM is even proven when
sufficiently close, approximately normally hyperbolic invariant manifolds exist; the persistence result is
then obtained for compact NHIMs only, to circumvent the C? assumption.

Vanderbauwhede and Van Gils [VG87; Van89] introduced the technique of considering a scale (family)
of Banach spaces of curves with exponential growth, and using the fiber contraction theorem (see
Appendix[D), proved smoothness of center manifolds with the Perron method. Although not the same,
center manifolds have many properties in common with NHIMs and Sakamoto [Sak90| has built upon
the works of Henry and Vanderbauwhede and Van Gils to prove persistence and C*~! smoothness for
singularly perturbed systems in a finite-dimensional R” x R” product space setting. The loss of one
degree of smoothness is again due to the construction of normal bundle coordinates, although this fact
is obscured by the explicit R x R” setting.

Singularly perturbed, or, slow-fast systems are another important class of applications. These describe
systems where the dynamics is governed by multiple, separate time scales, or when a system can be
viewed as an approximation of an idealized, restricted system. Singularly perturbed systems can
be studied using the theory of normal hyperbolicity by turning them into a regular perturbation
problem via a rescaling of time, see foundational work by Fenichel [Fen79] or the more introductory
expositions [Jon95; Kap99;|Ver05].

1.4 Comparison of methods

There are two well-known methods for proving the existence and smoothness of invariant manifolds in
hyperbolic-type dynamical systems. The Hadamard graph transform and the variation of constants
method, also known as the (Lyapunov-)Perron method. Variations of both have been applied in many
situations with some form of hyperbolic dynamics. This ranges from the relatively simple problem of
finding the stable and unstable manifolds of a hyperbolic fixed point, to center manifolds, partially
hyperbolic systems, and normally hyperbolic systems. The quote of Anosov [Ano69; p. 23] that “every
five years or so, if not more often, someone ‘discovers’ the theorem of Hadamard and Perron, proving it

9Henry actually has reversed notation where the ‘vertical’ manifold ¥ x {0} is the NHIM.
10Thejr Hypothesis (H2) that a certain approximate splitting like “does not twist too much”, can be obtained from
uniform Lipschitz continuity of the tangent spaces of the invariant manifold. I am not sure if this is a significantly weaker
hypothesis. See also the discussion in Remark[3.13}
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either by Hadamard’s method of proof or by Perron’s” is nowadays probably familiar to many researchers
in these areas; it illustrates the pervasiveness of these methods.

In this section, I describe the ideas that are common to both methods, as well as their differences. I
hope to elucidate the merits and weak points of both methods, especially when applied to normally
hyperbolic systems. Basically they seem to be able to produce the same conclusions, but each method
takes a different viewpoint to the problem.

Let us first identify some basic common ideas. As a sample problem, we consider finding the invariant
unstable manifold WY of a hyperbolic fixed point, positioned at the origin of R”. The system is defined
by either a diffeomorphism ® in the discrete case, or a flow ® in the continuous case. Both methods
use the splitting of the tangent space into stable and unstable directions:

ToR"=ZR"=U® .

Let (x*, x7) denote coordinates in U & S according to projections 7, 7~ from R” onto the unstable and
stable directions U and S, respectively. We shall use the notation ®, = 7% o ®.

1.4.1 Hadamard’s graph transform

The graph transform is due to Hadamard. His paper [HadO1] (in French, 4 pages) can be used as a
concise and basic introduction to the graph transform, applied to the stable and unstable manifolds of
a hyperbolic fixed point. He does not prove smoothness or even continuity of these invariant manifolds,
although continuity could easily be concluded by introducing the Banach space of bounded continuous
functions with supremum norm.

The basic idea of the graph transform is to view the unstable manifold WY as the graph of a function
g: U — S. The graph, as a set, is invariant under @ (or e.g. ®! in the continuous case). The diffeomor-
phism @ can also be interpreted as a map acting on functions g through its action on their graphs. This
induces a mapping

T:g—g implicitlydefinedby  g(®.(x,g(x)))=®_(x,g(x)). (1.6)

Thus, by definition, any point (x, g(x)) on the graph of g gets mapped to a point (x/, g(x’)) on Graph(g).
The map T turns out to be well-defined and a contraction on functions U — S that are sufficiently
small in Lipschitz norm. The graph of the unique fixed point g* of T must correspond to the unstable
manifold, that is, WY = Graph(g™*).

By considering the invariant sets, this method focuses on the geometry of the problem. The method
uses a diffeomorphism map ®; the continuous case can be studied by considering the flow map ®? for a
fixed time ¢. The diffeomorphism can easily be studied locally in charts on a manifold. Therefore this
method lends itself well to the generalized setting of normally hyperbolic invariant manifolds, where
the invariant manifold is intrinsically a global object. Even if this global object is nontrivial, it can still
be studied in local charts.

1.4.2 Perron’s variation of constants method

This method is commonly referred to as the Perron or Lyapunov-Perron method. Although in the
literature this is attributed to Perron [Per29], he in turn cites Cotton [Cotl1] for the main idea.
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This method focuses on the behavior of solution curves. The solutions on the unstable manifold are
precisely characterized by the fact that they stay bounded under backward evolution. In the following,
we explain the Perron method for the continuous case{ﬂ We adopt the notation from the graph
transform setting. A contraction operator T is constructed via a variation of constants integral. The
nonlinear part of the vector field is viewed as a perturbation of the linear part. The integral equation is
split into the components along the stable and unstable directions. Then the integration of the unstable
component is switched from the interval [0, #] to [-oo, t], and only bounded functions are considered.
Writing the vector field v(x) = Dv(0) - x + f(x) in linearized form with nonlinearity f, this leads to the
following contraction operator on curves x = (x*, x~) € C°([~oo0,0]; R™):

0

T: (x*(0),x" () — (xg—f DO (0) fi(x (1), x (1) dr,
t

(1.7)

t
f DOLT(0) £ (v (0, x* () dr ).

This mapping T is well-defined and a contraction on curves x € C°([—oo, 0];R") whose stable component
x~ is bounded and sulfficiently small. Note that T does not depend on the stable component x;, of the
initial conditions anymore. The fixed point of T is a solution curve on WY with Xy given as a parameter.
The unstable manifold is described, finally, by evaluating the stable component at zero, leading to a
graph

g:U—S: x5 — x (0.

First of all, it must be noted that this method requires f to be small in C'-norm. We can make f small by
restricting to a sufficiently small neighborhood of the origin and cutting off f outside of it. This cut-off
does not influence the results: due to the boundedness condition, curves x stay in the neighborhood.
The method can be generalized to a separation of stable and unstable spectra (i.e. a dichotomy) away
from the imaginary amsEl, and for example be applied to show existence of center manifolds. In that
case, uniqueness is lost as solutions will generally run out of small neighborhoods. This makes the
Perron method not directly applicable to normally hyperbolic invariant manifolds. The center direction
corresponds to the invariant manifold, but solution curves are global objects that cannot be treated
locally.

The Perron method can be extended to overcome this problem. Henry [Hen81, Chap. 9] linearizes the
vector field only in the normal directions of the invariant manifold. Henry uses a two-step contraction
scheme, but this can be reduced to a single contraction T = T_ o T, that is a composition of two maps.
The maps T are essentially the components of[(1.7)] Still, the results obtained are not quite as general as
those obtained with the graph transform. For the graph transform, the condition of normal hyperbolicity
can be formulated in terms of the ratio of the normal and tangential growth rates of the flow along orbits,
while for the Perron method it must be formulated in terms of the ratio of global growth rates. This less
general assumption is required because the contraction operator|(1.7)|is studied on spaces of solution
curves with a fixed exponential growth behavior, see Definition[I.17]

U Contrary to the graph transform (which is only intrinsically defined for mappings), the Perron method can be formulated
both for flows and discrete mappings. For the discrete case, the integral must be replaced by a sum, the mapping ® must be
split into a linear and nonlinear part, and the linearized flow must be replaced by iterates of the linearized mapping. See for
example [APS02; PS04].

127This is for the continuous case. The imaginary axis of the spectrum of a vector field corresponds (via the exponential map)
to the unit circle for the spectrum of a diffeomorphism in the discrete case.
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Explicit time dependence can be added to the Perron method with only trivial modifications. This
allows one to study hyperbolic fixed points in non-autonomous systems{rj An application is the study
of invariant fibrations of, for example, normally hyperbolic invariant manifolds. These have fibered
stable and unstable manifolds. Points in a single fiber are characterized by the unique orbit on the
normally hyperbolic invariant manifold they are exponentially attracted to under forward or backward
evolution, respectively. Finding these fibers is turned into a non-autonomous hyperbolic fixed point
problem by following a point on the invariant manifold.

1.4.3 Smoothness

In the truly hyperbolic case—when the stable and unstable spectra are separated by a neighborhood
of the imaginary axis—the Perron method allows for a direct proof of smoothness of the manifolds
WY and W9, see [Irw70; Irw72] where this is formulated for discrete systems. One first verifies that
the contraction operator T is as smooth as the system, still acting on continuous curves x. Then,
by an implicit function theorem argument, the fixed point depends smoothly on the (partial) initial
value parameter x; . To the best of my knowledge, there is no similarly simple approach for the graph
transform. The contraction map acts directly on graphs g, so to obtain smoothness, one must consider
the maps g € Ck(U;S). A direct estimate of contractivity in Ck-norm requires higher than k-th order
Lipschitz estimates on the system.

When the spectra are not separated by the imaginary axis—this occurs for example in normally hyper-
bolic systems—things become more complicated. The spectral gap condition defines an intrinsic upper
bound for the smoothness that one can generically expect for a system, as was seen in Example
Both methods apply induction over the smoothness degree in their proof. Formal derivatives of the
contraction map T are constructed. These are again contractions, but now on higher derivatives of
the fixed point mapping, while fixing the derivatives below. Finally, the fiber contraction theorem (see
Appendix D) can be used to conclude that these higher order derivatives converge to a fixed point,
jointly with all lower orders.

Explicit calculation of higher derivatives of T is very tedious; one should focus on their form as dictated
by Proposition|[C.3] For the graph transform, the relevant terms that one obtains from|(1.6)|are, ignoring
arguments,

D¥g.(D,®, +D,®, Dg)*+...=D,®_-DFg+...

This leads to a contraction when [|[D,®_||- ||D1d>;1 I¥ < 1. The limit on k precisely corresponds to the
spectral gap condition, at least when we replace ® by a sufficiently high iterate ®" of itself, or in the
continuous case, if we take the flow map ®’ at a sufficiently large time t.

For the Perron method, the essential form of the derivatives of T is
DT () (&1, ..., i) (0) :chDH(O) D Fx(m) (001 (7), ..., 0x (1)) dr. (1.8)

The solution curve x as well as its variations § x; are of growth order e??, so the variation of f in the
integrand is of growth order e*??, even if D* f itself is bounded. This means that k-th order variations
must be considered in spaces of growth order e*?* and D* T is only contractive on such spaces if both p
and k p are contained in the spectral gap.

13The term ‘fixed point’ in the context of a non-autonomous system is not definable in a coordinate-free way: any orbit of
the system can be made into a fixed point under a suitable time-dependent coordinate transformation. However, there may
be a preferred “time-independent” coordinate system. Moreover, the hyperbolicity of an orbit with respect an intrinsic metric
is independent of a choice of coordinates.



16 CHAPTER 1. INTRODUCTION

1.5 Bounded geometry

The main results of this work are formulated in a geometric context on differentiable manifolds. Already
in [Fen72;|[HPS77] the results are formulated in such a context. This allows for more general situations
than choosing R” as ambient space. In the compact case, it does not require a change in the basic proofs
(as can be seen from the approach taken in [Fen72]), but it does bring in some additional formalism.
On the other hand, pre-existing work on noncompact NHIMs [Hen81}Sak90; BLZ08;(BLZ99] explicitly
assumes that the ambient space is Euclidean or Banach.

It turns out that if one switches to a noncompact setting in manifolds, then some fundamental new
ingredients must be added. Already in Euclidean space one must assume uniformity of the vector fields
as a replacement for compactness. Similar additional uniformity assumptions are required for the
ambient space — these do not manifest themselves in Euclidean space. First, a choice of Riemannian
metric (or possibly a weaker form: a Finsler structure) is required since not all metrics are equivalent
anymore on a noncompact manifold, see Example As an extension, Example shows that
one cannot reduce the noncompact to a compact case by compactification. Secondly, the ambient
manifold and functions on it should satisfy uniformity criteria that can be captured in terms of ‘bounded
geometry For full details see Section on compactness and uniformity and Chapteron bounded
geometry. Let us just give a quick overview here.

A Riemannian manifold has bounded geometry, loosely speaking, if it is globally, uniformly well-
behaved. More precisely, its curvature must be bounded and the injectivity radius must be bounded
away from zero, see Deﬁnition Then there exists a preferred set of so-called normal coordinate
charts for which coordinate transition maps are uniformly continuous and bounded, smooth functions.
That is, in k-th order bounded geometry we have a C* uniform atlas. As a consequence, uniformly
continuous and bounded submanifolds, vector fields, and other objects can be defined and manipulated
in a natural way in terms of these coordinates. Note that R” and compact manifolds have bounded
geometry, see Example[2.3] Together with corollaries[3.4/and 3.5/ of the main theorem, this shows that
bounded geometry provides a natural generalization to the known settings of compact and Euclidean
spaces.

We use bounded geometry to obtain boundedness estimates on holonomy, see Section[2.2} This is a
fundamental ingredient in our proof of smoothness of the perturbed manifold. Finally, we present
more technical results in bounded geometry: a uniform tubular neighborhood, uniform smoothing
of submanifolds, and a trivializing embedding of the normal bundle. We use these to reduce the full
problem of persistence of a normally hyperbolic submanifold M in an ambient manifold Q to the
trivialized situation X x Y, where M is represented by the graph of a small function h: X - Yand Y
is a vector space. Uniformity permeates all these constructions in order to obtain uniform estimates
required for the persistence proof in the trivialized setting.

1.6 Problem statement and results

The main problem in this work is the persistence of normally hyperbolic invariant manifolds under
small perturbations of the dynamical system. That is, given a flow ®’ defined by some vector field v and

14We do not claim that bounded geometry is a necessary condition to generalize the theory of normal hyperbolicity to
noncompact ambient spaces, only that it is sufficient. Section[3.3]does contain some examples, though, that indicate that
some form of bounded geometry is necessary.
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a normally hyperbolic invariant submanifold M, we want to show that for any vector field 7 sufficiently
close to v, there exists a unique manifold M close to M that is invariant under the flow of #; moreover
we would like to show that M is normally hyperbolic again. To make this statement precise, we need
to define a lot of things: first of all, we need to rigorously define normal hyperbolicity. Secondly, the
statements about vector fields and manifolds being ‘close’ need to be formalized and finally, we need to
specify the ambient space Q on which the system is defined.

We start with a Riemannian manifold (Q, g) as ambient space and a submanifold M. For technical
reasons this manifold is assumed to be complete and of bounded geometry (or at leastina é > 0
neighborhood of M, since the whole analysis can be restricted to such a neighborhood). Basically, these
conditions impose uniformity of the space, and fit in the principle of replacing compactness by uniform
estimates, see Sectionand Chapterfor more details. Note that Q = R” with the standard Euclidean
metric is an easy (and typical) special case.

Let v € X(Q) be a vector field on Q with v € C]bcy’;;, that is, v up to its k-th derivative is uniformly
continuous and bounded, and a-Holder continuous if a # 0. On R” these statements make immediate
sense; on general manifolds Q, results from Chapter [2] are required, in particular Definition to
make sense of uniform boundedness and continuity by means of normal coordinates. Let & be another
such vector field. The closeness of v and 7 will be measured using supremum norms. The C'-norm
is required to be small for the persistence result. Thus, even though we consider the space of C*¢
bounded vector fields, we endow this space with a C! topology. See Sectionfor some more remarks
on this topology and a comparison with standard topologies on noncompact function spaces. If we
assume that 7 — v is small in C**-norm as well, then M will be Ck’“—clos to M. These C! and C*
norm requirements and results are direct analogues of those in the implicit function theorem.

Finally, we define normal hyperbolicity of a submanifold M with respect to a continuous dynamical
system (R, Q, ®). The flow ®! should have a domain of definition containing at least a neighborhood
of the invariant manifold M. This definition is easily adapted to the discrete case of a diffeomorphism
®: Q — Q; simplyreplace t € R by ¢ € Z as iterated powers of ®.

Definition 1.8 (Normally hyperbolic invariant manifold).

Let (Q, g) be a smooth Riemannian manifold, dleCr=l aflowonQ, andlet M € C™=l bea submanifold of
Q. Then M is called a normally hyperbolic invariant manifold of the system (Q, ®') if all of the following
conditions hold true:

i. M isinvariant, i.e.V teR: ®'(M) = M;

ii. there exists a continuous splitting
TuQ=TMe&E" ¢ E~ (1.9)

of the tangent bundle TQ over M with globally bounded, continuous projections s, m4, 71— and this
splitting is invariant under the tangent flow D®* = DO @ DO’ @ DO’ ;

iil. there exist real numbers p_ < —pp <0 < pp < p4+ and Cy, Cy,C- > 0 such that the following
exponential growth conditions hold on the various subbundles:

VIER, (m,x)eTM: |D®},(m) x| < Cpref!|xl,
V1<0,(mx)€E* : |D®L(m)x|<Cyel x|, (1.10)

V=0 (mx)eE : |D®L(m)x|| <C_eP!|x].

15We actually only obtain ck closeness for integer k < r — 1 where r is the ratio in the spectral gap condition This is
probably an artifact of the techniques we used, while C k.a closeness with k + a = r should be obtainable.
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These exponential estimates imply that the tangent flow D®’ must contract at a rate of at least p_ along
the stable complementary bundle E~, expandlfl as eP+! along the unstable bundle E*, and may not
expand or contract at a rate faster than + py, respectively, tangent along TM.

Remark 1.9. We added the condition that the projections my, 74, m_ are globally bounded. This is a
natural extension to the noncompact case, and is automatically satisfied in case M is compact.

Remark 1.10. This definition of normal hyperbolicity is not as general as could be. Fenichel [Fen72,
p. 200-204] defines normal hyperbolicity in terms of ‘generalized Lyapunov type numbers’. It follows
from his uniformity lemma that these are essentially exponentiated versions of our Lyapunov exponents
p. For example, his v is equivalent to our e P+. But Fenichel defines o in terms of the ratio p,;/p+ along
orbits in M. His definition allows the expansion rate along TM to be large, for example, as long as the
expansion rate along E* is large enough to keep the ratio o(m) bounded, along the orbit through m.
The definitions in [HPS77;|Man78; BLZ08| are equivalent in the compact context to the one in [Fen72].
Mafié’s work shows that this definition is as general as possible, see below. O

When M is compact, normal hyperbolicity is a sufficient condition for the existence of a persistent
manifold M for a system generated by # if | # — v||; is sufficiently small. Conversely, Maié [Mafi78] has
proved that normal hyperbolicity (in the sense of e.g. Fenichel’s definition) is also necessary: if a compact
invariant manifold M is persistent under any C! small perturbation, then M is normally hyperbolic (see
also Example[1.2]and the clear exposition in the introduction of [Fen72]). Definition[1.8} however, only
guarantees C!' smoothness for the perturbed manifold M. To obtain higher order smoothness, a more
stringent condition of r-normal hyperbolicity must be satisfied.

Definition 1.11 (r-normally hyperbolic invariant manifold).
A manifold M is called r-normally hyperbolic with r = 1 a real number, if it satisfies M € C" and the
conditions in Definition[1.8, but with the stronger inequalities

P—-<-Tpmy=0=rppy<p:. (1.11)

This means that the normal expansion and contraction must not just dominate the tangential ones, but
do so by a factor r. For r = 1 we recover the original definition, while the generalized inequality|[(1.11)]is
called the spectral gap condition. If M is r-normally hyperbolic and v and the perturbation o are C"
as well, then the persistent manifold M is C” smooth again. The example in Sectionshows that
this spectral gap condition is sharp: even when everything is C*, the perturbed manifold M in that
example is only C" when no more than r-normal hyperbolicity holds. Note that r can be interpreted
as a ‘fractional differentiability degree’ when writing r = k + @ with integer k = 1 the normal degree of
differentiability and 0 < a < 1 an additional Holder continuity exponent.

Remark 1.12. We explicitly exclude the case r = co from Definition[1.11} even though the spectral gap
condition could hold for r = oo, if pps = 0. The reason is that one can generally not expect
to obtain a persistent manifold M € C* in this case. Even though for any order r < co there exist
persistent manifolds M € C” for sufficiently small perturbations, the maximum perturbation size
generally depends on r and may shrink to zero when r — co. See Example[I.3|and the example in [Str79]
for the closely related case of center manifolds.

16Note that expansion along E* could also be formulated as ID®! (m) x| = C4 eP+ ! ||x|| for £ = 0 and (m, x) € E*. This is
equivalent to the condition as stated, which says that there is contraction for ¢ < 0, that is, in backward time. This latter
formulation is preferable because it is the form required in estimates.
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On the other hand, it is shown in [HPS77] that there is forced smoothness. If M € C! is an r-NHIM and
the system is C", then M must be C". This also holds in our noncompact setting, see Remark[3.3}[x|for a
sketch of its proof. O

With these preliminary definitions in place, we are now ready state our main theorem; it is restated in
Chapter[3] We should point out that M is not required to be an embedded submanifold; immersions are
allowed as well, see Section For the details of the smoothness notation CZ’Z‘ on manifolds we refer
to definitions[2.9land

Theorem (Persistence of noncompact NHIMs in bounded geometry).
Letk=2,a€[0,1] andr =k+a. Let (Q, g) be a smooth Riemannian manifold of bounded geometry and

Ve Cf’g a vector field on Q. Let M € Clbc’l‘f be a connected, complete submanifold of Q that is r -normally
hyperbolic for the flow defined by v, with empty unstable bundle, i.e. rank(E*) = 0.

Then for each sufficiently smalln > 0 there exists a 6 > 0 such that for any vector field ¥ € CZ’Z‘ with
|7 — vl <8, there is a unique submanifold M in then-neighborhood of M, such that M is diffeomorphic
to M and invariant under the flow defined by ©. Moreover, M is C’g’l‘; and the distance between M and M

can be made arbitrarily small in C*~' -norm by choosing || i — v, sufficiently small.

This result generalizes the well-known results in [Fen72; HPS77| to the case of noncompact submanifolds
of Riemannian manifolds. Again, our definition of normal hyperbolicity is slightly less general than the
definitions used in these works. We also assumed that only the stable bundle E™ is present, see also
Section[4.4} note that we thus only have the spectral gap condition p_ < —r py with pps = 0. See also the
restatement of this theorem on page[62]and the list of remarks3.3|for more details.

We borrow the idea to generalize the Perron method to NHIMs from Henry [Hen81], and use the
techniques of Vanderbauwhede and Van Gils [VG87] (see [Van89| for a clear presentation) for proving
higher order smoothness. This is similar, but developed independently from Sakamoto’s work [Sak90] in
which he used the same ideas to study singular perturbation problems. We improve these results in
a couple of ways. First of all, we simplify the basics of the proof by reducing the two-step contraction
argument to a single contraction mapping, still written as a composition of two separate maps acting on
horizontal curves in M and vertical curves in the normal bundle fiber, respectively. More importantly,
we remove the restriction of a trivial product structure X x Y. Thus, we neither require M to have a
global chart in a Banach space X, so M need not be topologically trivial, nor do we require a global
product, so the normal bundle of M need not be trivial either. On the other hand, the results by Bates,
Lu, and Zeng also allow M to be a general submanifold, but still assume the ambient space to be a
Banach space. Our results are for finite dimensional, but not necessarily linear, Riemannian ambient
spaces. In their paper [BLZ08], they only require an approximate NHIM for finding a persistent invariant
manifold. We use this idea as well (see the setup of h small in the formulation of Theorern, but
we do not expand this idea any further. Finally, this work was initiated from the (unfortunately never
published) preprint by Duistermaat on stable manifolds [Dui76].

It seems to be a well-known belief by many experts that the theory of normal hyperbolicity can be
extended to a general noncompact setting [DLS06, p. 165]. The idea is to replace compactness by
uniform estimates. An important conclusion to be drawn from the present work is that indeed this
principle holds, but probably in a more strict way than one would naively realize. Uniform estimates
are not only required for the vector field defining the system, but for the underlying ambient space as
well, in terms of bounded geometry. This becomes clear only when one leaves the context of Euclidean
ambient spaces, which trivially have bounded geometry. On a Riemannian manifold, already the very
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definition of uniform continuity of a vector field v and its derivatives requires some aspects of bounded
geometry. It should be noted though, that we do not prove that bounded geometry is a strictly necessary
condition for persistence of NHIMs; nonetheless, the results do suggest that persistence of NHIMs may
break down in ‘unbounded geometry’, see Section

In Section[3.2]we present an outline of the proof and how it is reduced to a more basic setting M’ x Y of
a trivial normal bundle. Here M’ is a smoothed version of M to rectify an artificial loss of smoothness,
as occurs e.g. in [Sak90]. Below we present some extensions to the main Theoremabove.

1.6.1 Non-autonomous systems

Our main theorem can be trivially extended to the non-autonomous, time-dependent case. First, extend
the configuration space with time ¢ as additional variable, i.e. Q = Q x R, and add the equation # = 1. If
the original system was time-independent, then M = M x R is a NHIM for the extended system, and
all uniform assumptions still hold, since the flow along the time direction is neutral and trivial. Note
that this argument does not work in the classical theory as M is not compac Now we can make
any C! small perturbation, and obtain a persistent manifold M in the extended configuration space.
The perturbation is allowed to be generally time-dependent, as long as it is uniform in time, including
derivatives. The resulting manifold M will still be invariant and close to the original M, although it will
depend on time. That is, if we assume local coordinates (x, y) € R x R™ for Q such that M = R" x {0}
locally, then we can write M = Graph(h) for a function

h:R"xR—R"™, y=h(x1).

In other words, M can be viewed as a graph over M (i.e. a section of the normal bundle), but this graph
now additionally depends on time. The manifold M itself is again normally hyperbolic when viewed in
the extended space Q x R, see also Section[4.1

Such time-dependent invariant manifolds are called ‘integral manifolds’. These have been studied as
non-autonomous generalizations of stable and unstable manifolds of hyperbolic fixed points [Pal75],
but also as generalizations of compact NHIMs [Hal61;Yi93|. The theory of noncompact NHIMs allows
one to treat all such integral manifolds in the same way as the autonomous case. One can, for example,
also start with an integral manifold that is normally hyperbolic: it will persist just as well.

1.6.2 Immersed submanifolds

In the main Theorem we intentionally do not precisely state in what sense M is a submanifold
of Q. The implicit assumption that M is an embedded submanifold can be weakened to M being an
immersion, see also [HPS77, Sect. 6] and [BLZ99]. That is, M can be viewed as an abstract manifold
together with an immersion map ¢: M — Q that need not be injective. This does not affect the theory
as long as 1 is still locally injective: ((M) including a neighborhood modeled on its normal bundle N
can be pulled back via the immersion ¢ to the abstract M. All local properties are preserved, so we can
study the system via this ‘covering’. We may not always make a clear distinction between the abstract
manifold M and its immersed image ((M) < Q; the discussion below shows that this distinction is not
really necessary, as long as we do not consider perturbations.

171f the perturbation is time-dependent, but in an (almost) periodic way, then this can still be treated in the compact setting.
One can extend the configuration space with the circle S 1 (or an n-torus in the almost periodic case).
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Di(my)

Di(msy)
Figure 1.6: An immersion with a Figure 1.7: An allowed immersion
transverse intersection. with tangential intersection.

For a generic immersion one could expect a picture as in Figure where the immersed manifold
intersects itself transversely. Such situations cannot occur if M is a NHIM. This follows from the
exponential growth rates along tangent and normal bundles of M. Let m € ((M) be an intersection point
of two preimages m;, my € M. If the tangent spaces along M at m; and m, are embedded differently
into T, Q, then one could find x € Im(Dt(m;)) \ Im(Dt(1m5)). This would imply that x has a component
in N,, and give contradictory growth rates for D®(m) - x depending on whether we view m as image of
m; or my, as the orbit of m € ((M) is uniquely defined. Hence, at each point m € ((M) the tangent spaces
Di(m;) of all preimages m; € 1~1(m) must coincide, see Figure Stated more abstractly, M must have
contact of order one with itself. More generally it holds that an immersed k-NHIM has contact of order
k with itself’®} see [HPS77} p. 68].

Next, each maximal set of (M) with constant number of preimagesﬂg] p e NU {oo},
My, ={meuM) |#: (m) = p}, (1.12)

is an invariant subset of ((M). This is again due to uniqueness of the flow. If an orbit would cross into a
set of different preimage number, then a least one of the ‘lifts’ of this orbit from (M) to the ‘cover’ M
would have to enter or leave M. This cannot happen as M itself is invariant. Hence, the conclusion is
that self-intersections of (M) must be invariant.

Immersed NHIMs may occur on themselves, or appear as a persistent manifold under perturbation
from an embedded manifold. An example of an embedded noncompact NHIM that collapses under a
small perturbation into an immersed manifold can be found in Section[3.3] The same can happen with
an immersed manifold with compact image. The following example is taken from [HPS77, p. 130] and
shows that the injection map is relevant for how the NHIM persists. Note that this example exhibits a
Shil'nikov bifurcation, see Remark|[L.15|below.

Example 1.13 (Perturbation of a compact non-injectively immersed NHIM).
We consider on R3 the vector field
X = arctan(xz) +é&,
y=y
z2=-2z
and smoothly modify it outside the cylinder y? + z? = 1 such that it flows in the negative x-direction and

connects the basin of repulsion of the origin intersected with x > 0 to the basin of attraction intersected
with x < 0. The perturbation parameter ¢ is initially set to zero.

18The order of contact is defined as the degree up o and including which the Taylor expansions of the objects agree.
19The number of preimages must be countable if M is assumed to be second-countable.
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Note that the x-axis is a NHIM (the arctangent is there to keep the vector field and tangential growth
rate bounded). Due to the modification, the two loops in Figure[1.8]are also NHIMs of this system, both
separately and their union. They start from the origin along the positive x-axis, then diverge from it
in opposite directions in the x y-plane; once outside the cylinder y? + z? = 1 they start moving into the
negative x direction and finally return to the origin approximately along the xz-plane.

We can parametrize their joint image with an injection 1; mapping M = {0, 1} x S! separately onto the
two loops, but we can also parametrize with 1, that maps M = S! onto the full figure eight image. If
we perturb to & > 0, then 1; will result in Figure [1.9| where the two loops are separated, while 1, will
result in Figure[1.10|which has one loop, but the middle of the figure eight does not intersect anymore.
Figure[1.11]shows how the two orbits from the separate loops closely pass the x-axis along hyperbolic
trajectories. The single orbit of i, follows hyperbolic trajectories through the other two quadrants. O

Remark 1.14. Note that these different persistent NHIMs do not contradict the uniqueness property of
persistence, since the (abstract) manifolds M were different to begin with. Formulated differently, if we
consider the universal cover of the tubular neighborhood of ¢; (M) (deduplicating the origin as image
point), then Figure[1.9|shows the unique invariant manifold that stays in this tubular neighborhood cover.
We obtain a different persistent NHIM for any prescribed (possibly infinite) sequence of concatenating
the two loops of the original figure eight into an immersion from S' (or R if the sequence is infinite).

Remark 1.15. This example shows a Shil’'nikov bifurcation of a saddle-saddle node and provides an
alternative proof of the result of Shil'nikov [Sil69, Thm. 3] that for every bi-infinite encoding of the
homoclinic loops there exists a unique orbit close to the original homoclinics. We encode the bi-infinite
sequence in the immersion ¢ of a NHIM. For each ( there exists a unique persistent manifold, and these
correspond to separate orbits after perturbation. In particular, the periodic orbits correspond to those
bi-infinite encodings that are actually periodic and there are countably infinitely many of these. O

Finally, we present an example of an injectively immersed (but not embedded) NHIM, see [HPS77, p. 68].
The mapping below is known as Arnold’s cat map.

Example 1.16 (Injectively immersed dense line in the torus).
The matrix
21
11

acting on the two-torus T? is an Anosov diffeomorphism. The line through 0 with slope 3 (1-v/5) is
densely immersed in the torus and it is a NHIM for this discrete system. If we take its suspension,
then we have a flow with a NHIM that is densely immersed into the mapping torus ([0, 1] x T?)/ ~ with
identification (1, x) ~ (0, Ax). O

A=

1.6.3 Overflowing invariant manifolds

In many applications of normally hyperbolic systems, the manifold M has a boundary 0 M. A typical
reason is that the system ceases to be normally hyperbolic across the boundary. This happens, for
example, when studying a singularly perturbed, or slow-fast system and in the fast limit there are points
on M with zero eigenvalues in the normal direction. At such points, M is not normally hyperbolic
anymore, so one must restrict M such that these points are outside of M. Another, somewhat artificial
but practical example would be if the invariant manifold is noncompact and one would try to use the
classical theorems that are only applicable to compact manifolds by cutting off M to a compact manifold
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Figure 1.9: the persistent manifold of ¢;
consisting of two separate loops.

Figure 1.8: a non-injectively immersed
manifold with compact image.

Figure 1.10: the persistent manifold of i,
consisting of one figure eight loop without
self-intersection.

Figure 1.11: projection onto the yz-plane
showing the orbits of the persistent mani-
fold ¢; while passing the origin.

with boundary. One can try to attack this latter case with our more general theory for noncompact
manifolds. The additional uniformity assumptions should be checked then.

If M is a manifold with boundary, some persistence results can still be retained. This idea was introduced
by Fenichel [Fen72] in studying so-called overflowing invariant manifolds. These are normally hyper-
bolic manifolds that are invariant under backward time flow, or in other words, only under the forward
flow, orbits can leave, i.e. ‘overflow’ the manifold. The condition of overflowing invariant is slightly
stronger: the vector field must strictly point outward at the boundary. This weakened version that the
manifold is negatively invariant does come at the additional cost that only stable normal directions
are allowed. The time-reversed situation of an inflowing invariant manifold with only unstable normal
directions is equivalent. In Section[4.3|we discuss how this idea can be incorporated into the Perron
method proof.

The attention of the reader is also drawn to the following remark made in [Fen72, p. 214]. If an open
submanifold N < M is overflowing invariant, and the spectral gap condition is satisfied on N with a
higher ratio ry than on the whole of M, then the persistent manifold N over N retains C'~ smoothness,
even if smoothness of M will generally be lower.
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1.7 Induced topology

In this work the topologies for spaces of vector fields, submanifold embeddings, et cetera, are (implicitly)
defined by norms and distance functions. The norms we use are uniform C*-norms for bounded
functions, and families with additional exponential growth rates. Let us call the topologies induced by
these norms C’lj-topologies and consider how they compare to two common topologies: the weak and
strong Whitney topologies for maps between manifolds, alternatively known as the compact-open and
fine topology, see [Hir76].

The weak topology has a subbasis generated by the set of functions g that are close to some function f
in CF-norm on compact subsets in local coordinate charts. This means that for example the function
family

s R—R: x-—>6exp(x2)

converges to zero for § — 0 in this topology. On any compact set f5 will become arbitrarily small when
0 — 0 while it does not converge in uniform norm (nor with additional exponential growth rate). Hence
the weak topology is weaker than our induced C l’j-topologies.

The strong topology has as basis all sets of functions g that are close to some function f on alocally finite
cover by compact sets K;, where g must approximate f in C*-norm on each K; in local coordinates up
to a given chart-dependent size ¢;. For any function without compact support, a collection €; > 0 can be
found that converges faster to zero on each larger K; than the function to zero when x — co. Hence the
only sequences of functions R — R that converge to the zero function in the strong topology are those
with (eventually) compact support. A family f5 of functions with noncompact support cannot converge
to the zero function, as can be seen by using a diagonal argument. The family f5(x) = § exp(—x?), for
example, does not converge to the zero function in the strong topology. Given a locally finite cover of R
by compact sets K;, we choose x; € K; and corresponding €; = exp(—xl?)/i. Then for any given 6 > 0, we
will have | f5(x;)| > €; for some large i. On the other hand, this family f5 obviously converges under the
uniform norm with any exponential growth rate. Thus, the strong topology is stronger than our induced
CLf -topologies, see also the remark in [GG73, p. 43] for noncompact manifolds.

We conclude that the C’g-topologies induced by our uniform norms are not equivalent to either the weak
or strong Whitney topology, because the weak topology allows arbitrary behavior of functions outside
compact sets, while the strong topology completely restricts that behavior. Our norms allow moderate
variations at infinity. In general, ‘moderate behavior’ is not well-defined on a general noncompact
manifold, as it depends on the choice of charts. In the setting of bounded geometry, though, the
uniform, metric structure makes this behavior unambiguous; we can restrict to normal coordinate
charts and consider ‘moderate behavior’ with respect to these. Note that these topologies are equivalent
on compact domains.

1.8 Notation

Here, we will establish some notation and conventions to be used throughout this work. See the index
for more specific symbols.

e The letters I and J will denote intervals in R; I will typically represent an interval that is unbounded
on one side, while J will be bounded.
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* £,0 > 0 will denote (small) bounds for continuity-like estimates; C > 0 will denote arbitrary bounds.
The specific meaning of these symbols will vary depending on context. € (6) will denote a uniform
continuity modulus of the function f, thatis, €r: R>o — Rx satisfies

d(f(x2), f(x1)) <ep(d(xz,x1))  and éilr(l) er(6)=0. (1.13)

Without subscript f this will denote an arbitrary continuity modulus.

* The D denotes a total derivative, while D; with index i € N denotes a partial derivative with respect
to the i-th argument, or, when a subscript symbol is appended, say Dy, then this denotes a partial
derivative with respect to the argument commonly referred to by that symbol.

» We use the following symbols to denote classes of function spaces:

Cp bounded, continuous functions;

Cp, bounded, uniformly continuous functions;

ck k times continuously differentiable functions;

cke  Ck functions with a-Holder continuous k-th derivative. We will conventionally write
r = k+ a € R>;; the Holder estimates are assumed to be uniform in C 53 spaces.
continuous, i.e. bounded, (multi)linear operators;

vector fields;

sections of a fiber bundle.

=R D

Unless otherwise specified, Cllj and CZ’“ spaces will be endowed with the canonical norms that turn
these into Banach spaces, that is,

IDX £ (x0) = D* £ (1) |

Il = sup [D" f(x)[l + sup (1.14)
¢ Osgsk x X #X) d(x2,x1)%
We define the operator norm on a multilinear operator A € kv x...x Vi; W) as
A= sup [A(vy,..., vi)ll. (1.15)
v;eV;
lvill=1

This multilinear operator norm can be extended to sections s of real-valued tensor bundles by taking
the operator norm pointwise of s(x) as a multilinear operator into R.

* On a Riemannian manifold, I" will denote the Christoffel symbols, while IT will be used for parallel
transport along a curve given as argument, for example, I1(y|2) will denote parallel transport along
the curve y restricted to the interval [a, b]. We shall denote induced parallel transport on products of
the tangent bundle by IT(y|2)®¥.

» We shall often work with maps that are defined on the tangent space over a point x € M and denote
this dependence on x by a subscript, for example h,: T,M — T, M. If we want to refer to the whole
family of such maps for all x € M, then we denote this by

he: T.M—T.M,
particularly if we want to stress that this family satisfies some properties uniformly in x.

* We use the notation B(x;d) not only to indicate open balls of radius § around a single point x, but
also B(M;0) to indicate a (tubular) neighborhood of some set or submanifold M, that is,

B(M;06) ={x|d(M,x) < 6}.
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The following definition of a scale of Banach spaces (cf. [VG87]) is fundamental to the rest of this
work.

Definition 1.17. Let X be a normed linear space and F = C(I; X) the space of continuous functions from
aninterval I c R to X. We define a family of exponential growth norms with parameter p € R by

Ifl,=supllf(lle P’  for feF. (1.16)
tel

We define BP (I; X) to be the normed space consisting of all functions f € F with ||fl, <oo. If X isa
Banach space, then BP (I; X) is a Banach space as well.

Remark 1.18. When the interval I is bounded from below, then the embedding Bf*(I; X) — BP%(I; X) is
continuous for p; < p,. The time reversed version when I is bounded above and p» < p; holds, will fre-
quently recur throughout this work. See also Remark[B.4Jand the note on integrals of exponentials|(1.18)
below. In Chapter[3|we shall use I = R< and negative rates p, while in the appendices[B|and [C|we use
(the somewhat more natural) I = R>¢; though p’s can take both signs there. O

The definition of an exponential growth norm can be generalized to curves mapping into a metric space.
Let (X, d) be a metric space, then analogously to we define a family of exponential growth distance
functions on F by
do(f1, f2) = Stu? d(fl(f),fz(t)) e Pl 1.17)
€

Note that this distance function might be infinite for some x;, x» € F.

We will be working with exponential growth estimates of the form Ce” ! throughout this paper. The pair
of numbers C > 0, p € R that determine such a growth estimate will be referred to as exponential growth
numbers, and p as an exponential growth rate.

We will frequently encounter integrals over a time interval, where the integrand obeys an exponential
estimate. As long as the interval [a, b] is bounded in the direction of exponential growth and p # 0, these
can be estimated as

b 1
f eP'dr<—exp( sup pt). (1.18)
a lol tela,bl

We also state here some basic facts about uniformly Holder continuous functions.

Lemma 1.19 (Product rule for Hélder continuity).
Let f, g € C}, be defined on spaces such that the product f - g is well-defined. Then also f-g€ Cy .

Proof. Let|lfllo, Igllo < M and let Cy 4, Cq o be the respective Holder coefficients of f, g. Then we have
for all x; # x»

I f(x2) glx2) — fx) glxD) Il < N f(x) M lg(x2) — g eIl + 11 f Cx2) — fe) I g (x)l
<M (Cra+ Cga) 2 — x111%,

which exhibits the Holder coefficient M (Cr,q + Cg,q) for the product, and f - g is clearly bounded by
M?. O

Lemma 1.20. Let f € C} . Then it also holds that f € Cgu forany0< f<a.

Proof. Let M be the bound on f, and Cy, its a-Holder coefficient. For ||x, — x; || < 1 the estimate for 8
follows automatically from that of a. For ||x» — x1 || > 1 we use boundedness to obtain

If(x) = FxDll <2M<2M|x; — x, [P

Hence, Cg = max(Cq,2 M) suffices as f-Holder coefficient. O
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Typographical conventions

As usual we close proofs with the symbol [, while we shall use ¢ and O to denote the end of (a series

of) remarks or examples, respectively.
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Chapter 2

Manifolds of bounded geometry

For noncompact normally hyperbolic systems, uniformity assumptions that were implicit in the com-
pact case must be made explicit. Not only assumptions on the vector field, but on the underlying space
as well. For this we need the concept of bounded geometry; Section [3.3| contains a discussion and
examples for why we require this concept.

The class of manifolds of bounded geometry allows us to uniformly apply constructions that are well-
known for compact manifolds. We single out the atlas of normal coordinate charts and derive from
the very definition of bounded geometry that all constructions and estimates are uniform over all such
charts. For completeness, we present here all results that we need later on. Some of these results are
already present in the literature: the construction of a uniformly locally finite cover and a subordinate C*
uniformly bounded partition of unity, and bounded coordinate transformations can be found in [Shu92;
Sch01], for example, while [Roe88| includes the result on finite coloring of the connectedness graph of
a uniformly locally finite cover and the construction of a trivial bundle embedding in Proposition 7.5
with a sketch of the proof. I have not been able to find in the literature the results about the existence
of a uniform tubular neighborhood and the approximation of a submanifold by a smoothed manifold.
Submanifolds are allowed to be non-injectively immersed.

This chapter is organized as follows. First, the material is presented that is already required for the global
coordinate setting of Theorem3.2] These include the basic definitions of bounded geometry, related
results on bounded coordinate transition maps, uniform covers and partitions of unity, and an explicit
relation between holonomy and curvature. Then we continue to work towards the final goal of this
chapter: to reduce a noncompact normally hyperbolic system from a setting in general manifolds to a
trivial bundle setting, in order to generalize the persistence theorem to the former setting. To this end,
we need some more technical results: a uniform tubular neighborhood, smooth approximation of a
submanifold, and embedding into a trivial bundle.

This chapter relies heavily on some more advanced concepts from differential and specifically Riemann-
ian geometry. On the other hand, the results are used as tools in solving a dynamical systems problem.
Appendix[F| provides a quick review for non-experts of the most relevant geometric concepts used here.
It also provides further references to the literature. We shall assume the contents of this appendix known
from here on.

I suggest the reader to at least take a glance at the first two sections of this chapter to familiarize himself
with the basic definitions and results of bounded geometry, without the need to go through the details
of the proofs. Then, depending on his interest, he can choose to delve into the more technical geometric
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details or skip to Chapter [3|for the more analytical side of the proof of Theorem[3.2] and possibly return
later to read how Theorem[3.1lis reduced to the former.

2.1 Bounded geometry

We follow the definition in [Eic91] to introduce bounded geometry. Recall that the injectivity radius
rinj(x) at a point x € M is the maximum radius for which the exponential map at x is a diffeomorphism,
see also Appendix[F

Definition 2.1 (Bounded geometry).
We say that a complete, finite-dimensional Riemannian manifold (M, g) has k-th order bounded geometry
when the following conditions are satisfied:

(I)  rthe global injectivity radius rnj(M) = inAt;[ I'inj(X) is positive, riyj(M) > 0;
X€E
(Bx) the Riemannian curvature R and its covariant derivatives up to k-th order are uniformly bounded,

VO<i<k: sup VIR < oo,
xXeM

with operator norm of V' R(x) as an element of the tensor bundle over x € M.

Remark 2.2. The conditions (I) and (B) are independent. We present a simple example which exhibits
zero infimum for the injectivity radius while all derivatives of the curvature are globally bounded. Indeed,
let M = R x S be a cylinder with metric g = dx? + e"2*d6? in coordinates (x,0), see also Figurd!|3.3]
on page The injectivity radius rinj(M) is zero since the cylinder circumference shrinks to zero
with x — oco. Global boundedness of the curvature and all of its derivatives follows from a symmetry
argument. The family

Peg: (6,0)— (x+&e0+a)  with EeR, ael0,27)

is a set of local isomorphisms that acts transitively on M. That is, for any two points (x;,01), (x2,602) € M
there exist ¢, @ and a neighborhood U > (x1,01) such that ¢¢ o : U — ¢¢ o (U) is an isomorphism and
Q¢ a(x1,01) = (x2,02). For any (x,0) € U and v, w € T(y gy M we have

((p:;,ag)(x,G) (v, w) = 8(x+¢,et0+a) (D(pf,a(xre) U’D(pf'a(x’g) w)
= dx(v)dx(w) + e 25+ &8 de(v) e dO (w)
= 8.0 (v, W)
SO (p:; »8 =g on U. Since the curvature and its derivatives are locally determined, this implies that these
are constant across M, hence uniformly bounded (actually all derivatives of R vanish). Note that these

local isometries do not imply a finite global injectivity radius since the size of the neighborhood U does
depend on the points (x1,01), (x2,02) € M. O

Example 2.3 (Manifolds of bounded geometry).
The following are examples of manifolds with bounded geometry of any (i.e. infinite) order.

* Euclidean space with the standard metric trivially has bounded geometry.

IThis is a noncompact surface with constant negative curvature, hence it cannot be isometrically embedded into R3,
see [Hil01]. The embedding is nearly isometric for x > 0 though, so the figure is still a good representation there.
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e A smooth, compact Riemannian manifold M has bounded geometry as well; both the injectivity
radius and the curvature including derivatives are continuous functions, so these attain their finite
minimum and maxima, respectively, on M. If M € C*¥*2, then it has bounded geometry of order k.

e Noncompact, smooth Riemannian manifolds that possess a transitive group of isomorphisms
(such as hyperbolic space) have bounded geometry since the finite injectivity radius and curvature
estimates at any single point translate to a uniform estimate for all points under isomorphisms. Note
that the example in Remark[2.2|above shows that it is not sufficient to have local isometries.

More manifolds of bounded geometry can be constructed with these basic building blocks in the
following ways.

e The product of a finite number of manifolds of bounded geometry again has bounded geometry,
since the direct sum structure of the metric is inherited by the exponential map and curvature. We
give an outline of the proof. In a product coordinate chart

((pl’(pz): Ul X U2 — [Rnl X an

with coordinates (x1, x2), the metric has diagonal form

gix1) 0 )

g(xl’xz)z(glﬂagZ)(xl»xZ):( 0 gZ(xz)

The coordinate dependence on xi, x is non-mixed and this is preserved under taking derivatives
and index contractions, so R will split into a direct sum of R; and R, again. This can be extended to
derivatives of R.

A geodesic in M; x M, is precisely given by y = (y1,y2) where v, Y2 are geodesics parametrized with
constant speed in M), M>, respectively. This follows easily since minimization of length is equivalent
to minimization of the energy functional

b b
25(7)=[ g()'fd/)dt=f 81(y1,71) + &(y2,72) dt
a a

and this splits nicely into independent minimization problems for y; and y». With a little effort one
sees that ripj(M) = min (rinj (M), Finj(M2)).

* If we take a finite connected sum of manifolds with bounded geometry such that the gluing modifica-
tions are smooth and contained in a compact set, then the resulting manifold has bounded geometry
again.

* We can endow the tangent bundle TM of a Riemannian manifold (M, g) with the natural Sasaki
metric [Sas58]. Let x! denote coordinates on an open neighborhood U ¢ M. These coordinate
functions can be pulled back to TU and the one-forms dx’ can be viewed as additional coordinates
v’ such that the x’, v/ together form a complete set of induced coordinates on TU. With respect to
these coordinates the Sasaki metric is given by

g(x,v)=gij(x)(dx'dx/ +Dv'Dv/)  where Dv' =dvi+l“§.kvjdx’C 2.1
and 1“;'. . denote the Christoffel symbols on M, while the dv’ are one-forms on the manifold TU.

Bounded geometry of (M, g) is not inherited by (TM, g) since the extended Riemannian curvature R
contains unbounded terms v when expressed in terms of R, see [GK02, Prop. 7.5]. These expressions
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do readily show that the restriction T" M = {(x,v) e TM | gx(v,v) < r2} satisfies curvature bounds
of order k —1 if (M, g) has k-bounded geometry. The geodesic flow equation is given in induced
coordinates by [Sas58, eq. (7.7)]. By application of Theorem[A.6} one can then show that the injectivity
radius is bounded.

Note that T" M is a manifold with boundary, but this is not problematic in our setting as long as
the invariant submanifold stays away from the boundary. Alternatively one could try to use results
from [Sch01]. O

When we say that a manifold has bounded geometry without specifying the order k, then it is assumed
that the order is infinite, k = oo, or sufficiently large. When k = 1 we have the following result, see [Eic91,
Thm. 2.4 and Cor. 2.5]. In case k = co the converse also holds [Roe88, Prop. 2.4].

Theorem 2.4 (Boundedness of the metric).

Let (M, g) be a Riemannian manifold of k-bounded geometry. Then there exists a 6 > 0 such that the
metric up to its k-th order derivatives and the Christoffel symbols up to its (k—1)-th order derivatives are
bounded in normal coordinates of radius 6 around each x € M, and the bounds are uniform in x.

This basic fact can be used to make the properties of all kinds of constructions uniform over a non-
compact manifold. Note that here and in the following, all uniformity estimates are assumed globally
valid, that is, independent of the point x € M. To stress this, we shall use notation f., for example as in
Definition[2.9 to indicate that the family of maps {f} e m satisfies continuity estimates independent
of x.

With Theorem[2.4]at hand, we shall exclusively use normal coordinates for local coordinate calculations.
To establish notation, we say that

¢ =exp;': B(x;8) € M — B(0;8) c TyM 2.2)

is a normal coordinate chart at x € M. The radius 6 will always be chosen smaller than the injectivity
radius rinj(M), so ¢ is a diffeomorphism. Each tangent space T, M carries the inner product g, hence is
isometric to Euclidean space R” (but identification requires a choice of basis).

Proposition 2.5. Let (M, g) be a Riemannian manifold of k = 1 bounded geometry. For every C > 1 there
exists a & > 0 such that the normal coordinate charts ¢ in|(2.2) are defined on B(x;5) for each x € M and
the Euclidean distance di on the normal coordinates is uniformly C-equivalent to the metric distance d
induced by M, that is,

VX1, X € B(x;6):  Cld(x1,%2) < dp(@x(x1),0x(x2)) < Cd(x1, X2).

Proof. Leté < %rinj(M) and x € M. We consider a normal coordinate chart ¢, on B(x;26). According to
Theorem the metric g and its derivatives are bounded in normal coordinates. We have (exp} g)(0) =
gx the Euclidean inner product on T, M, while the total derivative D(exp; g)(¢) is bounded on B(0;26) 3
¢, say by [[D(exp; )€l < C;, independent of x € M. By the mean value theorem this induces the
uniform bounds

1-26Cy < ||(exp;g)(<f)|| <1+26C;.

Let x1, x2 € B(x;0) and let yg be the straight curve between ¢ (x1) and ¢ (x,) in Ty M parametrized by
arc length. This curve y attains the Euclidean distance I5(yg) = dp(@x(x1), @« (x2)). On the other hand,
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it gives an upper bound on the metric distance

lg(yE)
d(x1,x2) =inf I(y) Sfo \/(eijz Qe (Y0, y5(0) dr

< V1+26Cy di(@x(x1), 0x(x2)).

Let y be a geodesic minimizing the distance d(xi, x2). Then y is contained in B(x;29): the distance from
each x; to the boundary of B(x;20) is at least §, so if y would leave and reenter B(x;26) then its length
would be at least 26. On the other hand, x; and x, can be connected via x with a curve of length less
than 24. Let us write n = ¢, oy and assume that 7 is parametrized by arc length with respect to the
Euclidean metric g,. Then we obtain an inverse estimate to the one above:

Q)] G)] 1
dslgs st = [ 1drs [ a-26007\lexpt g (/0,11 (0) dr

Ll
=(1-26Cy)2 fo \/gy(t)(Y'(t)rY’(t))dt

<(1-26C) "2 d(xy, x0).

Finally, we complete the proof by choosing § > 0 small enough that

max ((1+25Cy)?,(1-25Cy) %) < C. 0

From here on, we shall frequently represent objects living in B(x; ) € M on normal coordinate neighbor-
hoods B(0;0) c T, M via the normal coordinate chart ¢,. We will mostly use B(x;9) to clearly indicate
the base point, or B(04;6) < T, M to stress the tangent space domain of the coordinates as well. In
spaces of bounded geometry, normal coordinate charts are the natural charts to works in and coordinate
transition maps are not just smooth, but uniformly bounded, as stated in the following lemma.

Lemma 2.6 (Boundedness of transition maps).
Let (M, g) be a Riemannian manifold of k-bounded geometry with k = 2. There existsad with0 <6 <
rinj(M) and constants C, L > 0 such that for all x, x, € M with d(x1, x2) <6 the following holds.

i. The coordinate transition map
P21=@20907 : U—Ty,M  with U=¢;(B(x1;0)NB(x;0)) < Ty, M (2.3)
is C*=1 bounded with ||, -1 < C.

ii. Letyy: 10,11 — B(x1;0) be the unique shortest geodesic connecting x, and x, and let I1(y,,1) be the
associated parallel transport. Then the map

@21 —1(y21): U—-Ty,M
has C*=2-norm bounded by the Lipschitz estimate
2,1 — (Y2, ) k-2 = Ld(x1, X2). (2.4)

Remark 2.7. One degree of smoothness is lost because the exponential map is defined in terms of
the geodesic flow. This flow in turn is defined in terms of the Christoffel symbols, which depend on
derivatives of the metric, so these are only C¥~! bounded. We lose another degree of smoothness in
estimating ¢, 1 —I1(y2,1) since the Lipschitz estimate follows from a uniform bound on one higher
derivative of these. O
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We shall first compare both ¢ ; and I1(y»,1) to the identity in normal coordinates and finally conclude
with the triangle inequality that their difference must be small. We compare ¢, to the parallel transport
I1(y2,1) since this is the most natural way to identify the tangent spaces Ty, M and T, M.

Proof. Let B(x1;6), B(x2;6) be two normal coordinate neighborhoods with nonempty intersection.
The coordinate transition map ¢, = @20 @' = expy! ocexp, can be studied as the exponential map
expy : Ty M — M in normal coordinates on B(x;0), since ¢y = exp;zl. From here on, we will implicitly
be working in normal coordinates around x;, using some choice of basis to isometrically identify
Ty, M=R",

Let x € B(x1;0) N B(x2;0), hence x; € B(x2;20). We choose 4 < 1, and small enough so that the results of
Theorem[2.4)and Proposition[2.5| (with C = 2) hold for 26. The exponential map is given by the time-one
geodesic flow projected on the base manifold. For the base point x», this is the identity map, while for
the base point x; we will show that it is a small perturbation thereof. The geodesic flow on TM is given
in local coordinates by
xl — Vl,

o' =T vl ok, 29
where I'. . denote the Christoffel symbols with respect to the coordinates x' on M and the v/ are
induced additional coordinates on TM, see the explanation above[(2.1)] The Christoffel symbols are
C*! bounded due to Theorem Let Y' denote the geodesic flow of on TM restricted to B(x2;26).
We denote by (x(#), v(£)) a solution curve of Y ! The geodesic flow preserves the length of tangent vectors
with respect to the metric g, so we have ||v(#)]| < 2]v(0)|| < 26 with respect to the Euclidean distance in
the normal coordinates. This implies that the vector field[(2.5)]is bounded in these induced coordinates.
Hence, by Theorem Yie Clbc‘1 is bounded as well on the interval [0,1]. Moreover, DY’ € Cl’f‘z
exhibits a Lipschitz estimate for the base point dependence |2 (x1) | g. By Proposition [2.5/the local
Euclidean distance is equivalent to the distance on M, so |2 (x1)llg < 2d(x1, x2). These conclusions
directly translate to exp,(-) =m0 Y!(x, -) and we conclude that ¢, | = exp;z1 oexpy, € Cg‘l with bound
C > 0 uniform in x;, x, € M and that ||¢2 — 1|lx_» < L' d(x, x2) for some L' > 0.

The parallel transport I1(y,,1) is given by integrating the pullback of the connection along y, ;. This
yields a differential equation similar to|(2.5)|and similarly leads to C*~! boundedness estimates in
normal coordinates and Lipschitz estimates for the C*=2_norm. Thus, the difference @21 —1(y2,1) is

C*-! bounded, and has C¥~2-norm that satisfies the Lipschitz estimate|(2.4)|for some L > 0. O
Definition 2.8 (M-small coordinate radius).
Let (M, g) be a Riemannian manifold of bounded geometry. We define 6 > 0 to be M-small if Theorem|2.4

and Lemma(2.6 hold on all normal coordinate charts of radius 5.

Note that such a § > 0 always exists. From now on, we shall always assume to have selected such a §
for any given manifold of bounded geometry and restrict its atlas to include these normal coordinate
charts only.

Lemma shows that normal coordinate transformations respect C* boundedness of functions in
coordinate representations. Thus, it is natural to consider manifolds of bounded geometry as the class
of C* bounded manifolds with respect to this restricted atlas. This also makes the following definition
natural.

Definition 2.9 (C* bounded maps).
Let X, Y be Riemannian manifolds of k+1-bounded geometry and f € C*(X;Y). We say that f is of class
Cg when there exist X,Y -small §x, 8y > 0 such that for each x € X we have f(B(x;6x)) < B(f(x);0y)



2.1. BOUNDED GEOMETRY 35

and the representation
fe= exp]:(lx) of oexpy: B(0;6x) c Ty X —T,Y (2.6)

in normal coordinates is of class C,]; and the associated C*-norms of f. are bounded uniformly in x € X.
We define the classes of C{; X3 Y) and CZ’Z‘ (X;Y) functions analogously when X, Y are of k+2-bounded
geometry.

Remark 2.10. We shall say that a vector field v € X(X) is of class C¥, also denoted by v € %Z(X), when
ve Cl’; with respect to coordinates on TM induced by normal coordinates on M. This is slightly different
from normal coordinates on TM induced by the metric Note that since || v|| < r is assumed
bounded, we could restrict to the submanifold T" M of bounded geometry and consider v € C ’g (M; T M),
but this is less practical.

Remark 2.11. The manifolds X, Y need to have bounded geometry of one or two degrees higher than
the smoothness of the maps to preserve boundedness and uniform continuity estimates under normal
coordinate transformations. This shall from now on always be an implicit assumption.

Remark 2.12 (Locally/globally defined continuity modulus).
The continuity modulus ¢ of a function f € C]f .(X;Y) is only defined on the interval [0,5 x) cR. On

the other hand, |D¥ f(x)|| is globally well-defined in terms of local charts and assumed to be bounded.
We shall want to compare D* f at points x;, x, far apart. If we have isometric isomorphisms

@: Ty X =Ty,X and y:Tru)Y = Tru,yY,
then this allows us to compare
IDF £ (x2) 0 ®F =9 o DX f(ac) I < ID* f (2 | + IDF £ () . 2.7

Note that the right-hand expression does not depend on the choiceﬂ of isomorphisms.

Thus, with such isomorphisms at hand, we can use to heuristically extend the local to a global
continuity modulus. That is, for nearby points x;, x, we use an estimate in terms of local charts; if this is
not possible, then the points must be separated by a distance larger than a § as in Definition[2.8] Since
the functions we consider are globally bounded, we then use some (non-canonical) choice to identify
the vector bundle fibers over x;, x, that the function lives in and estimate by the right-hand side of
This estimate is crude but independent of the choice of identification and will always satisfy our needs.
For example, if f € C]g"fl’ (X;Y), with Holder coefficient C,, locally for d(x;, x2) < 6 then we have

Cod(x1,x2)* ifd(xy,x2) <9,

2”6# d(x1,x2)% else.

ID* f(x2) =D Fax) s{

This shows that we can heuristically consider max (Ca, 2 'g;”k

) as a global Holder coefficient. O

The following proposition shows that we may measure continuity of the derivatives of a function f using
local parallel transport. With the remark above we see how it can be extended to a global continuity
modulus if a (non-unique) choice is made for how to connect non-close points xi, x, by a path; this
idea will be developed in Section|3.7.4

2In practice, we shall use isomorphisms defined by parallel transport on X =Y, cf. Proposition This is a non-canonical
choice, since it depends on the path connecting x1, x2. A canonical choice that depends continuously on x1, x cannot be
made in general, since it would imply that the tangent bundle is trivializable.
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Proposition 2.13 (Equivalence of continuity moduli).
Let X, Y be Riemannian manifolds of bounded geometry and f € C’g(X ;Y). Then the following statements
are equivalent:

i. fe Clbc’l‘f (X;Y) according to Deﬁm’tion
ii. we have the continuity estimate
Jerne C*(R;RL), 80> 0: V xy, X2 € X, d(X1,X2) < 8

_ N (2.8)
IDF £, (0) - T(y2,1)®* — T2, 1) - DX fy, (0| < €f,m(d (x1, 22)),

whereT1(n2,1) and I1(y,1)®* denote parallel transport along the unique shortest geodesic between
f(x1), f(x2) and x1, x,, respectively, and € ¢ 1 denotes a uniform or a-Holder continuity modulus.

Proof. We first prove the statement in case Y is a normed linear space, hence no parallel transport term
I1(n2,1) appears.

Let 8y < 6 x as in Definition[2.9| (thus, in particular §, is X-small), and let d(x1, x2) < §o. Then we have
the Lipschitz estimate ||¢21 —I1(y2,1) | < Ld(x1, x2) while the normal coordinate representations|(2.6)|of
[ at x;, x, are related by f~x1 = fo oy,1. This leads to

|IDF Fr, (0 T1(y2,1) %% = D¥ f5, (0) |
= |D* £, (0) - T(y2,1)®* — DX [ fy, 092,11 0)|

< [|D* fi, 0) - TT(y2,1)®* = D¥ fi, (02,1 (0)) - (D21 )|
k-1

+ Y ID! fo, (92,1 (0)) - Py i (D 2,1 (0))

=1

< |D* £, (0) = DX £, (@02 (1) || + ID* fi, (@2 e 1 ITT(y2,1) = Do 1 I
k_

1 o~
ID fr, (@2 (e IHIPy (D 2,1 (0)
1

+
1=
p kel
<ep(dx,x)) + I fllk (Ld(x, x2))" + D1 F 1 I1PLi(D 2,1 ()1,
=1

where ¢ denotes the continuity modulus of f and its derivatives according to Deﬁnition and
the Py ; denote (/, k)-linear maps according to Proposition|C.3} We used the fact that both IT(y>,1) and
De5,1(0) act on the k-tensor bundle as a k-tuple of copies. By assumption | f|lx is bounded, and to
estimate the P terms, we note that / < k, so each of the P, ;. contains at least a factor D! ¥2,1(0) with
i =2. Since ¢, is close to I1(y»,;) and DiH(}/z,l) =0 for i = 2, it follows that

1Pk (D" 92,1 ()1 < CLd(x1,x2)

for some constant C independent of x1, x,. This shows that the continuity modulus ¢ 7 7 of! can be
estimated by the continuity modulus ¢ ¢ plus additional Lipschitz terms. We can reverse the estimates
above to arrive at the same conclusion when expressing ¢ in terms of ;. Hence, the continuity
statements are equivalent for any a < 1.

If Y is a Riemannian manifold of bounded geometry, we just apply the same estimates in the codomain.
To this end, we must have d(f(x»), f(x1)) <dy, so we choose §; small enough that

d(f(x2), f(x1)) = IDflld(x2, x1) < | fll160 < by

holds with 6y as in Definition|2.9 O
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The definition of bounded geometry can be extended to vector bundles, see also [Shu92, p. 65].

Definition 2.14 (Vector bundle of bounded geometry).
Let (M, g) be a manifold of bounded geometry and 6 be M -small as in Definition|2.8 We say that a vector
bundlen: E — M with fiber F has k-th order bounded geometry when there exist preferred trivializations

t: 1 Y (Bm;6)) — B(m;8) x F foreachme M 2.9)

such that if we have a transition function ¢, = T2 0 Tl_l between two trivializations on B(my;0) and
B(my; ), then the function g: B(my;6) N B(my;0) — L(F) defined by @21 (m, f) = g(m) f satisfies g € Cl’;
independent of the points my, my € M.

Remark 2.15. Note that we could have replaced B(m;d) by arbitrary (preferred) coordinate charts. The
relevant property is that we express uniformity of the transition functions in terms of uniformity of the
function g with respect to the underlying coordinate charts of M, which are normal coordinates in our
case. O

It follows from Lemma|2.6|that the tangent bundle TM has bounded geometry of order k-2 if (M, g)
has bounded geometry of order k = 2. One order of smoothness is lost (beyond the one expected) as
noted in Remark[2.71

We introduce the concept of a uniformly locally finite cover of a manifold of bounded geometry. This is
a natural extension of a locally finite cover. Uniformity means that we require a global bound K on the
number of sets in the cover that intersect any small open ball.

Lemma 2.16 (Uniformly locally finite cover).
Let (M, g) be a Riemannian manifold of bounded geometry.

Then for 6, > 0 small enough and any 0 < 61 < 02, M has a countable cover {B(xi;c?l)}l.21 such that
. Vi#j: d(xi,xj) >0y,

ii. there exists an explicit global bound K such that for each x € M the ball B(x;0») intersects at most K
of the B(xi;02).

Note that the second result implies both that the cover is locally finite with fixed neighborhood size, and
that each set in the cover overlaps with at most K others, cf. Lebesgue covering dimension.

Proof. Using Proposition[2.5} choose & > 0 such that Euclidean distance in normal coordinates on each
B(x;0) is C =2 equivalent to the metric distance and set 6, < /3.

Let {My}ren be a compact exhaustion of M. Cover M with a sequence of balls B(x;;6,), where
d(x;,xj) = 61. This sequence is finite, because an infinite sequence {x;};>¢o must have an accumu-
lation point in M, which contradicts d(x;,x;) = ;. Choosing the first x;’s in My, to coincide
with those of My, it follows that the union of all balls B(x;,01) is a countable cover of M such that
Vi#j:d(x;, xj)=0;.

Let x € M arbitrary. Any ball B(x;;2) that intersects B(x;d2) must be completely contained in B(x;39>).
Each of these balls has an exclusive subset B(x;;01/2), so in normal coordinates around x, each has
an exclusive volume of at least Vol(B(0;61/(2C))), while B(x;§) has volume of at most Vol(B(0; C362)).

With n = dim(M), this leads to the explicit upper bound
(3CHd2)" 62\n
S—=(24—]| . 2.10
(61/2C)H" ( 51) 210
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Thus, only finitely many can intersect B(x;62). These estimates are uniform and do not depend on
x € M so the bound K is global. O

Lemma 2.17 (Uniform partition of unity).
Let M be a manifold with a uniformly locally finite cover with 6, < 6, and 6, sufficiently small, as per
Lemmal2.16.

Then there exists a partition of unity by functions y. € C ’g . (B(xi;62);[0,11) subordinate to this cover.

We shall also apply this lemma to submanifolds which have a uniformly locally finite cover due to

Corollary on page

Proof. Let d, be small enough that by Lemmalf2.6{coordinate transition maps are C Ibc,u' Define a standard
radially symmetric smooth bump function ¢ € C*°(R"; [0, 1]) that is identically one on B(0;5,) and has
compact support in B(0;6>), hence ¢ € Cgu. We set p; = (poexp;il by isometric identification T, M = R"
and zero outside B(x;;02). We have ¢. € Cgu in any coordinate patch. Define in the usual way

Xi=pi/ D ¢n. (2.11)

n=1
The sum is finite as at most K of the B(x,;02) overlap any B(x;;82). The balls B(x;;01) already cover M,
so the denominator is at least one, from which it follows that y. € C Ilf e O

Corollary 2.18. Similar to a uniform partition of unity, we can construct a partition by functions y. €
C’g " (B(x4;02);10,1]) whose squares sum to one.

In the proof of Lemma[2.17]we simply replace[2.11)|by

xi=oi /Y ¢ 2.12)

n=1

2.2 Curvature and holonomy

To prove smoothness of the persistent manifold in Section[3.7, we shall want to estimate the holonomy
along closed loops to be close to the identity, that is, if c is a closed loop, then we want I1(c) — 1 to be
small. To this end, we relate the holonomy to the curvature and finally obtain an estimate in terms of a
global bound on the curvature and the area of a surface enclosed by c.

The result that curvature is the generator of holonomy dates back at least to Ambrose and Singer [AS53]
who formulated this in differential form in the 1950’s; they cite an even older statement (without proof)
by Elie Cartan [Car26]. More recent work by Reckziegel and Wilhelmus [RW06] shows explicit integral
formulas for this relation, formulated on fiber bundles, a context far more general than is required here.
We shall present a formulation for Riemannian manifolds (M, g).

Let IT denote the parallel transport functional, which takes C! curves to orthogonal maps between the
tangent spaces at their endpoints, see[(E3)] If ¢ is a closed loop, then I1(c) is a linear endomorphism on
Tc0)M and we can measure ||IT1(c) —1||. Our goal is to bound this quantity by the integral of the curvature
form R over a surface with boundary precisely c. This result can be viewed as a generalization of Stokes’
theorem where the curvature is the exterior derivative of the connection form w, while the connection
on the other hand generates parallel transport along the boundary of the surface A that the curvature is
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integrated over. Note though, that we actually have R = dw + w A w, so there is an additional term due to
the noncommutativity of the connection form.

Let
y: D=1[0,7] x [0,5] — M: (t,s) — y(t,s) (2.13)

parametrize the surface A = y(D) c M. The idea is that y is the homotopy of a (closed) curve c. We
$2,81
t

parallel transport along s — y (s, 1) with s € [s1, 2] and by IT3, , parallel transport along ¢— (s, 1) with
teln,ta].

shall only consider parallel transport along horizontal or vertical lines in D; let us denote by II

We shall calculate the holonomy along d A with respect to a chosen frame on the pullback bundle
Y*(TM). The final result will turn out to be independent of this choice, hence it is covariantly defined.
Let f be an orthonormal frame on y*(TM), that s, f; s: Ty, M — R" is an isometry of inner product
spaces. The Levi-Civita connection V on M can be pulled back to the connection y* (V) on y*(TM) and
it can be expressed in terms of the connection form w € Ol (D; End(IRE”)) with respect to the frame f. The
curvature of y* (V) is equal to the curvature R of V pulled back to D, so we have dw+w Aw =y*(R) f
where the subscript f indicates that everything is expressed with respect to the chosen frame. In the
same notation, parallel transport along a curve s — c(s) satisfies the linear, homogeneous differential

equatiorE]

d
/1) = —wet)o M), ) = Lar, (2.14)

which has a unique solution s — st,o = fH(cl(S)). This can be viewed as time-dependent flow in
End(R"™).

Figure 2.1: the path of the parallel transport term P(s) in D.

Let us define the parallel transport term
P(s) = T2 oI5 ;o TI5°: Tyo0)M — Ty 39 M, (2.15)
see Figure[2.1] The holonomy defect can be expressed as
1-T(@A)=1-T1(@D) =1-P(5) Lo P(0) = P(5 o (P(5) - P(0)),
where I1(0D) is defined using the pullback connection. We use the fundamental theorem of calculus to

write _
SdP(s)

N

P(s)-P(0) =f ds. (2.16)
0

3If the frame f is induced by local coordinates, then w will precisely be given by the Christoffel symbols and we recover

equation
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Expressing everything with respect to the frame f, we see that the first and last factor of P(s) are easily
differentiated using|(2.14)

d

o =30 = —w(Z)o M and

SS SS
oI = cw(L). (2.17)

The middle term fH can be differentiated by viewing s as parameter in the differential equation
Variation of constants yields (see e.g. [DKOO, App. B] for a proof of the differentiable dependence ofa
flow on parameters)

d T d 0
/= [ o e gl medple s, ai
f T8 o (dw(, at)+ [w(as)]+w([as i) e Mo dr

using standard rules for exterior derivatives. Next we note that [%, %] =0, and integrate by parts the
term & [w(2)]
t
_ s 9 9 9 9 9 9 s
= fo =18 o [~ Fpow(F) +dulF, 5 + oG cwigp)o 11}y d
[fH oa)(at)ofl_[ ]t 0
‘ 0 0 0 0
— N N N N
= fo Iz odo+orw) (57 55) 0 /iy df —w(Fg) o /IIg  + fI17 o w(F7). (2.18)
We see that this variation depends on the curvature form y*(R) f = dw + w A w along the path and two
additional boundary terms. If we view y as a homotopy of paths with homotopy parameter s and we

keep the path endpoints y(0, s) and y(Z, s) fixed for all s € [0, 5], then these boundary terms vanish and
the result agrees with [RW06, Cor. 3].

Instead, we insert|(2.17)|and |(2.18)|into|(2.16)} Then these boundary terms cancel against the terms
from|(2.17)|and we finally obtain

5t
PE PO = [ [ e oy (R (G oo pMTy0 /113" di ds
) (2.19)
- fDH%’SoH%toy*(R)OH?OOHS’O

f

The integrand on the last line is a two-form on D with values in £(Ty(,0)M; T, z5M). This final ex-
pression is clearly independent of a choice of frame, so we have recovered an explicit integral formula
relating holonomy along a null-homotopic loop to the curvature.

We conclude from|[(2.19)|that if ¢ is a closed, null-homotopic loop, and the curvature globally bounded,
then ||TT(c) — 1| can be estimated by [ Rllsup times the surface area of any null-homotopy y of ¢. Note
that we do not require y to be an embedding; the integral is intrinsically defined on D by pullback.
Furthermore, y is required to be C! only. This follows from the fact that both sides of the equation are
continuous with respect to y in C!-norm; alternatively, an explicit calculation requires that the mixed
partial derivative % is continuous to perform integration by parts. Both lead to the to the following
result.
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Lemma 2.19 (Exponential growth bound on holonomy).

Let (M, g) be a manifold of bounded geometry with normal coordinate radius § that is M-small as in
Deﬁnition Fix T >0 and p > 0 and let x1, x; be two C' curves on M with derivatives bounded by N
such that d,(xy, x2) ef T<s5< rinj(M). Denote by y; the unique shortest geodesic connecting x (t) to x(t)
foranytel0,T].

If 6 is sufficiently small, then the closed loopn = x» IOT oyToX] IOT °Y, ! satisfies the holonomy bound

- el T
(ITI(m) — 1| SC”RHONdp(xl;XZ)T (2.20)

where C depends on the geometry of M only.

Proof. The two-parameter family (s, £) — v, (s) defines a null-homotopy of the closed loop 1. The map
s— v:(s) is defined through the exponential map as

Y::[0,1] = M: s—exp, (s exp;ll(t)(xg(t))).

Since exp, is a local diffeomorphism at least for d(x; (¢), x2(¢)) <6 e t< rinj(M), that depends smoothly
on x, it follows that (s, ) — y(s) defines a homotopy between the curves x1, x, restricted to the interval
[0, T]. The map y,(s) has continuous mixed derivatives with respect to s, t (even though the double
derivative with respect to ¢ does not exist since x1,x; € C! only), so integration by parts is allowed
in[(2.18)]

We estimate the surface area mapped by y,(s). We use shorthand notation ¢ = s exp;llm (x2(0) €Ty, (n M
and denote by Dy exp, the derivative of the exponential map with respect to the base point parameter x.
Then

d _ -1
aYt(S) - D expxl([) (6) . eprl (t) (xz(t)))

d ;
&YI(S) =Dy expy, (n(&) - x1(2)
+Dexp,, (&) - [sDxlexpy ) (x2(1)) - 1 (1) + sDexpy ) (X2 (1) - Xo(1)].

Since M has bounded geometry, Dexp, and its inverse are bounded by Theorem[2.4] while D, exp, and
its inverse are bounded by Lemma[2.6} say by C > 1. This leads to estimates

H%y[(s) | = caca@, xw,

d
”EM”” < Cllay (0] + Cs[Cli (Ol +Cll (0] <3C*N,

so the holonomy bound satisfies

I - 11 < IR llg fOlfOTH%Ms)” H%%(S) | dras

T
<|Rllo fo 3C*Nd,(x1,x2) e dt

3 el ’
<3C°|Rlo Ndp(x1,x2) —. O

Remark 2.20. Tt should be possible to obtain C = 1 if the curves x; are generated by a flow ® and
we choose as homotopy (s, ) — q)t(y(s)), where 7y is the geodesic connecting x; (0) and x»(0). In our
applications, though, the curves x1, x, need not be solutions to exactly the same flow, while the current
result is sufficient for our purposes. O
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2.3 Submanifolds and tubular neighborhoods

From this section on, we shall prove results that—although they may be of interest independently within
bounded geometry—are building up towards the final section of this chapter, where we prove how to
reduce Theorem 3.1]on persistence in general manifolds of bounded geometry to the setting of a trivial
bundle. These results form the more technical part of this chapter and are not required elsewhere.

In the following, we assume that (Q, g) is an ambient manifold that has bounded geometry of large or
infinite order and M € C* will denote a submanifold of Q. Only a finite order > k of bounded geometry
is required of (Q, g), but for simplicity we shall assume [ = co. Recovering the explicit additional order
I—k would amount to tediously tracking the details throughout all the proofs; it should be sufficient if /
is larger than k by some number between 2 and 10.

Leti: M — Qbea C! immersion. With abuse of notation we denote by TyM = Im(Dt(x)) and Ny =
Im(De(x))* the tangent and normal spaces of M with respect to the immersion. Note that even if ¢ is not
injective, the original point x € M uniquely selects the tangent and normal spaces in T,y Q.

Definition 2.21 (Uniformly immersed submanifold).

Lett: M — Q be a C**! immersion of M into the Riemannian manifold (Q, g) of bounded geometry.
Denote by M, 5 the image under 1 of the connected component of x in 1™ (B(t(x);6) n u(M)). We define M
to be a C;J‘yu immersed submanifold when there exists a 6 > 0 such that for all x € M, the connected
component M, 5 is represented in normal coordinates on B(.(x);0) < Q by the graph of a function
hy: TyM — N, and the family of functions h. € C}’;u(T.M; N.) has uniform continuity and boundedness
estimates independent of x. We define C’b“21 immersions in a similar way.

Remark 2.22. By taking the connected component M, s in M, we allow for immersed submanifolds
that intersect, or nearly intersect themselves. See Figure[2.2|on the left: M, s is described by the graph
of hy, while on the right side, a different part of M embeds into this same neighborhood B(i(x); d). See
Figure[3.2Jon page[70]for an example of a nearly self-intersecting submanifold. If we want to rule out
such cases, we can assume that M, s is the unique component of M N B((x); ). This will turn M into an
embedded submanifold, but more strongly, the nearly self-intersecting case is also ruled out. We will
refer to this as a uniformly embedded submanifold.

Nx Nx
T B0

| -7

Ny
. 4
- T M - T M

Figure 2.2: an immersed submanifold represented by the graph of &, in normal coordinates. In the left figure,
another part of M intersects transversely on the right; the right figure contains an orbit of the geodesic flow along
anormal vector at x’ = 1(x').
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Remark 2.23. The sets My s play a similar role as ‘plaques’ in [HPS77, p. 72-73].

Remark 2.24. In case k = 1, boundedness is automatically implied by uniform continuity. This follows
from the representation in normal coordinates. We have Dh,(0) = 0, so by uniform continuity there
exists a § > 0 such that |[Dh4({)|| < € =1 when |£|| < §, hence Dh, is bounded. Put another way, there is
no intrinsic measure for the ‘size of the derivative or tangent’ of a submanifold. O

Note that the function /&, is only defined on that part of the domain B(0;6) c T, M where its graph is
contained in B(0;6) c T;(y)Q, as can be seen in Figure[2.2] In the splitting T,y Q = Ty M & Ny, we denote
with py, p2 orthogonal projections onto the T, M and N, subspaces, respectively.

From now on we shall continually assume that M € C’ﬁl is a uniformly immersed submanifold of Q.
We will often identify M with its image ¢«(M) c Q, as well as identify points x € M with ((x), keeping in
mind the definition of M, s to track local injectivity. Furthermore, denote by d) the distance on M
induced by the pulled back Riemannian metric t*(g). This distance function measures whether points
are close when viewed along the domain of the immersion, disallowing ‘shortcuts’ through Q. It also
distinguishes different points with the same immersion image. Note that it is different from the distance
d on Q pulled back to M. This we denote by dg = " (d) but it is not a distance on M when ¢ is not
injective. Still, we have the following local result, which will be useful for later estimates.

Lemma 2.25 (Local equivalence of distance).

LetM e Ci,u be a uniformly immersed submanifold of the bounded geometry manifold (Q, g). Then dq
and dyy are locally equivalent in the following sense:

I Vx1,x2 € M: dq(x1,X2) < dpm(x1,X2);

ii. for any C' > 1 there exists a § > 0 such that for all dy(x1,x2) < 8, we have the local converse
dp(x1,x2) < C'dg(x1, x2).

Proof. The first assertion follows directly from the fact that any path in M induces a path of equal length
in Q via the immersion t.

For the second part, we first note that if § is small enough and dj;(x;, x2) < 6, then we must have
X2 € My, 5. If this would not be the case, then any path y connecting x;, x, through M cannot be
contained in M, 5. But this implies that the path runs out of B(x;;6), so its length is greater than 6. This
contradicts the assumption that djs(x1, x2) < 8. Hence, x, can be represented as a point on the graph of
hy, in B(x1;6).

Let C > 1, € > 0 be constants to be fixed later and let § be small enough such that the metric coefficients
are bounded by C in normal coordinate charts, that Propositionholds with C, and we have || k.| <€
as in Remark[2.24] We consider the normal coordinate chart on B(x;;6) and construct a path in M to
find an upper bound for dy;(x1, x2). Let x2 = (¢, hy, (§)) and define y(£) = (£, hy, (££)) for £ € [0,1]. We
estimate the length of y as

1
l _f VIglv/1+ k21 dE < VE VT +€2|€]l,
= A lgll +lAJdTISNde < +e=|I€|l

while the Euclidean norm can be estimated by the distance in Q as

IEIN=11(S, by, ) = Cd(x1, x2).

We conclude that
dy(x1,x2) < 1(y) < C32\/1+¢2 do(x1,x2)

and for any C’ > 1 we can find C > 1, £ > 0 such that C3> V1 +¢2 < C'. O
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A uniform submanifold of a bounded geometry manifold can be shown to possess a uniformly locally
finite cover as a corollary of Lemma without the need to show that the submanifold itself has
bounded geometry. As a consequence, it also has (square-sum) partitions of unity.

Corollary 2.26 (Uniform cover of a submanifold).

Let M € C;,u be a uniformly immersed submanifold of the bounded geometry manifold (Q, g).

Then for 6, > 0 small enough and any 61 € (0,021, M has a uniformly locally finite cover by balls of radius
0o in terms of the distance dg, such that the balls of radius 6, already cover M. That is, there exist {x;};>1
such that U;=1 My, 5, covers M with a uniform bound K on the maximum number of sets My, 5, covering
any set My 5, withx € M.

Proof. The proof follows the ideas of Lemma[2.16] As an additional requirement, let § > 0 be sufficiently
small such that each Mj s is represented in normal coordinates by the graph of k. Under this assump-
tion, the open sets M, s are induced by dg and correspond to the connected component of x of the
preimage of B(i(x);6). Consequently, we can locally push the argument to (M) < Q to conclude that
there is an upper bound K on the number of sets M,, 5, that intersect any set M, s, . O

Even though we do not require submanifolds to have bounded geometry for the results in this section,
the lemma below will be needed in the final reduction to a trivial bundle. The essential idea of the proof
is to use Gauly’ second fundamental form to relate curvature of the submanifold to second derivatives
of its immersion map.

Lemma 2.27 (Submanifold of bounded geometry).

Let M € C’fz be a uniformly immersed submanifold of the bounded geometry manifold (Q, g). Then
(M, 1*(g)) is a Riemannian manifold with bounded geometry of order k — 2.

Remark 2.28. We lose two orders of smoothness in the bounded geometry definition. This is due to
bounded geometry being defined in terms of the curvature, which depends on second order derivatives
of the metric, and in this case also on second order derivatives of the embedding through Gauly’ second
fundamental form. O

Proof. Let 6 be sufficiently small such that for each x € M we have the representation M, s = Graph(h,)
with [|[Dhyll < 1.

The Riemann curvature tensor RM of M can be expressed as a sum of the curvature R on Q and the
second fundamental form of the (local) embedding, see e.g. [Jos08, Thm. 3.6.2]:

gRM(X,Y) Z,W) = g(R(X,Y) Z,W) + g(S(Y, Z), S(X, W)
- 88y, W), 8(X, 2)),

(2.21)

where
S:TMxTM — N: X,Y-—»(VXY)L (2.22)

is the second fundamental form, and it is indeed pointwise defined. In normal coordinates we find
Sx(X,Y) =D*hy (0)(X, V). (2.23)

Since h € C’lj and g, g7 '€ Cl’f as well, it follows that S € Cg—z and by|(2.21)[then that RM € C’g_z, so
condition (By_») of Definition 2.1]is satisfied.

Condition (I) on the injectivity radius follows from an implicit function argument applied to the geodesic
flow using Theorem|A.6] We consider local coordinates around x € M by projecting the representation
M n B(x;6) onto T,y M in normal coordinates in Q. That is, we have the coordinate chart map

Kx: B(0;6/2) cTyM — M: & — exp, (&, hy(£))
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and the corresponding embedding into normal coordinates TyM — T,Q: ¢ — (&, hyx({)) of Q. We
calculate explicit estimates for the exponential map exp using Christoffel symbols of the connection
VM on M in the coordinates in chart x .

Let X, Y be vector fields on M. Their representation in x, is mapped to normal coordinates B(x;d) on Q
as

X&) — X© = (1,Dh(®)" - X(©.

Hence, from the covariant derivative on M in normal coordinates B(x;0) < Q we can recover the
Christoffel symbols in local coordinates x x as

9

M~y _ i
WYY =pio | X O35

Y@+ he(E)(X©, 7©)),
where the first term has reduced to derivatives with respect to { € T,M < T,Q only, and I': B(x;6) —
L£2(T,Q; T, Q) are the Christoffel symbols in normal coordinates at x € Q. Thus, the Christoffel symbols

™ (@)X, Y) = proT (& he(O)(X, V) (2.24)

of M in k. coordinates are uniformly bounded on sufficiently small balls B(0;6’) = T, M. The Euclidean
geodesic flow at time one defines the (trivial) Euclidean exponential map, which is an isomorphic
diffeomorphism (with infinite injectivity radius actually). Since we study a small perturbation of this
flow in local coordinates, given by the additional term and the perturbation is at least C’b“1 and C!
small, the perturbed geodesic flow of M can be made close enough that exp is still a diffeomorphism
on B(0;0") for some 6’ > 0. Hence, rinj(x) = &', but these estimates depend only on the perturbation size,
so they hold uniformly for all x € M. O

To obtain the final result of this section, the tubular neighborhood theorem [2.33} we first need to work
out some details on local coordinates. If M is a submanifold of Q, it is natural to consider a specific
splitting on the normal coordinates at points x € M, namely T,Q = T, M & N, where N is the normal
bundle over M. We shall require bounds, not just on coordinate transformations, but more specifically
bounds on how well this splitting is preserved. The lemmas are formulated in a more general context of
splittings of tangent spaces at any two nearby points, while the results for coordinates along M follow as
an easy corollary.

Lemma 2.29 (Coordinate transformations of splittings).

Let (Q, g) be a smooth Riemannian manifold of bounded geometry, let C be sufficiently large and let
0,( >0 be sufficiently small. Let x1,x2 € Q and let Ty,Q = H; ® V;, i = 1,2 be splittings along ‘horizontal’
and ‘vertical’ perpendicular subspaces with dim(H;) = dim(H,). Assume that d(x1, x») < & and that, for
i # j, H; is represented in tangent normal coordinates at x; by the graph of L; € L(Hj; V;) with | L;|| <.

Then the coordinate transformation ¢ in Lemmal2.is of the form
21 =0p® 0y +@z1 with @21l <C({+d(x1,x2)), (2.25)
where Oy, Oy are orthogonal transformations between the H; and V; with i = 1,2, respectively.

We first prove the following result and use it to prove Lemma|2.29

Lemma 2.30 (Approximation of orthogonal maps).
Let V be a finite-dimensional inner product space and define the map

fiL(V)—Sym(V): A— ATA-1. (2.26)
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There exists an € > 0 and a tubular neighborhood B(O(V);n) < GL(V) with fiber projection n, such that
onf{Ae GLWV) | I f(AI <& Al <2}, the map ¢: A— (n(A), f(A)) is a smooth diffeomorphism. As a
direct corollary, if || f(A)|l < € and | All <2 then U = n(A) € O(V) is an orthogonal approximation of A in
the sense that |U — Al < | f(A)]l.

Proof. The map f is smooth and invariant under the left action of the orthogonal maps O(V), while
O(V) =ker(f). Since GL(V) is a Lie group, we have the canonical trivialization TGL(V) = GL(V) x gl(V)
by left multiplication. The similar trivialization TO(V) = O(V) x o(V) can be viewed as a subbundle of

O(V) x o(V)® Sym(V) =TGL(V)low),

where o(V) is identified with the skew-symmetric linear maps. We restrict the exponential map
exp: TGL(V) — GL(V) to O(V) x Sym(V). At 1 € O(V) this restriction has bijective derivative, hence
it is a local diffeomorphism. Since exp is O(V)-invariant, it defines a diffeomorphism onto a tubular
neighborhood B(O(V);n) € GL(V) of O(V) of size > 0 and a corresponding smooth fiber projection
map n: B(O(V);n) — O(V).

NowDf(1): a— a’ + a has image precisely Sym(V). Thus, if we restrict f to the fiber over 1 € O(V) in
the tubular neighborhood, then Df(1)|sym(v) = 2 and f is a diffeomorphism with ||D f ~l| <1insome
neighborhood of 0 € a~1(); if necessary, we reduce 1 > 0 for ||Df_1 | =1tohold on B(O(V);n) N 7 Q).
By O(V) invariance of f, this holds globally on all (fibers) of the tubular neighborhood. Since, Dz and
D f have complementary image at O(V), ¢ = («, f) is a diffeomorphism on B(O(V);1n).

The set B(0;2) \ B(O(V);n) < L(V) is compact, so || f(-)| attains its nonzero minimum on it. Let € be
smaller than this minimum. Then, if || f(A) || < €, we must have A € B(O(V);n) and hence A =exp(U, a)
for a unique (U, a) € O(V) x Sym(V). By O(V)-invariance, we can assume w.l.o.g. that U = 1 and use the
mean value theorem to estimate

TA=1I < IDF I -FDI<IfA<e.

In other words, when A is sufficiently close to being orthogonal, measured according to f, then itis
close to an orthogonal map U in operator norm. O

Proof of Lemmal2.29 Extending the results of Lemmal2.6} let

O=1I(y21): Ty, Q — Ty Q

denote the orthogonal linear map induced by parallel transport. We decompose @21 = O+ @2 1, where
¢2,1 can be made arbitrarily small. Moreover, we write

A B

°=lc b

) eL(H eV, Hyo Vy),
with the idea that B, C should be small and A, D should approximate orthogonal maps Og, Oy, respec-

tively. Orthogonality of O implies

ATAa+cTc ATB+CTD
BTA+DTc BTB+DID]|"

AT CT
BT DT

A B
C D

1=0T0= . -

For the operator norm we have || All, | BIl, ICIl, I D]l < [|Oll = 1, so if we assume for the moment that B, C
can be made sufficiently small, then, by writing ATA-1=-C"Cand D"D-1=-B'"B, Lemmam
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implies that we can find Oy, Oy such that

A0 H"‘” A0 Og O
0 D 0 D 0 Oy
<|[BI+IICll+ A= Ogll + D~ Oyl

<|BI+ICl+ICTCl+IB"BI.

l0-0ye 0y <|0-

(2.27)

In normal coordinates around x, we have H; = Graph(L), so C: H; — V5 is represented by L in these
coordinates. The metric g is close to the identity in these coordinates, so C = L can be assumed bounded
by 4 < 1, as measured in the metric on Q. The same argument can be made for B’ by considering
P12 = (pz‘j, since

AT T

-1 T
O =0 = BT pT

We conclude that both || BJ|, ||C|| < 4{ when 6 is chosen small, hence O can be approximated by Oy @ Oy,
and the error from|(2.27)|can be absorbed into @5 ;:

@21 =921+ (0-0peOy).

The errors introduced in ¢, ; from lemmasand are Lipschitz small in terms of d(x;, x2) and (,
respectively, so these add up to the estimate in|(2.25) O

Corollary 2.31. Let M € Cﬁl be a uniformly immersed submanifold of a smooth Riemannian manifold
(Q, 8) of bounded geometry. Let x1,x, € M and let Ty, Q =Ty, M ® Ny,, i = 1,2, be the respective splittings
in horizontal and vertical directions. Then the results ofLemma hold for dy;(x1, x2) < 6. If moreover
Me Ci, then we have a Lipschitz estimate | D@2,1 (0)|| < Cd(x1, x2).

Proof. This follows immediately from the local representation My, s = Graph(hy) as Ty, M is represented
in tangent normal coordinates at x, by L = Dhy (&), where x; = (¢, h2(¢)). And Dhy () becomes small
when ¢ is small. The same holds with x1, x, interchanged.

If M € C, then we can estimate |Dh. (&) | < [D*h. ] €]l < Cd(x1,X,). Hence, the Lipschitz result in
Lemma transforms into a Lipschitz estimate in d(x1, x2) only. O

Below we define when a mapping is approximately isometric, see for example also |Att94, p. 505].
The Lyapunov exponents of a dynamical system are preserved under these quasi-isometries since the
exponential growth dominates any bounded factors when measuring sizes. This property is required
when we transfer a noncompact normally hyperbolic system to a different space and want normal
hyperbolicity to be preserved.

Definition 2.32 (quasi-isometry).
Let M, N be manifolds with distance metrics dy;, dn and let ¢ : M — N be a diffeomorphism. We call ¢ a
C-quasi-isometry with C > 1, if

Vx,ye M: Cldy(x,y) < dn(p),0(1) < Cdp(x, y). (2.28)

We simply call ¢ a quasi-isometry if there exists an unspecified C > 1.

We conclude this section with a version of the tubular neighborhood theorem that is appropriate in the
bounded geometry setting.
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Theorem 2.33 (Uniform tubular neighborhood).

Let M € C’fz be a uniformly immersed submanifold of the bounded geometry manifold (Q, g). Then
forn > 0 sufficiently small (but depending explicitly on M and Q), the n-sized tubular neighborhood
B(M;n) ={y € Q| d(y, M) <n} can be represented on the n-sized normal bundle N<; of M by a diffeomor-
phism @, locally on each N<y|n, , and we have @, ple Cg’;l (hence ¢ is a quasi-isometry).

When moreover M is uniformly embedded, i.e. M5 = M N B(x;0) for each x € M as in Remark|2.22, then
@ is a global diffeomorphism.

In case M is compact, the standard proof uses the fact that the exponential map has bijective differential
at the zero section, and then by compactness it must be a diffeomorphism on a uniform neighborhood
N, of the zero section. Here, to get a uniform neighborhood N<; on which ¢ = exp| N, isa diffeomor-
phism, we require bounds on second order derivatives (that is curvature, cf. Lemma of M so that it
has curvature radius r bounded from below, hence cut locus points can only occur at least at distance r
away from M, making ¢ injective for n < r. See Figure[2.2|for a representation of a submanifold M in
normal coordinates around x and a ray of the normal bundle at a nearby point x'.

Note that for an immersed submanifold, we define the normal bundle as
N={(x,v)e MxTQ|ux)=n(v), v LIm(Di(x))}. (2.29)
This can again be viewed as immersed into TQ.

Proof. We set ¢ = exp |y and in the following we will implicitly apply Theorem[2.4]and Proposition [2.5]
to choose 0 < 6 < 1 small enough such that the metric g up to its second order derivatives is bounded,
as well as that the Christoffel symbols are bounded. Also, we choose § such that M is uniformly locally
representable by graphs according to Definition We will in sequence prove local and global
injectivity, surjectivity of ¢ and finally that ¢, ! € C 5;1.

We claim that for some 7 > 0, ¢ is locally injective on Ng;, the normal bundle restricted to size 7.
Let v, v' € N be such that ¢(v) = ¢(v') and denote by x = n(v), x' = (V') their base points in M. We
consider normal coordinates at x, hence we have v = (0,0) for some o, € Ny, while v/ is given by
(0},05) € TyM® N,. From Corollary it follows for small § that v/ is nearly mapped onto Ny in
normal coordinates at x. Since M € Ci, the deviation from mapping onto N is Lipschitz small in
d(x',x) = ||€]l, so we have

loyll < ClEllabl. (2.30)

Now, ¢(v") = ¢(v) can only hold if the respective horizontal coordinates along T, M are equal. By
definition of normal coordinates around x, we have exp(v) = (0,02). Therefore it is sufficient to prove
that some 7 > 0 exists as a lower bound for

{IV'IleR| ()1 =0,1(v) # x}.

We view the exponential map as the time-one geodesic flow, which is given in local coordinates by|(2.5)
The geodesic flow along v’ = (0}, 0) starting at (¢’, h(¢")) is a small perturbation of the flow along (0, %)
starting at (0,0). The latter has solution curve ¢ — (0, t0%,) € TxM & N,.

By Theoremwe arrange for |g— 1|, Tl <2 and ||DI'|| = C in local coordinates. We have estimates

IT(x" () =T x|l < IDTHIx'(8) = x ()] < Cllx' () = x(Dl,

lo' (0] < \/g(@' (1), 0'(1)) = /g (0 (0), 0" (0)) < V2|0’ O]
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With these, we obtain the Gronwall-like estimates
d
allx’(t) - (0,t0y)l < lla’ (1) — (0,0,

d
EIIJ/(I) — (0,01l < IDT |1 Ix'(£) — (0, tab) Il o ()11
+ITI (lle" O+ 110, 0)1) o' (£) = (0,5)
<(Cn®+4v2n)lo’' @) - 0,05,
for which Gronwall’s inequality yields
lo’ (1) = (0,051l < (0} (0), 0)]| e“7".

Now, if 1) is chosen sufficiently small, then using|(2.30)} we have for all 0 < ¢ < 1 that

t - 1
[EAGEEAO] Sfo ClIE'Ine“ dr < > 1"l

This shows that there exists an explicit 77 > 0 such that ¢ is injective on N<,, restricted to a neighborhood
M, s, and by construction this 77 is uniform over M. Later modifications to choose 1 smaller will only
depend on the global geometry of Q, but not on any details of M.

If moreover M, s = M n B(x;6) is the unique connected component of M in each normal coordinate
chart, then ¢ is injective globally on N<;,. This follows easily by taking n < g. Then, any v/ and v that
have the same image, must have base points x, x separated by a distance less than §, as ¢ = exp will
only map onto points at most 77 away from the base point. Therefore, x' must lie in B(x;8) and in M,
hence on Graph(h) = M, s. This case was already treated.

Finally, we will show that ¢ is surjective onto B(M;n) when 7 < rip;(Q). Take y € B(M;n), then M N
B(y; rinj(Q)) contains a nonempty compact set, so there exists an x € M such that d(y, M) = d(y, x). This
distance must be realized by a (unique) geodesic y. We will derive a contradiction if y'(0) ¢ N, by
showing that then the minimum distance is not attained at x. Let ({1,¢2) € Ty M & N, be the normalized
tangent vector of y’(0). By assumption we have &; # 0, so [|€2]| < 1. We parametrize

y:[0,d(y, 0] = TxQ: t— £(&1,¢2)

by arc length in normal coordinates, thus d(x,y(¢)) = t. Consider the Euclidean distance in normal
coordinates at x of y(¢) to its vertical projection onto M = Graph(#). This shows that

dg(y(), M) < [[t&2—h(t{) < £l + o2 161D
asDh(0)=0and h e CZZJ. The Euclidean distance is C-equivalent to the g-induced distance, so we have
d(y(t), M)
im———
tlo d(x,y(1)

By assumption ||¢2]| < 1, so we can restrict to a small enough neighborhood B(x;6) such that 1 < C <
&21~ T and conclude that d(y(t), M) < d(x,y(t)) for some ¢ > 0, which shows that a shorter (broken)
geodesic from y to M exists. This completes the contradiction and proves that ¢ is surjective.

< ltilr(r)lClllel +o()/t=Clléll.

Finally, ¢ € Cl’;’;l follows directly from the fact that it is the restriction of the exponential map to
N<p € C*=! and in induced normal coordinate charts, we have exp € Cg;l. For ¢! we use a formula
and arguments similar to showing that if D¢ ™! is uniformly bounded, then ¢! € Cl’j,;l holds as
well. Now Dg =1 in induced normal coordinates at M, so by uniform continuity, there exists some 77 > 0
such that D¢ stays away from non-invertibility on N<,, hence D¢ ! stays bounded. This automatically
implies that ¢ is a quasi-isometry with C = max(| D¢/, |[De~)). O
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2.4 Smoothing of submanifolds

It is well-known, at least in the compact case, that r-normal hyperbolicity is a persistent property under
C! small perturbations of class C", that is, the persisting manifold is again r-normally hyperbolic and
specifically C", see [HPS77, Thm. 4.1] or [Fen72, Thm. 2]. In other words, 7-normal hyperbolicity is
an ‘open property’ in the space of C” systems with C! topology. Therefore, it is natural to only assume
that the original manifold is C", but not smoother. Even if we start out with an r-NHIM M € C*, then
after a perturbation we will generally only have a manifold M, € C”. We could, however, also have tried
to obtain this manifold M, by first perturbing M to an intermediate manifold M,,, and then perturb
that manifold to M,. When applying a persistence theorem in the second step, we can only assume the
initial manifold to be C".

This restricted C” smoothness assumption forces us to be careful about the precise smoothness of each
and every object. For example, a vector field on a C” manifold can only be C"~!. This could probably
be overcome by considering discrete-time mappings instead of flows, but we need other smoothness
improvements as well. For example, we want to model the persisting manifold as a section of the normal
bundle N € C"~! of the original manifold, which is not smooth enough. So here we need a smoothing
argument as well, cf. [Fen72, p. 205].

We solve these problems by constructing an approximate, smoothed manifold M, € C*. This allows M
to be modeled as a small section of the normal bundle N of My, so the system in a neighborhood of M
can be transferred to N, while preserving smoothness and normal hyperbolicity properties. With this
construction we need not worry about smoothness in the proof, while the conclusions are preserved up
to C" smoothness. Uniform estimates must be preserved though, so standard methods for constructing
M, and Ny do not readily apply or need a careful analysis.

First, we construct o > 0 close approximations M, € C* to M by globalizing a local chart construction of
smoothing by convolution with a mollifier. Then we use the fact that M,; has uniformly bounded ‘second-
order derivatives’ to show that for a sufficiently small o > 0, M, has a normal bundle diffeomorphic to a
neighborhood B(M;6) < Q of uniform size.

We recall some standard techniques on R”, see for example [Ho6r03, p. 25]. Let ¢, € CSO(R"; R>o) be a
mollifier function, with support in B(0;v) and integral normalized to one for any v > 0. We also define a
generic cut-off function y 4 g € C*(R; [0, 1]) such that

1 ifx<a,

a = 2.31
Ha,p ) {0 if x> B. (2.31)

Note that ¢y, xq 5 € Clzf,u for any k = 0, as they are constant outside compact sets.

Lemma 2.34 (Smoothing by convolution).
Letr,or>0, fe Cgi‘) (B(O; r+26r)cR™; IR”), and fix 1 > k and € > 0. If the mollifier support radiusv > 0

is chosen sufficiently small, then f can be approximated by a function f such that
i f = f outside B(0; 1 +0r);
ii. f € Cll)'u N C* on B(0;r) and wherever f € Cll;,u NC>;
iii. |f-flg<e;
iv. Ifll;<Cw, D fllo on B(0;r), for some C(v,1) > 0.
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Note that C(v, 1) may grow unboundedly asv — 0 or [ — co.

Proof. A function that is Cé“ is automatically C! ,» thatis, uniformly continuous up to one degree less,
so we only need to prove f € C;j N C* for [ shifted by one.

We construct f by a combination of convolution and cut-off. Let y(x) = x,,+s(lx]) for x € R” and
define

F0) =0 -7 fx)+ 7% me fx=y vy dy. (2.32)

When v < 6r/2, this f is smooth on B(0; r) and equal to f outside B(0; r + 0r).

The convolution approximates f in C¥-norm, as for any 0 < j < k and x € B(0; 1 + 67)
IDY (g * f)(x) =D/ fx)l < fB IDY f (x = y) = DI fF )l v (y) dy < £p V),
©;v)

so by uniform continuity of f up to k-th derivatives, v can be chosen small enough such that || (¢, * f) —
fllx <€on B(0;r+0r). The map x— j(x) is C;;u, so we can estimate for j < k
. , J
ID/f(x)-D! foll <)

i=0

; ID GO - 1DV (g * £ = F) 0l < Cje(w).

Hence, we can construct f close enough to f in C*-norm by choosing v small enough.

Uniform continuity of f follows from uniform continuity of ¢, * f as { € C I’; , on its compact support.
WefindforO<j<k

IDY (¢ * £)(x2) = DY (¢ % f) (1)

< fm D f 052 =) =D 1= Yl p(y) dy = epy Ul =1 .

To estimate bounds for higher derivatives of f within B(0;r), we note that § = 1 and let the derivatives
act on ¢, in the convolution: these are bounded on the compact domain of support, but bounds will
depend on the size v and degree [, while || f || can be factored out. O

The smoothing technique in Lemma|2.34]is formulated for Euclidean space. To adapt it to manifolds in
a uniform setting, we need to have uniformly sized coordinate charts, as well as uniform behavior of the
function under these smoothing operations. We cannot simply use local coordinates and a partition of
unity, because the images on different charts cannot be glued together on the target manifold. Instead,
we will apply this smoothing operation sequentially on each coordinate chart in a cover. We require a
cover that is locally finite with a global upper bound K on the number of charts covering a point, so that
each point undergoes only a bounded number of smoothing operations and hence the final smoothed
manifold M, differs by a controllable amount from the original M.

When the graph representation of M in one chart is modified, we need control on how much the graph
is modified in overlapping charts. To this end, we extend Lemma and Corollary

Lemma 2.35 (Graph difference under coordinate transformations).

Let (Q, g) be a smooth Riemannian manifold of bounded geometry. Let x1,x2 € Q and let T,,Q = H;
Vi, i = 1,2 be splittings along horizontal and vertical perpendicular subspaces with dim(H;) = dim(H>).
Assume that d(x1, x2) < 6 and that, fori # j, H; is represented in normal coordinates at xj by the graph of
L; € L(Hj; Vi) with | L;|l <.
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Let fi1,81 € Cl]f_il(B(O;& < Hy; Vi) with || filly, g1l < € and | fill, g1l < C.

When 8,(,& > 0 are sufficiently small, then there exists a constant C such that the graphs of fi, g are
(partially) represented by functions f>, 8, € C’lfu(Hg; Vo) and || fo — g2llx = C‘||f1 — 81llg. This result is
uniform for all x1, x, € Q.

Remark 2.36. The functions f;, g; may only be defined on parts of B(x;;6); all claims should thus be
read as only for those points where the respective functions are defined. O

Proof. Let (¢;,n;) € H; @ V;, i = 1,2 denote normal coordinates, decomposed in the split directions
at x; € Q. By Lemma transformations between these coordinates are of the form|[(2.25)| where
l¢2,1 1 x+1 can be made uniformly small as §,{ — 0.

We aim to apply the implicit function theorem to find a function f> on B(x»;0) whose graph corresponds
to that of a function fj on B(x;;8). We define

X:Hl XVZ, Y:HZXCSM(HI;VI)’ Z:HZXVZ, and
F: XxY — Z:(1,m2), &2, f1) = 92,11, 1(§1)) — (§2,72). (2.33)

Note that X and Z are isomorphic vector spaces, so we can apply the implicit function theorem with Y
as parameter space. Moreover, if we have two functions fj, f> whose graphs represent the same manifold
on the intersection B(x1;0) N B(xy;0), then we have

F(p °¢£11('fz,fz(fz)),fz(fz),fz,fl) =

for all ¢, € H, where this is defined, so the implicit function

G2, fi)=(p1o ‘/’2_% &2, 2(€2)), 2(£2))
encodes the representation f,. We verify the conditions of the implicit function theorem:

OH+ p1 'D(ﬁz,l . (1+Df1) 0

D]F((éan)y(vafl)) = OV'Df] 1

is unitary when ¢»,; = fi = 0. When §, € are sufficiently small, then these functions are still small enough
such that D; F is invertible with uniformly bounded inverse, using Lemma’A—.l} Furthermore, F € C k W
as the dependence on ¢1,72, &5 is clearly C}’f’u, while the omega Lemma [AMR88, p. 101] guarantees ]omt
C{; ,~dependence on f; as well. Note that compactness of the domain of f; is not required, as we assume
these functions to be uniformly bounded and thus have compact image.

The implicit function theorem has a corresponding formulation as a uniform contraction principle. The
latter formulation shows that the implicit function G must be unique, while existence holds if ¢ 1, f1,¢2
are sufficiently close to zero, due to a priori estimates. We apply Corollary[A.4]as an extension of the
implicit function theorem to conclude that Ge C, k . This means that f> = p2o G(+, fi) € C} k , on suitable
neighborhoods. Using formula[(A.2)|for DG, we can moreover conclude that f; depends L1psch1tz on fi.
This follows from explicit control on the boundedness and continuity estimates, while variation with
respect to fi only introduces additional k+1-order derivatives of ¢, 1, which can be assumed uniformly
bounded. Hence, there exists some constant C such that ||g> — f2lx < Cllg1 — fillx and all estimates are
uniform. O
Corollary 2.37 (Graph size under|coordinate transformations).

Under the assumptions of Lemmal|2.35, there exist constants A, B such that we have the estimate

Il <Al filly+B (2.34)

on amplification of the size of a graph under coordinate transformations.
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Proof. We choose g; =0 in Lemma and set A = C. There exists a uniform bound B such that
lg2lx < B, and when (, € are sufficiently small, then for 6’ = 19—0 6 we have B(0;6") « Dom(g»). Hence, we
easily deduce

12l <lfo—&gllk+ 18l ClAlk+B
for all x € B(0;6") where fi, f» are defined. O

Theorem 2.38 (Uniform smooth approximation of a submanifold).
LetM e Clgzl be a uniformly immersed submanifold of a smooth Riemannian manifold (Q, g) of bounded
geomeltry.

Then for each o > 0 and integer | = k, there exists a uniformly immersed submanifold M, € Cll) ,NC™
and 6 > 0 such that | My — M||;. < 0 with respect to normal coordinate charts of radius 6 along both M
and M. If M is a uniformly embedded submanifold, then so is M.

The proofrelies on finding a (uniformly locally finite) cover of M and then in each chart make smooth
the graph representation h.. All estimates are uniform, independent of the point x € M, hence so is
the final result. Smoothing is done sequentially in each chart, so we must be careful to check how
smoothing in one chart influences the graph representation in other charts. This makes the technical
estimates quite involved, but the basic idea is that we have uniform control on the size of changes in
each h. by the convolution kernel parameter v in Lemma|2.34} as well as the size of this change in other
charts.

Proof. This proof contains a lot of interdependent size estimation parameters. Giving explicit choices
and dependencies would clutter the proof needlessly, so we make a few remarks on beforehand. Any
0’s denote sizes of normal coordinate balls and €’s are used for sizes of (changes in) functions in these
coordinates. The parameter v from Lemmadepends on most of the foregoing, while only the C!
bound (but not the C¥ bound) of M, depends on the choice of v. The various €’s will be fixed later,
and depend on o and global properties of M and (Q, g), but not on §’s. Also note that everything is
independent of points x € M, Q.

We fix 26, =6, = %63, £00 = 2£0, and C, = Cp + 1 and choose 83, {, £, £¢ > 0 sufficiently small such
that all the following statements hold true.

i. By Proposition and Lemma|2.25| distances and metrics are C = 2 equivalent on balls B(x;3),
and dg, dy are locally equivalent, all up to order / + 1.

ii. By assumption of M € C}; » we have for each x € M the representation M, s, = graph(h,) with
||h-||1 =&p and ”hOHk = CO-

iii. By Corollary there exists a uniformly locally finite cover U;>1 My, 5, of M with all x; separated
by at least 81, the balls My, 5, already covering M, and bound K on the maximum number of M, s,
intersecting any M, 5,. Formula [(2.10)|shows that K depends on the ratio §,/8;, but does not
increase when 63 — 0.

iv. By Lemma all coordinate transition maps @51 between any x;, x2 € Q, d(x1, x2) < 03 are c!
bounded. When the graph representations H; = Graph(L;) are bounded by ¢ > 0, then these are
of the form @21 = Oy ® Oy + @21, with [[P2,111;41 < €. And by Corollary this holds for the
coordinate transformations between the x; chosen for the cover of M.

v. By Lemma there exists a constant C that estimates the graph change under coordinate transfor-
mations from the previous point, when || f|l1,[1gll1 < €0 and || fllx, | gllx < Coo, While Corollary|2.37|
holds on balls of size §' = % 63> 6o.
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vi. If M was a uniformly embedded submanifold, then let M, 5, be the unique connected component
of M in B(x;03) for each x € M.

Let M J denote a modification of M after applying smoothing operations in the first j charts, and let
h{ denote the graph representation of M/ in chart i. So, initially we have M° = M and h? = h;. Note
that the sequence {h{ }j=1 is constant after some finite index j(i), since it is changed at most K times by
smoothing in overlapping charts. Thus, the final graphs are given by h?° = h{ @,

Initially, we have || h.|l; < &0 and || k. || < Cy, and we assume that throughout the sequential smoothings
it holds for all 7, j that | h{ 1 <€xand || h{ Ilx < Ceo, and therefore the final h$° satisfy these estimates as

well. Let gg be sufficiently small, such that by a mean value theorem estimate

1A = 1he(€) — ha Q)] < IDAIEN < €0 lI<],

we have B(0;05) c Dom(h.).

We apply the convolution smoothing Lemma with some choice r > §; and r + 2467 < §3 to se-
quentially make smooth hf‘l in the coordinate chart B(x;;03) to obtain h; € C}j uN C® on B(0;r). The

h! representations of the M)]C 5, overlap, so we must be careful that (at most) K repeated smoothing

operations keep the h! within the bounds required to apply this lemma, while at the same time we must
ensure that each point on the sequence of manifolds M/ is smoothed to Cllj , atsome stage, even though

M/ changes to M, = M™ throughout the sequential smoothings.

Let us first show that each point is smoothed. We can keep track of each original point x € M as a
sequence of points x/ € M/ throughout the smoothings, and once M/ is smoothed around x/, then the
convolution lemma guarantees that smoothness is preserved around the sequence x/ under further
smoothing in other charts. Let ®: M = M, denote the diffeomorphism that assigns to x € M the
final point x* € M,. Each point x € M is element of a graph #k; in at least one ball B(x;;01), so if
the corresponding sequence of points x/ € M/ moves less than r — &1, then it is smoothed in B(x;; ).
Therefore, we choose v in Lemma small enough, such that

7—61

If=flx<ew) < e

The factor 2 K accounts for at most K charts in which x/ is moved and C = 2 to correct for equivalence
of distance in charts. Hence, the manifold is smoothed to Cé , N C™ ateach point.

Next, we show that each h{ is defined at least on B(0;r +20r) and satisfies the bounds €4, and Cq.
Initially, we have | h;ll; < &9, | hillx < Co, and Graph(h;) = M,, 5, is well-defined in B(x;;63). So for
& < %, say, we must have | k;lly < 1—10 03 and Dom(h;) o B(0; %62). The only reason that the domain
of some h{ decreases is if either the graph moves outside of B(0;3) or the modified manifold cannot
be represented by a graph anymore. The latter cannot occur if Dhlj stays bounded, while the former
can be controlled by bounding | h{ llo- Both can be controlled by estimating the C! changes hlj - h{ -
First, in coordinate chart i = j we can directly use the convolution smoothing Lemma(2.34]to conclude
that || h{ - h{ ) 1 <&(v). In any other chart i # j, this change is amplified by a bounded factor C, as per
Lemmal2.35] so we have o
1] ="l = Ce).

When we choose v small enough that

KCe(v) < min(eo,%cﬁg,l)
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holds, then this leads to
i ~ 2
IRl llo < llhillo+ K Ce(v) < 0%

IRl < €0+ €0 = £cos

IRl < I hille+ K Ce() < Co+ 1= Coo

This shows that indeed the assumed bounds €., and Cy, hold, and that h{ is defined at least on the ball
B(0;r+26r1).

The sequential smoothings create and preserve CL . N C% smoothness, while every ‘point’ xl e M/ is
touched by these operations. Moreover, Lemma and Corollary together guarantee that the
smoothing in each chart keeps

11l < Al o+ B< ACW, D IR, Mo+ B< ACKV, Dewo + B
bounded with a uniform estimate, at least on charts B(x;;2).

Finally, we want to estimate the sizes and distance between the graphs h., h° in split coordinate charts
ofradius 6 = 8, —r along either M or M. If x is a point either on M or My, then it is contained in at least
one ball B(x;;r) and B(x;8) € B(x;;02). If we also set e, < { and consider the coordinate transformation
¢ from normal coordinates at x; to x, then Lemma|2.35|and Corollary[2.37/hold and can be used to
estimate

1Al < Allh°ll; + B and ||h§°—hx||kséllh‘l?°—hi||ksC’sz(v)

for all points in the domains of h, and h$® — hy within B(0;6). So if we set C?Ke(v) < g, then My is
CF close to M in normal coordinate charts of radius § along either M or M,, while at the same time
MyeCl nC>.

If M is a uniformly embedded submanifold, then 63 was chosen small enough such that M, s, is the
unique connected component of M in B(x;63) for any x € M. We now show that the same holds for
M, with balls of radius . Let X € M, be arbitrary and x = ®L(%) € M. We take 7€ MyNnB(%;6) and
want to prove that y € (M) 5. By the uniform estimates made before, both M, 5, and (M), can be
represented by graphs hy, h%° respectively in coordinates B(0;62) < TyM & N,. We have y = ®1(j) €
B(%6 + (r—61)) € B(x;6 +2(r —61)), so y € B(x;62) N M = M, 5, = Graph(hy).

By the construction of M, we have x € B(x;;r) in some chart i, but also (My)y,5, = Graph(hy). Let
¥ € B(x;68) N My; we want to prove that y € (M), s = Graph(h$°). Since y € B(x;6), then for its original
it must hold that

¥’ € B(x;6 + (r—61)) € B(xj;r + 8 + (r = 61)),

hence yO € My, r+6+(r-8,) = Graph(hy). Following the change of M to M, in coordinates around x, we
see that y € Graph(h$°) must hold. O

2.5 Embedding into a trivial bundle

Let m: N — M be the normal bundle over M immersed in (Q, g), a Riemannian manifold of bounded
geometry. We are going to construct a trivial bundle N over M that contains N and preserves uniform
properties. As a second step, we extend a normally hyperbolic vector field to this trivial bundle setting.
This procedure is also alluded to in [Sak94, p. 333-334], but especially in the case of bounded geometry
requires a more careful inspection.
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Theorem 2.39 (Uniform embedding of a normal bundle in a trivial bundle).

Let M € Cl’fil be a uniformly immersed submanifold of the bounded geometry manifold (Q, g). Then
there exists an embedding A: N — N of the (nontrivial) normal bundlen: N — M into a larger, trivial
vector bundle N = M x R". The embedding map A € C’bi;l is a quasi-isometry when restricted to N<,) for
anyn > 0 and the splitting N = A(N) & N* is Ck where N is chosen perpendicular to A(N) according
to the standard Euclidean metric on R”".

Note that A only has smoothness C¥~! since N € C¥~! is the normal bundle of M € C*. The image bundle
A(N) c N has smoothness C¥, though, since its construction only involves the immersion M — Q. This
increase of smoothness is possible because we do not view A(IN) as a normal bundle with respect to the
differentiable structure of Q anymore. This can be compared to the remark in [Fen72} p. 205] and the
reference to [Whi36}, Lem. 23] therein.

The idea of the proofis to use normal coordinate charts of Q covering M to construct local trivialization
maps of N. In such charts B(x;§), we have, from Definition 2.21} M, 5 = exp, (Graph(h,)) € M and
trivialization maps 7 for the vector bundle trivialization diagram

N> N|Mx,5 Mx,6><Nx

n (2.35)

M> M, s

Then we take a uniformly locally finite cover of M by sets My, 5. The trivializations on each My, 5
induce a spanning set of sections, i.e. a frame. Using the uniformity of the cover, we can globally glue
these frames together to obtain rank(N) = 7 = (K+1) rank(N). Here, K is the maximum number of
overlapping charts in the cover. This identifies A(N) as the subbundle of N = M x R” spanned by these
glued frames.

Proof. Let 6 be Q-small as in Definition[2.8} as well as sufficiently small such that M is given as the graph
of h.: T.M — N, in normal coordinates as in Definition [2.21] For any x € M we have a trivialization
map

Ty = (exp,, p2)oDexp;': Nlu,, = My x Ny, (2.36)

where we canonically identified T(T,Q) = (T,Q)? and apply exp, only on the base T, Q and p, on the
fibers of T(T,Q). In a normal coordinate representation (see page Figure on the right) this
just means that we project the normal fiber N, at any point x’ = exp, (¢, hy(¢)) € M, s onto Ny. By
Corollary[2.31|this projection is approximately orthogonal and bounded away from non-invertibility for
small §, hence 7. € C’C ! and it is a quasi-isometry, but only on a finitely sized neighborhood N<plm, s
since it acts linearly on the fibers of N|yy, ;. We then choose a uniformly locally finite cover U;>1 My, s of
M such that the sets My, 5/, already cover M.

Next, we prove the existence of a finite set of C’g;ll sections that everywhere span N. Let G = (V, E) be
the (possibly infinite) graph whose vertices are sets in the cover, V = {My, s};>1, and edges are added
between overlapping sets, i.e. E = {(A,B) € V2| An B # ¢}. Each set in the cover overlaps at most K
other sets, so the maximal degree of G is bounded by K. Therefore, we can ‘color’ the vertices of G with
numbers {0, ..., K} such that no two connected vertices have the same number. Sequentially for each
i = 1, set the number of vertex i to one of the numbers {0, ..., K} that is not already taken by its neighbors.
We thus obtain a map c: N — {0,..., K} such that each preimage ¢! (k) labels a collection of mutually
disjoint sets of the cover.
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Let n denote the rank of N and let N = M x R be a trivial bundle with rank 7 = n (K + 1). On each My, 5
we have an orthogonal frame e; of n sections that span N, induced by the local trivialization, while on
N we have the global orthogonal frame & of standard unit sections. The latter can also be viewed as
a (K+1)-tuple of n-frames {€x}g<x<x ON R™ = (R™X+1, Since all spaces have (the standard Euclidean)
inner products, the dual frames can be canonically identified as the inverse e} = el._1 : Ny, — RN and a
projection &;. = pi: R” — R" onto the k-th n-tuple of all 7 coordinates respectively. Let the functions y;
be a square-sum partition of unity subordinate to the cover according to Corollary[2.18|and define the
embedding

A: Nep— Nep: (m,v) — Y xi(m) &) €F Ty, (m,v). (2.37)

izl

This mapping is CI’;;I as a composition of such maps (and can be extended, albeit non-boundedly so, to
amap N — N).Thet x; are quasi-isometries, while e.(;) e;.* is isometric on each My, 5. Each frame e.(;
is orthogonal to the frame of any overlapping set ij,(s since c(j) # c(i) and the y; squared sum to one.
Thus }; xiec e;.* is an isometry, and so A is a quasi-isometry.

Let p and p* = 1 — p denote the projections from N onto N and N+, respectively. One can verify that

p= D XiXjéc &) (2.38)
i,j=1

is the projection onto N by noting that A(IN) equals the image of }_;~; x; €.(;), while the identities

525125“ and Zx?zl
i=1
c_aln be used to show that p? = p. Formula|(2.38)|shows that both p, p* € Ck,u, hence the splitting
N=AN)eN*tisCy . O

Next, we must extend a vector field v on N to the larger bundle N. There are additional directions
along the fibers of N* and the extended vector field # must be such that it is normally hyperbolic in
these directions as well. On the other hand, the uniform boundedness of v must be preserved. We
do not assume here that M is the exact invariant manifold, since these results shall be applied after
application of Theorem[2.38} which has smoothed and slightly altered M such that it is not the original
NHIM anymore. The extension ¥ will keep N invariant and is identical to v on N, so in the end, we can
conclude that the perturbed manifold is contained in N and restrict to the original setting again.

Lemma 2.40 (Normally hyperbolic extension of a vector field).
LetA: N — N = M x R" be a trivializing embedding of vector bundles as in Theorem|2.39and let v € Cll]";

be a vector field on N withl+a < k—2. Let len be the restriction to some radiusn > 0. Then v can be
extended to a vector field U on N, such that U is CIZJ’Z on N<y, leaves N invariant, and contracts at a given

exponential rate p < 0 along the fiber direction of N* towards N c N.

To extend v to a vector field # on N with the required properties, we must do two things. First of all,
v must be extended from N through A to the whole of A(IN) 8 N L and secondly, a normal component
along the fibers of N* must be added to make ¥ contracting, thus normally hyperbolic in that direction.
The idea can be expressed in local coordinates (m, y, z) € A(N) @ N+ as

o(m,y,2) = 0(m,y,2) +v-(m,y,2) = (vim,y),p2),

where (m, y,z) = v(m, y) points ‘horizontally’ along A(N) and v+ (m, y,z) = p z is the ‘vertical’ com-
ponent along the N* fibers. By construction, the latter has the required contraction property in the
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N2 direction, while it preserves A(N) @ {0} as an invariant manifold. We shall make this intuitive idea
rigorous by introducing an appropriate bounded connection to lift v to # for z # 0; the second term v+
is canonically defined.

Proof. The embedding map A is a quasi-isometry and of class Clbc;l, hence the pushforward 1. (v) =

DA-vodlisa Cll)"; vector field on A(N) c N. From now on we identify N with A(N) as well as v with its
pushforward.

Let g be the standard Euclidean metric on N and V the compatible, trivial, flat connection. The restricted
metric g* = g|y. is preserved by the connection V+ = p! - V. We create the pullback bundle

E=ny(NY)={(,2)e Nx N |nn(y) =npn:(2)} ENe Nt = N.

Note that we identify this pullback of N+ along the projection 7y: N — M with the vector bundle
p: N — N, that is, we view N as the base manifold and N as bundle over N with fibers nj‘\,l y) = N;N( »
We naturally endow E with the pullback connection V= n}"V(Vl). With this connection, v can be lifted
to a unique vector field # € X(N) that is horizontal along N on E = N, and thus the flow of # preserves
the norm along the fibers of E, thatis, 7| - || = 0. More heuristically, we can say that the pullback

nn: N — M introduces a trivial additional base coordinate y € Ny, to the bundle 7. : N* — M.

To prove that ¥ € Cll)’z, we first recover an explicit representation of the Christoffel symbols of V in
terms of trivial coordinates on E = N = M x R”, and then a representation for the lifted vector field
p. Let se T'(N), s = sy € R™ be a constant section. Let m € B(my;5) denote normal coordinates in M.
Define st = pl .seT(NY) and § = n;‘\,(sL) eT(E). Let Xe TN a tangent vector in the base of E and
X =Dnn(X) € TM. Then we find for the covariant derivative V on E

i
9s 9P

i s=miy(p Vxpte9) =my(pt X [pt o S

s|)-

We read off that the Christoffel symbols are given by p* gimli (Dmy)?, so they are Cl’f;l. The horizontal lift

€L

9 .
LGP Dy vim, ), (2.39)
om

vim,y,z)=v(im,y)—p

then, is also C;}"ZL since all functions involved are at least CIIJ’Z in these coordinates, and z is bounded on
]_VST]-
We define v' as the Euler vector field along the fibers of NZE, taking values in Vert(E). Each fiber

E(m,y) = N3 is a linear space, so the tangent space at any point is canonically identified with the fiber
itself, which allows us to canonically define

vt N—TN: (m,y,2) — pz€T;N;; = Vert(E) om,y,2)- (2.40)

This vector field leaves N c N invariant, while generating a flow that attracts towards N at the exponen-
tial rate p < 0. It is clear that v € Cg , for any k when z is bounded on N,

We conclude that the vector field 7 = 9 + v' indeed leaves N invariant. Since ¥ is neutral in the fiber
directions of E and v' contracting at rate p, it follows that 7 is contracting with rate p as well. The
combined vector field 7 is defined in terms of v and other functions that are all at least Cé";, hence

ve Cllj’“. O
U
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2.6 Reduction of a NHIM to a trivial bundle

Having set up the theory of bounded geometry spaces, we are finally in a position to reduce a general
normally hyperbolic system to the setting of a trivial bundle. That setting is required to apply our basic
Theoremon persistence of NHIMs. Let M € C;? ke , With k=2 and 0 = a < 1 be a uniformly immersed
or embedded submanifold in (Q, g) of bounded geometry and furthermore assume that M is an r-NHIM
with r = k + a for the vector field v € C;Z on Q.

Remark 2.41. The bounded smoothness requirement k = 2 is dictated by Theorem[2.33] It is not present
in the compact case where the normal bundle can be “jiggled slightly” [Fen72, Prop. 2] to make it
sufficiently smooth to model a Ck flow for k> 1. Hypotheses 2 and 3 in [BLZ99, p. 987] require similar
conditions in the noncompact setting in Banach spaces, see also the discussion after Corollary [3.5]
and Remark I have not investigated in detail whether the Clz) requirement is necessary, or if
Me Cé,u could be modeled as a sufficiently small section of the normal bundle of a smooth approximate
manifold. O

We reduce this system to a trivial bundle in the following steps:
i. approximate M by a smoothed manifold M;
ii. construct a tubular neighborhood of M in the normal bundle N of M;

iii. embed N into a trivial bundle N = M,, x R", and construct an extended, normally hyperbolic vector
field v;

iv. after application of the basic persistence theorem in the enlarged bundle, push the results to the
original setting and conclude that M persists.

Proof of Theorem[3.1 Assume the hypotheses of the theorem. First, Theorem [2.38gives a smooth,
CF-close approximation M, € Cll;,u of M, where the choice I = k+ 10 suffices and o > 0 Wlll be fixed later.
The C*% bounds of M,, are uniformly close to those of M for all o small. Then, Theoremsays that
there exists a tubular neighborhood ¢: N<; = B(M;n) where the size 1 > 0 depends only on the C?
bounds of M. These bounds are of the same order as those of M, independent of 0. Hence, we can
choose 0 so small that | M, - M|y <0 < g and the neighborhood B(M;n/2) is fully within the tubular
neighborhood Ng;, of M;. The map ¢ is a C'~1 bounded (local) diffeomorphism and a quasi-isometry,
so by the reasoninéﬂ before Deﬁnition a pullback by ¢ does not change the normal hyperbolicity
growth rates of the vector field v. The bounded continuous splitting[(1.9)|of Ta/Q is also preserved.

Next, as a result of Theorem[2.39] N is embedded into the trivial bundle
A:N—N=M,xR"=NeaN".

The embedding is a quasi-isometry and so preserves hyperbolicity properties of v. The extended
vector field 7 € Cl’;’g on N <n is constructed in Lernma as a lift of v, so the flow preserves N,
and intertwines with the projection onto N, while in the perpendicular direction along the fibers
of N* it has the same normal hyperbolicity properties as v. Boundedness of the invariant splitting
TyQ=TMe& N* & N~ is also preserved under these quasi-isometries. The additional directions along
N are stable and invariant, and have bounded projections by construction. Thus, M is an r-NHIM for
v as well.

4This is similar to Fenichel’s argument in [Fen72, p. 203] that normal hyperbolicity is independent of a choice of metric
when M is compact.
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The invariant manifold M is given by the graph of a section h e I'(N) c I'(N), and from Theorem it
follows that || k|, < o while h € CZ’Z‘. By Lemma X = M, hasbounded geometry of order /-2 = k+38,
which is sufficiently smooth for the conditions of Theorem while Y = R” is clearly a Banach space.
Hence, we are in the trivial bundle setting, and all conditions are satisfied.

A small perturbation of v in the original setting in Q corresponds to a small perturbation of v € X(N),
while N, is preserved under the flow by construction. Therefore, after application of Theorem
we recover a unique persistent invariant manifold M and by construction M = Graph(h) < N, so we
can restrict the system to N. Then it can be transferred back to Q under the quasi-isometries of the
embedding A: N — N and the tubular neighborhood map ¢: N<;, — B(M;n) < Q.

All size estimates can be transferred between the settings (with bounded factors) due to the near
isometry and uniform C*® boundedness of ¢ and A. We conclude that M is a C submamfold of Q for
appropriate estimates o, €, and J, where o must be chosen sufficiently small as Well to make | M —M]|j_,
small.

This completes the reduction from the general setting in bounded geometry to that of a trivial bundle
and proves Theorem[3.1] O



Chapter 3

Persistence of noncompact NHIMs

This chapter contains the main proof of persistence of noncompact normally hyperbolic invariant
manifolds, formulated in Theorem|3.2] This theorem is formulated in a specific setting: we assume that
the invariant manifold M is (nearly) the zero section of a trivial vector bundle. This is a slightly more
general formulation than in [Hen81;/Sak90|. There, it is assumed that in a product X x Y of Euclidean
(or Banach) spaces, the invariant manifold M is given as the graph of a function i: X — Y. We shall
also assume that Y is a vector space, but we let X instead be a Riemannian manifold that is finite-
dimensional and has bounded geometry. In Chapter[2jon bounded geometry, we extended the result
obtained here to a setting where M is assumed to be a general submanifold of a Riemannian manifold
(Q, g) that is again finite-dimensional and of bounded geometry. We assume the basic statements from
Section[2.1]to be known.

This chapter is organized as follows. First we state the two main theorems; both the general version with
M a submanifold of Q and the X x Y trivial bundle version to be proved in this chapter. We provide
detailed remarks on these theorems and compare them to the literature. Then we present an outline of
the proof of Theorem[3.2] Section[3.3|presents some thoughts on replacing the classical compactness by
uniformity conditions, and presents examples that indicate the necessity of various assumptions we
impose.

In Sectionwe transform the (still somewhat geometrical) formulation of Theoreminto a more
explicit setup suitable for analysis. In the subsequent section, we prove (with relatively little work) the
existence and uniqueness of the persistent manifold M = Graph(h). It automatically follows that 7 is
bounded and uniformly Lipschitz.

The last sections are devoted to the tougher job of proving C¥® smoothness, exhausting the spectral gap.
A formal scheme is set up, and we work out the details for C ! smoothness. Higher, C k smoothness follows
along the same lines by induction. The addition of Hélder continuity to obtain C¥® smoothness is
included as a natural extension to (uniform) continuity that slightly simplifies the spectral gap estimates.
See the proof outline and the introduction of Section[3.7for more details.

3.1 Statement of the main theorems

The main theorem on persistence was already formulated in the introduction. We state it again to
directly compare it to the trivialized bundle version of Theorem[3.2] The main theorem is reduced to

61
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this trivialized version in Section[2.6} in this chapter we shall prove the latter version. Then we formulate
corollaries of these theorems, both to present simpler versions and to compare our result to well-known
results from the literature.

Theorem 3.1 (Persistence of noncompact NHIMs in bounded geometry).

Letk=2,a€[0,1] andr =k+a. Let (Q, g) be a smooth Riemannian manifold of bounded geometry and
ve CI]]C,’Z a vector field on Q. Let M € Cl’;’l‘j be a connected, complete submanifold of Q that is r -normally
hyperbolic for the flow defined by v, with empty unstable bundle, i.e. rank(E*) = 0.

Then for each sufficiently smalln > 0 there exists a 6 > 0 such that for any vector field ¥ € C’bc’f; with
|7 — vll; <8, there is a unique submanifold M in then-neighborhood of M, such that M is diffeomorphic
to M and invariant under the flow defined by ©. Moreover, M is C’g’z and the distance between M and M

can be made arbitrarily small in C*~'-norm by choosing || v — v, sufficiently small.

Theorem 3.2 (Persistence of noncompact NHIMs in a trivial bundle).

Letk=2,a€[0,1] andr = k+ «. Let (X, g) be a smooth, complete, connected Riemannian manifold of
bounded geometry and Y a Banach space. Let vy € Cl];’s be a family of vector fields defined on a uniformly
sized neighborhood of the zero-section in X x Y with family parameter o € (0,0¢]. Let the submanifold
M, = Graph(hg) be given as the graph of a function hg € ng’z (X;Y) and let M, be an r-NHIM with
rank(E*) = 0 for the flow defined by v, where all estimates are uniform in o and additionally | hy > < o
holds.

Then for each sufficiently smalln > 0 there exist 01, 6 > 0 such that for any o € (0,01] and any vector field
e Cg’g with |7 — vyl < 8, there is a unique submanifold M = Graph(h), h: X — Y, || hlo <1 such that
M is invariant under the flow defined by . Moreover, h € C]bcﬁ and | hllx—, can be made arbitrary small
by choosing |kl and | U — vgll -1 sufficiently small.

Remark 3.3. Let us make some remarks on these theorems.

i. The spectral gap condition contained in Definition of r-normal hyperbolicity is essential to
the proof. The C¥%-smoothness result is optimal, see Section

ii. In Theorem both M and M are assumed to be (non-injectively) immersed according to
Definition If M is assumed uniformly embedded according to Remark [2.22} then M will
be uniformly embedded again when § is sufficiently small.

iii. The additional family parameter o in Theorem[3.2]is required to reduce Theorem 3.1]to this case.
If the unperturbed manifold is given as M = X x {0}, i.e. the zero section, then the family v, can
simply be taken constant and all o dependence can be dropped from the formulation.

iv. We only obtain a C¥~!-norm estimate for the perturbation distance of M away from M, even
though M € C*® is preserved. This is due to a linearization along ¥ and the smoothing convolution
used to restore C*% smoothness after linearization. See Section in particular remarks
and for more details. I fully expect it to hold that M and M are C*® close when || 7 — v|| k,a 1S
small.

v. The minimum smoothness requirement k = 2 is a stronger assumption than k = 1 in the well-
known compact case. This seems to be intrinsic to the noncompact case. If the spectral gap
condition only holds for some 1 < r < 2, then we can still obtain a perturbed manifold M. This
manifold M will generally not have better than C” smoothness, though.

vi. We allow both values ¢ = 0 and @ = 1, where a = 0 is considered an empty condition (besides the
boundedness and uniform continuity). Thus, if r = k + 1 satisfies the spectral gap condition|(1.11)}
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then we can choose both CK'! or Ck+1.0 g5 resulting smoothness for M, if M had the same smooth-

ness. Thus, if M was sufficiently smooth, then the choice M € C*¥*1.0 yields the best result. Note,
though, that by Rademacher’s theorem, Lipschitz functions are differentiable almost everywhere,
so the difference is not that big.

Finally, it should also be noted that the spectral gap condition is a strict inequality on r, so if we
can choose r = k integer, then we can also find an a > 0 such that 7’ = k + « satisfies the spectral
gap as well. This shows that in this context C l’f, , integer’ smoothness really is a special case of C l’i’l‘f
‘fractional’ smoothness.

Both Riemannian manifolds Q in Theorem [3.1{and X in Theorem [3.2|are assumed to be finite-
dimensional; multiple results on bounded geometry crucially depend on this fact. On the other
hand, we allow Y to be an infinite-dimensional Banach space simply because everything naturally
generalizes to that setting. Note that we do not allow semi-flows as in [Hen81; BLZ08], so the case
that Y is infinite-dimensional may not be that useful.

These results are weaker than those in the well-known compact case in a few aspects. First of all,
we use a stricter notion of normal hyperbolicity, see Remark[1.10} This seems to be a fundamental
restriction of the Perron method; the more general definition of normal hyperbolicity is successfully
applied to noncompact manifolds in [BLZ08]. Secondly, we only include the stable normal bundle
E~. Adding the unstable bundle E* as well should be possible, see Sectionfor more details.

. While we do prove that the NHIM persists into a new invariant manifold M, we do not prove that

M is again normally hyperbolic. I fully expect this to be true though: the perturbed flow satisfies
slightly perturbed exponential growth conditions and the spectral gap is an open condition, so
should be preserved under sufficiently small perturbations. It remains to be proven that M again
has a continuous invariant splitting[(I.9)|with bounded projections. This is one possible reason for
breakdown of normal hyperbolicity [HLO6]. In Sectionwe sketch how to recover the invariant
stable fibration and the invariant splitting.

. In both theorems, we assumed that M € C’g’g. Just as in the compact case, there is forced smooth-

ness, see [HPS77]. That is, if we only have M € C?, while it is r-normally hyperbolic and the system
isC ’bc’l‘f, then we have infact M e C IbCZ Note that we do require k = 2 unlike the compact case, see
also point[v]

This statement can be verified by reviewing the persistence proof under zero perturbation. We
construct a smoothed approximation of M in Theorem[3.1]to model everything on, and in Theo-
rem 3.2 we smoothen the linearization of the vertical part v, of the original vector field. These can
be made as smooth as required, while we only use the perturbed flow|(3.16)|or the C]g’g smooth
decomposition |(3.24)| (hence with remainder f € CZ”Z‘) in the rest of the proof. Therefore the

resulting manifold will satisfy M = M € C ’bcs O

These two theorems reduce to the corollaries formulated below, when M is compact or when Q =
R™*" with standard Euclidean metric and M = R™ x {0}. The statements then significantly reduce in
complexity, and are comparable to well-known results.

Firstly, the case that M is compact. Then we can take a (pre)compact neighborhood B(M;€) € Q of M
and thus conclude that bounded geometry holds on B(M; €), ignoring irrelevant boundary problems.
Any C*? function on B(M;e) is automatically Cl];’ff, SO Theoremﬁreduces to the following corollary.

For simplicity we leave out a-Hélder continuity and the CF distance estimate between M and M.
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Corollary 3.4 (Persistence of compact NHIMs).

Letk € Z>», let (Q, ) be a smooth Riemannian manifold and v € Ck bea vector field on Q. Let M € ck
be a connected, compact submanifold of Q that is k-normally hyperbolic for the flow defined by v, with
empty unstable bundle, i.e. rank(E*) = 0.

Then for each sufficiently small 1 > 0 there exists a 8 > 0 such that for any vector field v € C* with
|7 — vy <&, there is a unique submanifold M in the n-neighborhood of M, such that M is diffeomorphic
to M and invariant under the flow defined by v. Moreover, M is C*.

This corollary closely resembles [Fen72, Thm. 1] in the absence of a boundary 0 M (a boundary is allowed
when M is overflowing invariant, see also sections[I.6.3Jand[4.3). Note that our definition of normal
hyperbolicity is less general (see Remark[1.10), and that we exclude unstable normal directions and
the caseﬂ k =1, while we do allow M to be an immersed submanifold. The persistence result of Hirsch,
Pugh, and Shub [HPS77, Thm. 4.1 (f)] is similar to that in Fenichel’s work; it additionally includes Hélder
smoothness and allows immersed submanifolds as well.

Secondly, the case of M = R™ x {0} ¢ Q = R™*", Again, R"*" has bounded geometry with one trivial,
global chart. Thus, any object is C ]bc,u if it can (locally) be described by C l’iu functions, but with common
global bound and continuity modulus. Then Theorem[3.2|reduces to the following corollary. We again
suppress Holder continuity and drop the o parameter dependence, which was only relevant for the
reduction of Theorem[3.1l

Corollary 3.5 (Persistence of a trivial NHIM in Euclidean space).

LetkeZs). Letve C'lf'u be a vector field on R™*" and let M = R™ x {0} be a k-NHIM for the flow defined
by v, with empty unstable normal bundle.

Then for each sufficiently smalln > 0 there exists a 0 > 0 such that for any vector field ¥ € Cgu with
| 5—vll, <&, there is a unique submanifold M = Graph(h), h: R™ — R", || hllo < 1 such that M is invariant
under the flow defined by . Moreover, h € Cllj, L and || hlx—1 can be made arbitrary small by choosing
|7 — vlk_1 sufficiently small.

This theorem can be compared, for example, to [Sak90, Thm. 2.1]. Sakamoto’s theorem is specifically
targeted to singular perturbation problems. His conditions are more specific and concrete: the invariant
manifold M is assumed to consist of stationary points and normal hyperbolicity is formulated in terms
of the eigenvalues of normal derivatives of the vector field at M. He starts with an invariant manifold
that is the graph of a nonzero function h € C¥; this he reduces to the zero graph case M = R™ x {0}, while
he incurs a loss of one degree of smoothness, obtaining a Cf;‘l persistent manifold and he requires
k = 3, see [Sak90, p. 50]. He does allow both stable and unstable normal bundles.

In their series of papers [BLZ98; [BLZ99; BLZ08|, Bates, Lu, and Zeng obtained multiple results on
noncompact NHIMs, including a persistence result. Most importantly, they work in Banach spaces with
semi-flows, which adds nontrivial obstacles to be overcome, and allows application to PDE problems.
On the other hand, my setting allows the ambient space to be a manifold, albeit finite-dimensional.
They use the graph transform instead of the Perron method. This allows for the more general definition
of relative normal hyperbolicity as in Remark [1.10] They include both stable and unstable normal
directions, while they do not prove Holder regularity. Finally, in [BLZ08] the interesting idea is developed
to start with an approximate NHIM only.

If we ignore these differences, then their results fit in between the formulations of Theorem 3.1jand
Corollary[3.5] Their invariant manifold M is immersed in a Banach space, but not necessarily described

1 This was for technical reasons in the noncompact setting, see Remark B and could be repaired in the compact setting.
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by the graph of a function k. Their hypothesis [BLZ08, p. 363] that the splitting does not twist too much
is a bounded Lipschitz condition on the (approximate) splitting of the (un)stable and tangent bundles
over M. This condition is similar, but slightly weaker than our condition M € Ci o seealso remarksE]
and[3.13

Although the results of Bates, Lu, and Zeng are more general and complete in many aspects, I think
that these cannot easily be generalized to prove a version of Theorem 3.1} set in an ambient manifold
of bounded geometry. One could hope to use the Nash embedding theorem to obtain the ambient
manifold (Q, g) as an isometrically embedded subspace of some R”. Then the dynamical system must be
extended from Q to R", such that M is still normally hyperbolic as a submanifold of R"; this procedure
can be compared to the reduction in Section[2.6] The problem that arises is that the Nash embedding
theorem provides no control on the extrinsic curvature of the embeddingﬂ so M need not be Ci inR". It
might be possible to work around this by proving a ‘bounded geometry version’ of the Nash embedding
theorem. Alternatively, their proof could likely be adapted to work with a uniform atlas of charts, e.g.
using theory similar to that developed in Chapter 2]

We should also mention the paper [JS99] by Jones and Shkoller. They generalize Fenichel’s results
on persistence of overflowing invariant manifolds to semi-flows on infinite-dimensional Riemannian
manifolds. They do assume the invariant manifold itself to be compact.

3.2 OQutline of the proof

The proof of Theorem 3.2]is lengthy and involves a lot of details. We therefore first present an overview
of the separate steps involved in the proof.

First, in Section[3.4we bring the system into a form that is suitable for application of further analytical
techniques. That is, we decompose the vector fields along X and Y directions and linearize the vertical
direction, leading to equations

x=vx(x, ),

V=0 () =AXy+ f(x,y)

with a Cl-small term f. This allows us to apply a generalization of the classical Perron method for hy-
perbolic fixed points (see Section[1.4.2|for a quick overview) to NHIMs, first presented by Henry [Hen81,
Chap. 9]. In the case of a hyperbolic fixed point, we could fully linearize the system; here, we can
only linearize the normal directions, while we keep the full nonlinear form in the directions along X.
These cannot be linearized because we have no control to localize the dynamics in the directions along
X.

In the theorem, the invariant manifold M is given as a (small) graph h: X — Y. A coordinate change
to represent the invariant manifold as M = X x {0} would (re)introduce a loss of smoothness that we
carefully worked around in Chapter 2| by means of a uniformly smoothed submanifold. The graph
h can be chosen arbitrarily close to the zero section, and together with the small perturbation 7 — v,
this influences the exponential growth rates only slightly. We recover equations for the
perturbed system that satisfy slightly perturbed exponential estimates[(3.17)} even when we decouple

2This can be seen from the result that the Nash embedding can be obtained into an arbitrarily small ball. As an explicit
example, take Q = R with standard metric and embed it into R? via the map r(0) = arctan(6)/x + % in polar coordinates. Since
the integral of r(0) diverges both when 6 — +oo, we obtain (after arc length reparametrization) an isometric embedding of R
‘curled up’ into B(0;1), while the extrinsic curvature grows unbounded for 8 — —oco.
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the equations for x and y by inserting curves y(f) and x(t), respectively, that are ‘close’ to solution curves
of the original system. We directly include the perturbation 7 — v into the horizontal component of the
vector field; for the vertical component we include the perturbation in the nonlinear term f. This gives
rise to a nonlinear, horizontal flow @ (¢, fy, xo) and a linear, vertical flow W (¢, o) yo that depend on a
curve in the other space and satisfy estimates

Visty: DDyt fo,xo)ll < Cy X710,
Vi=ty: 1V, (2 )] < Cy epy(t—tg)’

where py, py are close to the original exponential rates —pp;, p—.

The next step in Section[3.6]is to define a pair of maps|(3.32)|between curves in X and Y in terms of
these flows and the decomposed vector fields[(3.16)} The composition T = T o (T, pr;) of these maps
will be a contraction on bounded curves in Y depending on a parameter x, € X, but we measure these
curves with |- || , norms for some exponent p with py, < p < py. Lemma shows that the fixed points
of T are precisely the vertical parts y(¢) of solution curves of the perturbed vector field # that stay in the
tubular neighborhood | y|l < n of M and have initial value xj for their horizontal part x(¢). The maps Tx
and T, generalize the center-unstable and stable components, respectively, of the Perron integral in the
fixed point case, cf. Section[1.4.2] The nonlinear flow along the invariant manifold is used in T, but now
depends on the vertical component y(f) too, while in the vertical, normal directions we use a variation
of constants integral to separate the nonlinear terms from the linearized flow, just as in the classical
Perron method.

This setup leads to a fixed point map ©: X — B,’? (I;Y) that maps an initial value x € X to the unique
bounded curve in Y that corresponds to a full solution curve (x, y) such that x(0) = xp. If we now evaluate
the vertical solution curve y = ©(xyp) at ¢ = 0, then we obtain the vertical component yy = y(0) € Y of the
initial value corresponding to xy € X. All these solution curves stay close to M and form an invariant
manifold, so the graph of

h: X —Y: xo— 0(x0)(0)

must describe the unique perturbed invariant manifold M. Application of the contraction principle
immediately implies that 7, and therefore M, is Lipschitz continuous.

In Sectionwe continue to prove that M is C*%. We start that section with a more detailed overview of
this smoothness part of the proof and in Section[3.7.1]we present a scheme to obtain the first derivative
in a number of steps. Higher smoothness then follows along the same lines, just with more complex
expressions, see Section Let us focus here on the basic ideas.

Smoothness of M follows directly from smoothness of ®. We study the derivatives of ® by formal
differentiation of the fixed point equation; this leads to Equation But let us consider for a
moment a simpler heuristic formulation, similar to equation for the hyperbolic fixed point in
Section[I.4.3] Then the derivatives of the Perron fixed point map are

t ~
DET () (1, ..., Oyk) (D) =f ¥ (t,7)-DF F(y(0) (81 (D), ..., Oyp (7)) dT.

Even if D¥f is bounded, it acts as a multilinear map on a k-tuple of variations dy;, each having
exponential growth of order p, so the result has exponential growth of order kp. This is canceled
by the exponential growth of W(z,7) if py < kp. Then D* T can be viewed as a contraction on D¥®, but
only when D¥® is viewed as a map into B*?(I; Y). To obtain continuity of the maps D¥ T, we have to
add another arbitrarily small term u < 0 to the exponent, i.e. k p + y; in case of a-Hoélder continuity we
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need p = a p. These key facts show how the spectral gap condition limits smoothness; see Section
for a detailed discussion and an example that shows that our smoothness result is in fact sharp.

The technique of using a scale of Banach spaces as developed by Vanderbauwhede and Van Gils [VG87],
and the fiber contraction theorem of Hirsch and Pugh [HP70] can be applied, and we obtain each D@
as a fixed point in the appropriate space. The final conclusion & € CF follows by evaluating D*®© at
t=0.

We have to be very careful however: higher derivatives of maps between manifolds are difficult to define
(at least in a practical way), so we develop some theory to describe higher derivatives using normal
coordinates in Appendix|C|and generalize results from R” to this setting. Secondly, the derivatives of
Ty, Ty only exist as ‘formal derivatives’ on ‘formal tangent bundles’. We endow these formal tangent
bundles with a topology induced by parallel transport. This allows us to study continuity of the formal
derivatives DTy, DT, at the cost of introducing additional holonomy terms. Finally, we do obtain the
D*® maps as derivatives of ©.

3.3 Compactness and uniformity

The classical results on normally hyperbolic invariant manifolds [Fen72; HPS77] assume the invariant
manifold to be compact. This is used to obtain uniform boundedness and continuity of the vector
field and other objects. Here, instead, we assume these objects to have the required uniformity directly,
replacing the compactness requirement. In this section, we expose some of the issues that need to be
dealt with and we present accompanying examples. We focus here on those issues that are not (clearly)
present in the literature and only show up when considering general manifolds. See Section[L.2.2|for
motivation and examples of noncompact NHIMs.

The primary requirement in the noncompact case—well-known to experts in the field—is that the vector
field defining the system must be uniformly bounded, including all its spatial derivatives up to the order
of the smoothness result requested. Secondly, the vector field should be uniformly continuous, and
uniformly a-Holder continuous when a # 0. The case a = 0 really is a special case, whose proof needs
more care. Holder continuity provides an explicit continuity estimate, which is tailored to the problem;
‘plain’ uniform continuity does not provide this, forcing us to use an (arbitrarily) small amount of the
spectral gap to compensate.

In the compact case, Fenichel [Fen72, p. 200] argues that persistence of the invariant manifold should
be independent of the choice of a Riemannian metric. Indeed, he proves that the exponential growth
rates are independent of such a choice, as all metrics are equivalent. In a noncompact setting, however,
non-equivalent metrics do exist and we do expect persistence to depend on the choice of metric, since
it determines which perturbations are globally C! small. Moreover, we make a technical uniformity
assumption of bounded geometry (see Chapter[2} also for example spaces of bounded geometry) on
both the underlying space and the invariant manifold. These assumptions are automatically satisfied in
the compact case. It is not clear though to what extend they are essential in the noncompact case.

The remainder of this section is devoted to examples that show multiple aspects that should be treated
carefully in the noncompact setting, while being trivially fulfilled in the compact case. Some interesting
examples can also be found in the early work [Hop66] by Hoppensteadt. He presents counterexamples
to uniform stability of solutions in a time-dependent singular perturbation setting when the stability
criteria do not have sufficient uniformity.
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3.3.1 Non-equivalent metrics

As a simple example of two metrics leading to different results in the noncompact case, let us consider
the following.

Example 3.6 (Non-equivalent metrics).

Let X = R?, Y = R with on the one hand the usual Euclidean metric ge and on the other hand a metric
gs induced by a diffeomorphism similar to stereographic projection from the sphere (with North Pole
removed) onto X = R?.

Let the vector field be given by

v(x,y) = (arctan(]| x|)) ﬁ, 1y) 3.1

with A < 0. This makes the vertical, y direction uniformly attracting with exponent A, while in the
plane X x {0} the origin is an expanding fixed point and the exponential growth rate is everywhere
non-negative. Thus, M = X x {0} is an r-NHIM for arbitrarily large r and v € Cl’; ,foranyk>=1ona
tubular neighborhood of M of size 1) = 1, say. See Figure[3.1jon the left side.

In polar coordinates (s,8) on X we have
v(s,0,y) = (arctan(s), 0, 1 y).

Now, instead of the usual stereographic projection map (¢,8) — (s = tan(¢/2),0) with ¢ = 0 at the South
Pole, we take
f:10,m) = Rxp: ¢ — —log(l —¢/m) 3.2)

and the corresponding diffeomorphism @ that acts trivially along the directions of 6 and y coordinates.
This diffeomorphism induces a metric g; on X by pushforward of the standard metric on the sphere.
The system with metric g is most easily studied by pullback to the sphere with North Pole removed, see
Figure[3.1|on the right side. This is an equivalent formulation since ® is an isometry by construction.
The vector field is then represented on S? x R by

(@ v)(,0,y) = (n(1 —@/m)arctan (- log(1 — /1)), 0, 1 y). (3.3)

This shows that the vector field is still Cé, although not C}j‘ , anymore in this metric. More importantly,
the system can be extended to include the North Pole as an attracting fixed point. The rate of attraction
along the perpendicular y direction has not changed from A, but along the horizontal directions of the
sphere, the attraction rate now is

. . _n
(})lgille(q) v)(g,0,0) = > (3.4)

In both metrics the normal exponential attraction rate is p, = A < 0 since the linear flow on Y is
decoupled from X. The exponential growth rate on X does depend on the choice of metric. For the
Euclidean metric g,, we have px = 0. This follows from an analysis of the radial component § = arctan(s)
of the system. At s = 0 this has unstable exponent 1, while away from s = 0 the tangent flow is uniformly
bounded away from both zero and infinity, so there the Lyapunov exponent is zero. With respect to
the metric g, it follows fromthat the Lyapunov exponent is px = —7 for solutions approaching
planar infinity. Thus, we see that if 1 > —7, then the system is not normally hyperbolic with respect to
the metric g5, while X x {0} is an 7-NHIM for any r = 1 under the metric g,. On the other hand, if 1 < -7,
then the system is still only r-normally hyperbolic with respect to g, for r < n/(21). Again, we can
construct an explicit perturbation similar to that in Example[1.1] If we add a small vertical perturbation
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y

Figure 3.1: a normally hyperbolic flow with respect to Euclidean and sphere induced metrics.

€ x with support away from the poles (compare with Figure[1.3), then along meridians passing through
supp ¥, the invariant manifold is lifted and approaches the North Pole ¢ = 7 approximately along a
graph y = C (n — ¢)"?}'", while on meridians not passing through supp y, the invariant manifold stays
at y = 0. See the perturbed flow lines in Figure[3.1] This results in unbounded C” derivatives of the
perturbed invariant manifold at the North Pole for r > -2A/x. O

We conclude that in the noncompact setting, normal hyperbolicity explicitly depends on the choice of
metric since metrics need not be equivalent. Moreover, the allowed size of the perturbations depends
on the metric.

Example 3.7 (Perturnbation sizes depend on the choice of metric).
We extend Example 3.6/above. Let A < —7 so that the system is normally hyperbolic with respect to both
metrics, and set

w(s,0,y) = (0, 0, arctan(s) sin(9)). (3.5)

Then the vector field v + £ w is a C! small perturbation of with respect to g, and perturbs the
original manifold M smoothly to a manifold M that has height converging to y = —¢ sin(20) /(21)
along radials when s — oco. The pullback of M to the sphere, however, has a discontinuity at the North
Pole, since s — oo corresponds to ¢ — 7, and so the North Pole is approached at different constant
heights along these radials. This apparent contradiction that ®* (M) is not a C! small perturbation with
respect to g, stems from the fact that w is not C! small with respect to this metric. The vector field w
has unbounded derivatives since g; ‘squeezes’ distances when approaching planar infinity, that is, the
North Pole. O

Thus, non-equivalent metrics also lead to different classes of C! small perturbations under which the
invariant manifold persists. Moreover we see that one cannot simply get rid of noncompactness by a
compactification argument. The metric g; is induced by a one-point compactification to the sphere, but
leads to different normal hyperbolicity properties than the noncompact case with metric g.. Any other
choice of the diffeomorphism ® would lead to the same problems, since pullback of the metric g, must
introduce a singularity at the North Pole. This cannot be equivalent to a metric that extends regularly
there.
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3.3.2 Non-persistence of embedded NHIMs

Let us give another example which shows that an embedded invariant manifold need not persist. This
example clarifies the remarks already made in the introduction in Section|1.6.2f noncompact embedded
NHIMSs can perturb into immersed manifolds. On the one hand, this example shows that it is natural to
consider immersed NHIMs. It also shows that a noncompact NHIM must have a uniformly sized tubular
neighborhood that does not self-intersect, in order to guarantee perturbation as an embedded manifold.
Further details can be found in Section [2.3|where the concept of a uniformly embedded submanifold is
defined.

|
v
|

|
A
|

Figure 3.2: collapse of a nearly self-intersecting invariant manifold.

In the example presented here, the unperturbed manifold is normally hyperbolic but noncompact and
‘touches’ itself in the limit to infinity, see Figure[3.2} the top image. In this case, we can find arbitrarily
small perturbations that will let the two persisting branches collapse into one at a finite point.

Example 3.8 (A non-uniformly embedded NHIM).
Let (x,y) € R? = Q. For x = 0 we define the vector field v of the system in polar coordinates, and for x =
in Cartesian coordinates as

1
2

(0)=v(r,0) =1 —r, —sin(@/2)) if x=rcos@) =<0,
(3.6)
(&, ) = v(x,y) = (e, ~y) it x=3.

We glue these vector fields together in a smooth way somewhere between x =0 and x = % Then the
manifold as shown at the top in Figure[3.2)is a NHIM. The flow attracts uniformly in the normal direction
with rate —1 (except that the rate may deviate slightly around the glued area), while along the manifold,
the flow has an expanding fixed point at (—1,0) and the contraction in the direction of x — oo is weaker
than exponential. Explicitly solving the flow for x = % yields

®’(x,y) = (log(e* + 1), ye™ ),

which exhibits the rates of contraction in the normal and tangential directions by considering either
projection in

. 1
tlLrglo - log (7x,y o DO (x, y)).
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Let us now introduce the very simple perturbation vector field w(x, y) = (¢, 0) for x = 1 and smoothly
cut off to zero left of x = 1. When this perturbation is added to the vector field v, the vertical line
x = —log(e) becomes a stable, invariant set, see Figure [3.2 the bottom image. The upper and lower
branch of the original NHIM will both converge to the newly created fixed point (-log(e), 0). On the
right side of this point the manifold is given by the single line y = 0.

Each branch separately persists as a C* manifold, as could (naively) be expected. The problem is that we
have no control on the distance between the two branches, so for any ¢ > 0, these branches will collapse
at some point where the persisting object ceases to be an embedded manifold. As already remarked,
there are two ways to address this issue. One can abandon the implicit assumption that the NHIM
is an embedded submanifold and replace this by immersed submanifolds; this idea was introduced
already in [HPS77|. If one insists on having embedded submanifolds, even under perturbations, then
one must eliminate the possibility of these ‘collapses’ occurring. A sufficient condition is the existence
of a uniformly sized tubular neighborhood of the invariant manifold that does not intersect itself. Global
control on the perturbation distance of the invariant manifold will imply that the perturbed manifold
stays inside this tubular neighborhood and thus will not self-intersect. O

3.3.3 Non-uniform geometry of the ambient space

The previous examples were set in Euclidean space. The next two examples show that additional
uniformity conditions must be imposed on a nontrivial ambient space. It is not enough to assume
uniform continuity and boundedness for the dynamical system. The first example is an extension to
the previous one and shows that the ambient space must have a uniformly finite injectivity radius. The
second example indicates that even if the ambient space has finite injectivity radius and trivial topology,
persistence might be lost due to non-bounded curvature of the ambient space.

Example 3.9 (Zero injectivity radius).

We construct as ambient space Q a cylinder whose radius shrinks exponentially. That is, we take
Q=Rx S! with metric gx,0)= dx? + e~2*d62. See Figurefor an impression, but note that the metric
induced by the embedding in R® is not (and cannot be made) the same as g. The vector field

v(x,0)=(1,0) (3.7

generates a simple flow along the cylinder, and each solution curve is a NHIM purely due to the fact that
all curves flow into an exponentially shrinking tube, while there is no contraction along the curve.

Figure 3.3: a non-uniform cylinder with a winding curve.

Let us consider the invariant manifold M = {6 = 0}. We add a perturbation to the vector field that is
given by 0 = ¢ for x = 0 and is smoothly cut off to zero left of x = 0. This perturbation is smooth and C'
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small with respect to the metri(ﬂ g. When the original curve M enters the region x = 0, it is modified to
a curve M that starts winding around the cylinder, as indicated in Figure

This clearly cannot be represented in a tubular neighborhood of M in Q since the curve would leave
the neighborhood ‘above’ and reenter ‘from below’. On the other hand, the normal bundle of M can
be viewed as a covering of Q, and on that covering, M is represented by the function (x) = € x, which
is still a bounded graph with norm [|6(x) || = € x e™*, but which winds around since 6 € [0,2 7). Thus, a
globally finite injectivity radius seems a necessary requirement if we want the perturbed manifold to be
represented in a diffeomorphic tubular neighborhood of M. O

The second example indicates that a finite injectivity radius is not enough; unbounded curvature of
the ambient manifold might lead to loss of persistence of the NHIM. It should be pointed out that this
example satisfies all properties of normal hyperbolicity with uniform estimates up to C! smoothness,
except that the vector field has no uniformly continuous derivative. I have not been able to add this final
property to create a complete counterexample where persistence fails in the absence of the curvature
property of bounded geometry only.

Example 3.10 (Unbounded curvature).
Let Q = R3 with metric

g(x,y,2) = dx* +exp (- 2|x|arctan(x z)) dy* + exp (- 2|x|) dz7, (3.8)

but with component functions symmetrically smoothed around x = 0. This Riemannian manifold is
invariant under translations in y and has a mirror symmetry involution in any plane of fixed y. Hence,
each submanifold { y = yy} is geodesically invariant.

Let the vector field be

(x,0, —arctan(z)) for |x|<1,

v(x,y,2) = (3.9

(sign(x), 0, 0) for |x]=1,
and smoothly glued together in a neighborhood of the boundary |x| = 1. Thus, the whole system is
invariant under translations in y, and within any plane {y = yy}, the point (x, z) = (0,0) is a hyperbolic
fixed point with eigenvalues 1 and —1 in the x and z direction, respectively. The system also has a mirror
symmetry around x = 0; from now on we only consider x = 0.

—

\

x=1 x=3

Figure 3.4: perturbation of a normally hyperbolic system in unbounded geometry.

3Measuring the C! size with respect to g requires taking covariant derivatives and may introduce results not directly
apparent in coordinates (x,6). A perturbation term 6 = ¢ exp(x) would still be globally small in this metric.
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The plane M = {z =0} is a NHIM,; it is clearly invariant under the flow, and similar to the exponentially
shrinking cylinder, the metric contracts in the z direction along solution curves x — oo, while no
contraction occurs along the manifold. On TM the metric reduces to gltys = dx? + dy?® while the flow is
linear in time. On a neighborhood of the y-axis, finally, normal hyperbolicity follows from the attraction
along the z directions due to the term —arctan(z) in

The vector field v and its covariant derivative are uniformly bounded with respect to the metric. For
x < 2, this follows from the fact that g including its inverse and derivatives, as well as v and its derivatives
are bounded. For x = 2, explicit calculations in local coordinates show that | v|| = 1, while we have

0 0 0
Vv=]|0 —1+fxzz)2—arctan(xz) 01,
0 0 -1

expressed in an orthonormal frame, which is bounded as well. The second covariant derivative Vv
is unbounded, though. This indicates that Vv is probably not uniformly continuous for a reasonable
definition of uniform continuity, cf. Definition 2.9} although I have not completely investigated this
question.

The Ricci scalar curvature of Q is unbounded and on M = {z =0} it is given by
S=-2(1+x* e?‘x).
Clearly, this implies that the Riemannian curvature is unbounded too.

Remark 3.11. In hindsight, it should probably not come as a complete surprise that V2 v is unbounded.
The Riemannian curvature is unbounded, and since it is the generator of holonomy (see Section[2.2), it
can thus generally be expected that holonomies along infinitesimal loops act as an unbounded family
of operators on v. These are expressed in local coordinates by second covariant derivatives of v:

R(@i,aj)UIVaiVaJ.U—Va].Vai v. O

We proceed with checking that exp: N — Q has finite injectivity radius on the normal bundleE] N of M.
Then all assumptions for persistence are fulfilled, except for bounded curvature (and uniform continuity
of Vv). As each submanifold { y = yy} is invariant, we can restrict our investigation to y = 0, such that
x denotes the coordinate along the base manifold of the normal bundle; let ¢ denote the normalized
coordinate in the vertical direction. The exponential map of (x, t) is generated by the geodesic flow as
follows: start at x with vertical unit vector and then follow a geodesic for time ¢. For x = 2, say, this flow
is well-defined and stays inside the region x = 1 for some bounded time |¢| < r. The diffeomorphism
group
Px,2)=(x+&ze)  with CeR

translates along x while simultaneously scaling z, see also Remark[2.2] In the region x = 1 this is an
isometry, so the exponential mapping defined for x = 2, |¢| < r can be isometrically mapped onto the
whole region x = 2, |#| < r. For x on the compact interval [0, 2] the exponential map must have a finite
injectivity radius too, so there exists a global r > 0 such that exp: N<, — Q is diffeomorphic onto its
image.

4We should actually show that the injectivity radius of Q is finite, i.e. rinj(Q) > 0, at least in a neighborhood of M. I have not
been able to do this. Finite injectivity radius of the normal bundle does allow us to construct a tubular neighborhood to model
persistent manifolds close to M, though.
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Now we add a perturbation in a similar spirit to that in Section|1.2.1} we lift M by a local, vertical
perturbation of the vector field, varying along y. In a neighborhood of the plane x = 2 we add a small
vertical component

-1
Z:E(Z—COS(y)) exp(m) if |x=2]=1.
In the region x < 1 the flow is unmodified, so there the perturbed manifold M must coincide with the
original M; otherwise it would not stay in a bounded neighborhood of M under the backward flow.

Around x = 2, the flow lifts M to at least a height

zze/gexp(_—l) dx=¢/4

1 1-(x-2)?

and the height z depends on y, see Figure Then in the region x = 3 the manifold M continues along
X =1 atthe same y, z coordinates. Now we have /4 < z < 6 ¢, so for all small € > 0 the y component of the
metric along the flow on the invariant manifold eventually shrinks at an exponential rate that is stronger
than in the z direction, while M has variable height z(y) independent of x. Hence the Lipschitz norm
of M can be estimated by measuring z'(y) with respect to the metric g along the manifold. But z'(y)
is nonzero and constant along x in coordinates, while horizontal distances along y shrink faster than
vertical distances. This means that the Lipschitz norm of M grows unbounded for x — co. Moreover,
the normal exponential growth rate does not dominate the tangential rate anymore, so the perturbed
manifold is not normally hyperbolic anymore. O

X

Figure 3.5: the graph of the perturbed manifold with respect to the Euclidean metric (top) and an approximate
image of the same graph with respect to the metric g (bottom).
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3.4 Preparation of the system

As a first step towards proving Theorem [3.2] we shall bring the system in a form suitable to apply
analytical tools to it. Let

X=vx(x, ) €T X,
TR YIS (3.10)
y=uvy(x, )€Y,

be the decomposition of the vector field v along X and Y. The invariant manifold is given as the graph
M = {y = h(x)}. We dropped the explicit dependence on ¢ from the notation. The full flow of v will
be denoted by Y, while ®, ¥ are reserved for flows defined in terms of the horizontal and vertical
components of v, respectively. To shorten notation we write g(x) = (x, h(x)). We shall always assume
that |yl =n.

Our goal is to establish a linearized form
v(x,y)=AX) y+ f(x,) (3.11)

for the vertical part of|(3.10)|such that f is smalland A, f € C Z’Z‘, while the flows ®” and W’ generated by

x = vx(g8(x), (3.12)
y=Ax(®)y  with g(x(#)) asolution curve on M, '

should satisfy exponential growth estimates|(1.10)|as in Definition[1.8| of normal hyperbolicity with
exponents py, py close to the original —py, p_, respectively; the corresponding constants Cy;, C_ may
differ arbitrarily from the original Cy;, C_.

E;, Y

\

B2

Figure 3.6: The splitting T;, (X x Y) =T,,M & E,, with m = g(x).

We first identify the invariant splitting and associated flows on Ty;(X x Y) to be able to relate these
exponential growth rates, see also Figure[3.6] By definition of normal hyperbolicity (without an unstable
bundle) we have

TuM(XxY)=TMe®E~, l=nry+ng, DY'=DY),eDY.
with associated exponential growth rates|(1.10)} On the other hand we have the splitting
TXxY)=r,(TX)eny(TY)ZTX x (Y xY)

that is naturally induced by the trivial bundle structure. The identification Dg = 1rx + Dh: TX — TM is
bounded linear with bounded inverse, so the associated vector field g* (v) = v, o g on X generates a flow
®! such that D®’ has the same exponential growth rate as DYfV[, up to a bounded factor [[Dg~!|| - [Dg]l
due to the norms on the different tangent spaces. Recall that v, depends on a parameter o € (0,0¢]. We
choose the bound o, small enough such that for all o < o; we have

Vi<0: |D®<Cye P! with Cp=2Cy.
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Let N = n;(TY)|p denote the vertical bundle over M, whose fibers can be canonically identified with Y.
Just as above, we want to project the flow DY onto N while preserving the exponential growth rate. The
projection mg- along TM is uniformly bounded for all o. This means that the angle between TM and E~
is bounded away from zero. Since TM can be chosen arbitrarily close to the horizontal TX by choosing
o sufficiently small, it follows that the projection Dn,|g-: E~ — N and its inverse mg- y are bounded
for all o < 0, when o is sufficiently small, see also Figure To this end, let (0,¢) € Tg(x) (X x Y) and
consider the identity
¢ =Dy -(0,¢) =Dy - (mrpm +7E-) - (0, 0).
We have mtps- (0,¢9) € TM so it - (0,¢) = ({,Dh(x) &) where & = Dmy -ty - (0,¢0) € T, X Now we have
estimates
ISl = 1Dy wrpm (0, ) < llwramllllpll,
lI7wra - (0,9) 1 = IDRX) SN < o lwrmllliel,
IDmy - wg--(0,9)ll =l =Dy -mwrpr- (0, 0) | =2 A =0 llwram Dl

from which it follows that Dr, |- has an inverse ng-n: N — E~ for which we have the bound ||7g-n <

— . 1
(L= lryl) ™ g I < 2l || if we choose 01 < .

Consider the flow
W' =Dn,oDY'omg-n: N— N, (3.13)

generated by Dv, o - vy along solution curves g(x(t)). Both Dn,|g- and ng- v are uniformly bounded,
so the exponential estimates of DY’ carry over to W up to a constant factor:

Vi=0: [P <C el ! with C_=2|ng|C-. (3.14)

We have thus constructed flows ®’ and W/ on X and N, respectively, that are generated by
vxog and A(x)=Duy(g(x) mpn(g(x)

with a solution curve x(t) of the vector field vy o g inserted. These flows are of the form|(3.12)|and satisfy
exponential estimates|(1.10)|inherited from the invariant bundle splitting.

The vector field vy o g already has sufficient smoothnes but A is not smooth enough since the
projection - y is only continuous. We construct A € Clbc’f; as a smoothed approximation of Dyvyog.
This term is C°-close to A, since

IA-Dyvyoglo=lI(Dxvyog)-Dry-me-nllo < IDxvy o glo el (3.15)

because Dny - mp-n = 1y and |[Dyvy o gl is small. Lemma will imply that the flow W’ of this
approximation has exponential growth estimates close to those of /. The following lemma will
be used to obtain A from Dy v, o g. We apply it with [ = k-1 to obtain A € Cl’j(X;ﬁ(Y)) such that
|A=Dyvyoglix-1 <€(v). Thislemma is a (strongly) simplified version of Theorem the notation of
I, k is reversed to match the context here.

Lemma 3.12 (Uniform smoothing of a vector bundle section).

Let (X, g) be a Riemannian manifold of bounded geometry and V a Banach space. Let f € C IIW(X ;V) bea
section of the trivial vector bundlen: X x V — X.

Then for any k > I and € > 0 there exists a smoothed function f € CI’)C (X V) such that | f-flli<e. (The
bounds on higher than l-th order derivatives will generally depend on €.)

51t may seem impossible to define a Ck vector field v on the tangent bundle TM of a c* manifold M since TM € Ck~1.
See |[PT77, App. 1] or [PT83, p. 398] for a method to endow an invariant submanifold M € ck with a compatible topology that
makes v|ps € ck. we effectively used this in our definition of vyo g e ck.
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Proof. We apply convolution smoothing of Lemma in each chart of a cover of X and glue these
together.

Let 0 < 01 < 62 < 03 and let {B(x;;02)};>1 be a uniformly locally finite cover of X obtained from
Lemma [2.16] such that the ,-sized sets already cover X, and the 03-sized sets still have normal
coordinate charts. Lemma yields a uniform partition of unity }_;>; x; subordinate to this cover.

In each chart B(x;;62) we apply Lemma to f with r = 6, and 26r < §3 — §,. We obtain f, € C;;u
on each chart with uniformly bounded C*-norms and | f; — f|; can be made as small as required by
choosing the parameter v small. We glue these together to one function

f=Xxifi
i=1
defined globally on X with the functions y; € Cl’f .+ Together with the uniform bound on the number of
charts in the cover that intersect any one point, this guarantees that f satisfies estimates equivalent to
those of the f;. Note that | f|; does not depend on the smoothing parameter v, but the higher derivative
norms do. 0

Remark 3.13 (On loss of smoothness).
We must carefully construct the system|(3.11)|in order not to lose one degree of smoothness, while at
the same time retaining exponential growth rates and proximity estimates.

The invariant complementary bundle E™ is only continuous, while the normal bundle of M is only
C*-1, even if disguised in coordinate expressions. We use the linearization at y = 0, but not directly,
since Dy vy (-,0) € CZ;I’“ artificially decreases the smoothness as well. The loss of smoothness in [Sak90]
occurs for these reasons. Note that even though we retain C*® smoothness by a convolution smoothing,
this does not preserve higher than C¥~! bounds. This seems to be an artifact of the proof, inherent to

the partial linearization along Y.

In the proof of Theorem[3.1|we construct a smoother, approximate manifold M, exactly to circumvent
these problems. In the trivial bundle setting of Theorem then, we must be careful not to pick
a representation that reintroduces this loss of smoothness. On the other hand, we do not seem
to obtain optimal results in the sense that we require | |, small, while the classical results in the
compact case only require M = Graph(h) € C'. Similarly, h € Clg with k = 3 is assumed in [Sak90, p. 501,
while hypothesis H2 in [BLZ99, p. 987] is imposed to bound ‘twisting’ of the invariant manifold. This
requirement seems closely related to our condition on h, and is necessary for the same reason as in
our Theorem 3.1} to construct a tubular neighborhood of uniform size. I do not know whether these
stronger assumptions can be weakened or removed. O
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3.5 Growth estimates for the perturbed system

We shall finally put all the ingredients together to obtain exponential growth estimates for perturbed
flows contained in the tubular neighborhood || y|l =7 of X x Y. We write the perturbed vector field 7 on
X xYas

x: ﬁX(x; _V),
y=0y(x,3) = AX) y+ f(x,), (3.16)
where f(x,y) = f(x, )+ (0y(x, ) — vy (x, ).

Let us assume that the conditions of Theorem 3.2]hold true. First, if pys = 0, then for any fixed r we
can always slightly increasef] to pp > 0, such that the growth rates and spectral gap condition
p— < —r py still hold true; this way, we get rid of degenerate exponentials in integrals. We have some
‘spectral space’ Ap =1 ppr— p- > 0 that we use to define modified exponential growth numbers
Ap ~
Px=—PM—— Cx=2Cpm,

4 (3.17)

Ap ~
pY:p_+T, Cy=C_.

This allows us to get all perturbed flows within these slightly modified growth rates, while we reserve
another Ap/2 spectral space for later use, such as proving (higher order) differentiability. Note that both
Py, Px are negative since we focus on the stable normal bundle.

We first fix some notation to be used throughout the proof:
* C, denotes the global C*% bound on v and 7.

* £(v) denotes the perturbation size in Lemma depending on the smoothing convolution pa-
rameter v from Lemma2.34, while C, (v) denotes the C*% bound on 4, f, which may grow due to
smoothing when v — 0. We also have || Allx_1, | fllx-1 < C,.

* { denotes a small bound both on the derivative of f and on perturbations of the horizontal vector
field on X, that is, we impose bounds

sup IDf(x,»l<¢ and  sup l7x(x,y) — vx(x, R <,
xeX xeX
lyll=n lyll=n

and the size of { will be controlled by 6, o1, v, and 7.
Let us point out here that multiple parameters must be chosen small, some dependent on other small

parameters. The following graph shows all dependencies; an arrow indicates that the choice of a
parameter influences the choice of the object pointed to.

0 o1 ;T
J’ { B, 7) (3.18)

other (small) constants and bounds

6We have pj; = 0 from|(1.10)l Note that we are interested in —p for the stable side of the spectrum. In the rest of this
chapter, all exponential rates will be negative.
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The constants and bounds include|(3.17)|and C,, and are all fixed. Note that there are no circular
dependencies, so we are free to choose any of these parameters smaller if necessary without the risk of
having unsatisfiable constraints.

By invariance of M = {y = h(x)} we have

vy(x, h(x)) = % =Dh(x) - vx(x, h(x)). (3.19)

This can be used to estimate || vy (x, h(x))|| < 0, C, and derived estimates, such as (taking the derivative
with respect to x)

IDxvy 0 gll < IDy vy [IDR] + ID*Alllvy 0 gll

(3.20)
+[DA|I(IIDvyo gl +IIDyvyo gllIDAI) <4Cyoy

where 0, <1 has been assumed. Together with previous estimates, this leads to

I f(x,0)1l = vy (x,0) — A(x) - O]l

< IDhX) vy ogllo < 01Cy,

Dy f (x, I = IDxvy (x, y) =DAX) yll
< [IDxvy(x,y) = Dxvy(x, (X))l + IDxvy o gllo

+(ID(A=Dy vy 0 @)l + DDy vy o) 11

<éep,.,M+01)+4Cyo1+(eV)+Cy)n,

IDy f(x, Yl =Dy vy (x, y) = AX)|
< IDyvy(x,y) =Dyvy(x, R(X) N + IDyvy o g — Allg
<ép,nyM+o1) +elv),

1% (x, ¥) = vx (x, RO < 105 (x, ¥) — vx (x, M+ [0k (x, y) — v (x, R(X) ]

<6+ey,(M+o1).

Hence, | f(+,0)]lo can be made small independently of 1, while | fli;, | 7x(-,y) — vx o gllp < { can be
obtained for any ¢ > 0 depending on 6, 17, 01, €(v), and the continuity moduli ep,,, €,,. So if we set

(=5C,01+2€epy,M+01)+ (€M) +Cy)n+eW) +€y,(n+01)+6, 3.21)
then || fll1, 17x(+,y) — vx o gllp < ¢ hold and ¢ is small when 9, 01, v, n are.

We need the following result to control the C¥~! distance of the perturbed manifold M to M.

Proposition 3.14. Foranye >0, the nonlinearity f and its partial derivatives with respect to x € X can
be bounded as

VO<i<k-1:|D.fl<e (3.22)
by choosingn, v, a1, |kl k, and || ¥ — vl x_1 small enough.
The idea of the proof is the following. If M is described exactly by h(x) = 0, then by invariance we

have vy (x,0) = 0 (cf.|(3.19)), hence D.vy(x,0) = 0 as well. We adapt the proof to incorporate small
perturbations introduced by the nonzero function % and the convolution smoothing of A.
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Proof. Note that f is defined by|(3.16)|and|(3.1 l)l as

fa,y=v,,y)-AX)-y+ [0y (x, ) = vy (x, )], (3.23)

where A is defined as a convolution smoothing of Dy vy o g such that |A—Dyvy o gllx_; < €(v). The term
in brackets obviously becomes small when || — v| ;- does. For the second term note that || y| <7,
while || Al x— is bounded close to |[D, vy o gl x—1, which in turn can be estimated by |Dy, vy [lx—; < Cy and
| 2]l -1 after application of Proposition[C.3]

For the first term in|(3.23)|we use the continuity modulus of D% v, to estimate
ID% vy (x, I < 1D vy (x, R +£py,, (Ily = RO,
while ||y — h(x)|l <7+ 0. We insert|(3.19)|and apply Propositionanother time to obtain

DL vy (x, h(x)) = DL [Dh(x) - vy (x, h(x)] = Y. DIDIv, (x, h(x)) - Py i—i (D" h(x)).
[=0,m=1
l+n’;nsi
This expression can be made small since IIDQDJ’," vyl < C, and each term contains at least one factor
D/ h(x) for some 0 < j<k. O

Remark 3.15. Note that we cannot improve the result to a C¥ size estimate, since || Al < C(v) may grow
with v — 0, while compensating this by choosing 1 smaller would introduce a circular dependency
in[(3.18) O

As the next step, we will derive exponential growth estimates for the perturbed system|(3.16)| More
generally, we consider the horizontal flow ®, and vertical, linear flow ¥, generated by

X=0y(x, ), (3.24a)
y=AW®y, (3.24b)

with specific curves y: I — Y and x: I — X substituted, respectively. The following series of lemmas and
propositions show that these flows are small perturbations of the flows of and satisfy exponential
growth rates We prove the nonlinear case on X and the linear case on Y separately, since we use
C' smoothness for the nonlinear case, while only continuity can be assumed for the linear case.

Lemma 3.16 (Growth estimates for a perturbed system).
Let X be a Riemannian manifold and let the system x = v(t,x) with v,Dyv € Cg have flow © with
exponential growth estimate

Vxg€ X, t<fy: IDD(L, to, x0)|| < CeP™10, (3.25)

Let 7 = v+ be a perturbed system generating a flow ®. For each p < p and C > C, there exists a6 > 0,
such that if | rll, |IDxr |l < 8, then ® satisfies the growth estimate|(3.25) with p and C inserted.

Note that this lemma is formulated in backward time.

Proof. Choose T > 0 sufficiently large such that Ce?") < ¢/T), By continuous dependence of
the solutions of differential equations on parameters (see Theorem|A.6/and Remark[A.7), a C! small
perturbation r results in a C! small perturbed flow ® on compact time intervals — T < t — fy < 0. This
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result is uniform in %y, t when v,r € C}lj, where differentiation is understood with respect to x only. Hence
we obtain
sup | DD, 1o, xp)| e P < C
XoeX
—T<t—1ty<0
if 6 is chosen sufficiently small. Writing t -ty = —(nT + 1) with n € N, 7 € [0, T), we use the group
property of the flow to obtain

DB, 1o, x0)| < (CePD)" G Pl < P M) G oPl=T) < G P~ O

Lemma 3.17 (Perturbation of linear flow).
Let Y be a Banach space and let A € Cg (R; £(Y)) generate a flow ¥ (t, ty) with growth estimate

Y= to: |W(t, to)l < CePli=H0), (3.26)

Let p > p be given and set 6 = ﬁ%p >0.IfBe Cg (R; £(Y)) is globally bounded by 5, then the flow ¥ (t, o)
ofA(t) =A(t)+ B(®) satisﬁes with p inserted.

Proof. The variation of constants integral equation for ¥ is

t
Vit t)=Y(t,to)+ | Y(t,1)Br)¥(1,10)dr. (3.27)
To
We shall prove the estimate for ¥ with an approach inspired by Gronwall’s lemma. Note that our
variation of constants formula|(3.26)|is slightly different from the standard context of Gronwall’s lemma,
since we do not have a bound for A.

We denote by (¢, fp) = C eP"~%) the bound on ¥. Now 1/ (t, ty) = C eP!~1) satisfies the integral equation

t
Pt 1) =yt i)+ | w(t,0)6%(T, 1) dr (3.28)
2}

when 6 C = p — p. We verify this by calculating the right-hand side:

t
CelP=1) 4 | CePU=Dg§Cel ™0 qr
To

t
— Cep(t—to) [1 +6cf e(ﬁ—p)(r—to) dT]

o

6C
p-p
= CePt-10) e(ﬁ—p)(t—to)

— CePlt—t0) [1 " (elP=PI=10) _ 1)]

— Ceﬁ(t_to).

Next, we prove by contradiction that
[P, )| <92, 10).
Thus, let
n=inf{reR| =1 and V(s 1)l > ¥(t, 1)}

Note that W is the solution of a differential equation, hence continuous. We write || ¥ (z, to)|| = #/(z, o) +
f (1), so we may assume that f(#) <0 for € [f, #;], but there exist t € (11, f»] arbitrary close to #; such
that f(#) > 0. Let f,,) attain its supremum at ¢, thus we have

sup f = f(¥) > 0.

[t1,1]
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We insert these estimates into the integral equality|(3.27)|and obtain
t
[P, 00) | =9(t,10) + F(O) <w(t,10) + f y(t,7)6 (Y1, 1)+ f(1)) dv
Io

r
sy(t, t0)+[t w(t,1)6 f(r)dr

<Y(t,ty) +(t1— 16 sup w(t, 1) sup f,

TE[1,1] [f1,1]
where we used that §(t, fp) satisfies |(3.28)|and that f|,,,; < 0. Now we choose t, and therefore ¢
sufficiently small that (¢ — #1) 6 sup,¢(,, 4 W(£,T) < g < 1, which leads to the contradiction

f)=qgsup f<f(p). O

[ty,1]

Proposition 3.18 (Perturbation of X-flow estimate).
If 6,n, 01 are sufficiently small, then the flow of|(3.24a)| satisfies the modified exponential growth

estimates|(3.17) for any y € B, (R; Y) inserted.

Here B;(R; Y) denotes the closed ball of radius 7 in the space of bounded continuous functions R —
Y.

Proof. Define the non-autonomous system v(t, x) = ¥y (Z, x, y(£)). This system is a C! small perturbation
of (vx o g)(x), uniformly in

lv(t, x) = (vxo @)X < | 9x(x, y(£) — vx(x, y(O) | + vk (x, (£) — vx(x, R(X)|
<d+epy(n+o1),

IDxv(t,x) —D(vxo g) (X)) < Dy 0x(x, y(£)) = Dyvy(x, y(DI
+ 1D vy (x, y(£)) = Dxvx(x, h(x)) |l

S5+£Dy(n+01),

where ep, denotes the uniform continuity modulus of v and its first derivative, which can be made
small by choice of 77, 01. We apply Lemma|[3.16|to obtain exponential growth numbers Cy, p for[(3.24a)
by choosing § + ep, (n + 01) sufficiently small. O

The following definition and lemma for flows on X are again formulated in backward time, similar to
Lemma[3.16l

Definition 3.19 (Approximate solution).

Let X be a Riemannian manifold and v(t, x) a time-dependent vector field on X. We call a continuous
curve x: R — X a (B, T)-approximate solution of v if for each interval [t,, t;] cR with t, —t, < T and
associated exact solution curve ¢ of v with initial condition (1) = x(t1), it holds that

sup d(x(1),&(1) < B. (3.29)

h<t<h

It would have been easier to define approximate solutions as C! curves x such that || x(£) — v(t, x(1)) || < B.
We shall want to work with C°-norms, though, and C' curves do not form a complete space under
such norms. We use this continuous curve definition to avoid any complications associated with non-
completeness. We still have the following result, as a discretized variant on variation by constants
estimates.
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Lemma 3.20 (Growth of approximate solutions).

Let X be a Riemannian manifold, v(t, x) a time-dependent vector field on X, and x a (B, T)-approximate
solution of v. Assume that v generates a flow ®>" that satisfies the exponential growth estimate
with C =1, p <0. Let ¢y denote the exact solution of v with initial condition &y(0) = x(0).

Then the distance d, (x, o) is finite on the interval (—oo, 0], and explicitly bounded by
d < f|1 ¢ 3.30
p(x,fo)—ﬁ( +m)- (3.30)

Proof. Let ¢; with i € N be the associated exact solutions of x that satisfy |(3.29)| on the interval
[-(i+1)T,—iT]. We have d(fi(—(i+ D), & (-0 + l)T)) < B. Hence, d,({;,&i41) < ﬁceP(Hl)T on
the interval (—oo, (i + 1) T] by the exponential growth estimate.

Thus on each interval [-(i + 1) T, —i T] we can use the triangle inequality to estimate

i—1
dp(x,&0) < dp(x,E))+ Y dp(&j,Ejr1)
j=0

i-1
<BefiT+Y BCePUVT
j=0

C
< ﬁ(l + m)
The union of all such intervals is (—oo, 0] hence|(3.30)|follows. O

Proposition 3.21 (Perturbation of Y -flow estimate).

Let x be a (B, T)-approximate solution to vy o g. If T is sufficiently large and o4, v, B are sufficiently
small, then the flow ¥ of A(x(t)) has exponentially bounded growth as specified in|(3.17), that is,
W, (1) < Cy ePY =10 forall t = t.

Proof. Let p = %(p_ +py) < py and choose T > 0 sufficiently large that C_ePT < e?rT. Let x; be an
exact solution to v o g such that SUD e[t £47T) d(x(1),x;(t)) < B per Deﬁnition hence the flow ¥ of
Ax; (1) satisﬁes thatis, |W!| < C_eP-t. We decompose A(x(?)) = A(x; (1)) + B(#) and estimate
IB)I = | A(x(0) — Alx; (1) ]|
< | A(x(9) = Alxi () || + || Axi (1)) = Dy vy 0 ) (x: (1) |
+ || (Dyvy 0 ©)(x; (1)) — Alxi (1)) |
< DAl d(x(8), x; (1)) + €(v) +4Cy o1 2l mE- |l

Note that || All; is bounded close to | Dy vy |l; < Cy, and|(3.15)|and|(3.20)|were used to estimate the third
term. We thus have || B(#)| < 6 for any 6 > 0 when o4, v, § are sufficiently small. Hence by Lemma(3.17}
we have |V (1,70)|| < C_ e?T~70) for any 7,7 € [£;, t; + T.

Now we cover the interval [y, ¢] by intervals [y + (i — 1) T, fp + i T] with corresponding exact solutions x;
that approximate x. As in the proof of Lemma|3.16} we write ¢ — ) = n T + T and use the group property
of the flow to obtain

I (1, 1)l < (C- eP T)n C_ePT <Py "TC_ePrT =(C_gPr-t)
We note that C, = C_ to complete the proof. O
Using these results, we choose T sufficiently large and d, 1, o1, B, v sufficiently small that the modified

flows D®,, ¥, satisfy exponential growth rates|(3.17)|when curves y € B,(R; Y) and (6, T)-approximate
solutions x € C°(R; X) are inserted.
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Lemma 3.22 (Variation of linear flow).

Let X be a metric space and Y a Banach space and let A € CZM(X ; L(Y)) be a family of linear operators on
Y that depends uniformly a-Hédlder continuous on x € X, with Holder coefficient C, and0 < a < 1. Let
Y denote the flow of A under a curve x € C(I; X), and assume that it satisfies the exponential growth
condition|(3.26),

Then the variation of the flow satisfies the Holder-like estimate

2

C,C
(Y1 =) (£, 1) =

e dy (x1, x0) % e PT (3.31)

when d, (x1, x2) is finite.

Proof. Let d,(x1, x2) be finite, let ¥, ¥ be the associated flows of A and denote Y =¥ —¥,. We have
for Y the differential equation

d
EYU'T) = Ax1 (1)) Y(6,7) + [A(x1 (1) — Alx2 (1)) Wa(t,T),  Y(£,1)=0.

By variation of constants we obtain

t
1Y (£, )l Sf W1 (t,0) [ Cq d(x1(0), x2(0)% |¥2(0,7) || do

t
<C, C? ep(t_”f dp(x1,x2)% %% do
T
Cq C?
e

< PUTD d (x1,%2) %P7 O

3.6 Existence and Lipschitz regularity

We start with proving Lipschitz estimates for two mappings onto curves in X, Y, respectively. These
mappings will be combined to a contraction mapping T'. Its fixed points parametrized by xp € X will
correspond to the unique solution curves of the modified system|(3.16)|that stay bounded.

Let B (I;Y) denote the Banach space of exponentially bounded, continuous curves in Y on the interval
I = (—00,0] and recall that in this chapter we always assume p < 0. Additionally, we denote by B,‘; (L) =
BP(I;Y) N By (I;Y) the subset of curves y(f) which are moreover globally smaller than 7. The closure of
By (I;Y) is given by By (I; Y) = B (I;Y) N B, (I; ).

Proposition 3.23. The space Eﬁ (I;Y) is a closed subspace of the Banach space B (I;Y), hence a complete
metric space.

Proof. Consider the evaluation mapping ev;: B°(I;Y) — Y: y — y(t). For each fixed ¢ € I thisis a
continuous mappingas [ y(D)ll < Iyl eP ! with e’ a finite number.

Let R = B(0;n) be the closed ball in Y, then we have

BY(LY)=[)ev; ' (R)
tel

as an intersection of closed preimages under ev;, hence closed. O
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For curves x(t) in X, we cannot construct a similar space B (I; X) as X is not a normed linear space.
Instead we construct a (not necessarily complete) metric space. Let B°(I; X) = (C°(I; X), d,) denote
the space of continuous curves equipped with the metric[(1.17)| (which is allowed to take the value
oo) and let BY(I; X) be the subset of curves x € C°(I; X) that are (B, T)-approximate solutions to vyo g
according to Definition[3.19] We suppress the dependence on T from the notation (note that T in the
equation below is a completely different object); both § and T were fixed once and for all to fulfill
the requirements of Proposition 3.21} we keep just the subscript § as a reminder and to distinguish
from the space BP (I; X). Let p < px. Then exact solutions of vy o g have finite d, distance on I, and by
Lemmathe distance of any two curves x1, x, € Bg (I; X) is finite, too.

We write T = Ty o Ty, pr;) with
T:By(Y)x X — B(I;Y),
Ty: BR(LY) x X *BZ(I;X)’ (3.32)
Ty: By(1;X) x By (1Y) — B (1Y) < BY(L Y),

for any py < p < px. The map Ty is defined by the flow ®,, of ¥x(-, y(¢)) with initial value xy € X, that is,

T« (y, x0)(£) = Dy (2,0, xp). (3.33)

In [Hen81], the T, part of the contraction operator is indirectly defined by another contraction. Instead,
here, we will set up 7T as a direct mapping

[ -~
Ty (x, y)(1) =f Y. (t,1) f(x(), (7)) dT, (3.34)

where WV, is the flow of A(x(¢)). This should ease proving smoothness properties of T, which will
subsequently imply smoothness of the invariant manifold.

Remark 3.24. Note that BZ(I ; X) is not a Banach space or even a complete metric space. It will only
appear as an intermediate space in the composition T = T, o (T, pr; ) though, so this does not affect the
Banach fixed point arguments, as long as the mappings Ty, T, compose to a contraction T on E,‘; (L Y)
uniformly in the parameter x; € X. O

The following two propositions show that the maps T, Ty do indeed map into their specified codomains,
when parameters are chosen sufficiently small.

Proposition 3.25. If { is chosen such that|(3.36) holds and 6, o1 are sufficiently small, then T, maps into
B, (I;Y).

Proof. The conditions of Proposition are satisfied for any x € BZ(I ; X), so the flow ¥y of sys-
tem|(3.24b)|satisfies exponential growth estimates with numbers py, Cy.

Now, T, maps into By(L;Y) since

t ~ ~
HRMJWWS[IWMﬂMWMMﬁWHmﬁMﬂﬂMM

C (3.35)
<—(Cyo1+6+(n)
— My
which can be made smaller than 1 by choosing ¢ such that
C 1
&1 (3.36)
_py 2

holds, as well as §, o, sufficiently small. O
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This shows that T, is well-defined in [(3.32)| after choosing ¢, §, o1 possibly smaller. Note that the
choice of { does not depend on any of the other small bounds. Similarly, we verify that Tx maps into
BY(L X).

Proposition 3.26. If 6, 01, andn are chosen sufficiently small, then Ty maps into BZ(I ; X).

Proof. Letye Bf;(l; Y) and xp € X. The curve x = Tx(y, xo) is generated by the vector field 74 (-, y(t))
which is a small perturbation of vy o g, since

| 0x(-, y(®) —vxogllo <.

Let r, — f; < T and let ® denote the flow of vy o g. We apply the nonlinear variation of constants
estimate|(E.2)|and obtain for ¢ € [t7, t5]

2]
d(x(0), 02 (x() < f ID®* (x(1))I{ dT
t

1]
sf CyePxDrdr
t

S _CX( er([_tZ).
_pX

Thus, if we choose ¢ sufficiently small that

CxC o o B, 3.37)

_Px

then x is (8, T)-approximated by the exact solution ®"% (x(,)) on the interval [f7, 2] s0 x € BZ (;X). O

The basic argument for the Perron method is encoded in the following lemma: a y-bounded solution
curve of the system|(3.16)|is equivalent to y € B;(I; Y) being a fixed point of T, while this map T will be
shown to be a contraction.

Lemma 3.27 (Cotton—Perron).
Let x€ C(I;X), y € By(I; Y) bounded, and xo € X. Then the following statements are equivalent:

i. thepair(x,y) is a solution curve for the modified system|(3.16)|with partial initial condition x(0) = xo;

ii. y€ByI;Y) isafixed point of T(-,xo) and x = Tx(y, Xo).

Proof. The proof goes along the same lines as the classical Perron method for hyperbolic fixed points.
As an intermediate step, we introduce the operator

t
Ty (x,y, 00) (1) = Wx(2, 10) y(t0) + | Wx(2,7) f(x(7), (7)) dT (3.38)
fo
and the following statement that is equivalent to those in the lemma:
iii. the pair (x,y) is a fixed point of (Ty, Ty) for each ty € (—o0,0].

Equivalence offijand iii] (with £y = 0) is a direct consequence of equivalence of differential and integral
equations; the equation for y has been rewritten as a variation of constants integral with respect to the
nonlinear term f . If (x, y) is a fixed point of (T, T,) for tp = 0, then this holds for any fy € (—o0,0]. Note
that the initial value for y is left unspecified in both statements.
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We finish by proving the implicationsl|iii|= |ii|= |i| For the first we take the limit f{y — —oco in Ty (x,y, to)-
Since V¥, decays exponentially and y is bounded, it follows that this limit is well-defined:

Viel: lim Ty(x,y )0 = Ty(x, y)(1).
ty——00

Hence, a fixed point of (T, Ty) is a fixed point of (T, Ty). The last implication can readily be verified by
calculating the time derivatives of x = Tx(y, xo) and y = Ty (x, y) to show that (x, y) is a solution of|(3.16)
with x(0) = xp. O

Next, we prove that both Ty, T, are Lipschitz, while the Lipschitz constant of T, can be made arbitrarily
small.

Lemma3.28. Letp, < p < py and0 < qy, < 1. If { is sufficiently small, then Lip(Ty) < qy.

Proof. Let (x;,y:), i =1,2be curves from BZ(I; X) x Bf;([; Y). Let ¥; be the corresponding flows of A
along the curves x;. Then the application of Lemma in the Lipschitz case a = 1 leads to a Lipschitz
estimate on Ty for any p, < p < py:

1Ty (x1, y1) () = Ty (x2, y2) (Dl

t —~ -~
Sf IW1i(t,7) f(x1(7), y1 (7)) = Walt, T) f(x2(7), y2(T)) | d7

(e, o]

t ~
sf 1L (,7) = o (£, ) 1| F G (1), 3 (D)

+1W2(6, DI F (0 (1), n (@) = F(xe(1), y2 (1) | de
t C C2 ~
ff i_pYePY(t_T)dp(xl,xz)epT||f||0
+Cy e DD Fllg (dp Gx1, X2) + 11 — 32ll) €7 dr
<CC(dp(x1,x) + 11— y2ll,) €.

Here C < oo depends only on the constants and additional integration factors (p — p,)~! in the last
integral, hence ¢ C < g, when ( is small enough. O

Lemma 3.29. Letp, < p < px. If {, n are sufficiently small, then Lip(Tx) < gx for some qx > 1 indepen-
dent of all small parameters.

Proof. Letéy,é, € Xand 1,y € B,‘;(I; Y). Fori=1,2, define v;(¢,-) = Ux(+, y;(¥)) and let x; € CHIL; X)
be a solution of the system v; with initial condition ¢;. We compare the systems v, vy:

lv1(2, ) = v2 (2, ) < IDy Okl I y1(8) = y2 (Ol = Cy | y1 () = y2 (D]

The flow @y, has exponential growth numbers py, Cx. We view v, as a small perturbation of v; and
apply the nonlinear variation of constants estimate|(E.2)[to obtain

0
d(x1 (1), x2(1)) < Cx ePX " d(&1,¢2) +f Cx e "Dy ly1 (1) - y2 ()l dT
t

0
< CeP d(E1,E0) + CyCollyr - 12l f ePXI=D) b7 4y
t

CX CU

t / t
< CyeP* ' d(x1,x5) + ———lly1 = yallp eP*F.

X
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Now
_ CcyC _
do(T(11,1), Tx(y2,62)) < sup Cyd(&1,E) ePX P14 ﬁ ly1 = yall, ePx=P
=<0 X~
CX Cy
< Cxd(S1,82) + ly1 =yl
X 1,62 or—p y1—=)2llp
exhibits a Lipschitz constant gy for T that does not depend on any of the small parameters. O

Proposition 3.30 (Extension of solution is bounded in ¥).
Let (x,y)(t) be a solution of the perturbed system|(3.16) satisfying y € B,(I;Y) for t <0. For (, 0,01
sufficiently small, the forward extension to t =0 has y € B)(R; Y).

Proof. First of all, choose (, §, o1 sufficiently small such that by|(3.35), we have y € B;»(I; Y). Proceed-
ing by contradiction, let #y be the first time after which y(#) becomes larger than 7, thus

to=sup{teR|VT<t:|y@I|=<nh

The curve x(?) is a (8, T)-approximate solution to v, o g on the interval (—oo, #y], so from Proposition
we conclude that y € By/»((—00, f]; Y). The continuity of y contradicts the assumption that 1 is the
supremum. O

Completing the proof of existence and Lipschitz regularity

We finally put things together and prove that a unique persistent manifold M exists and that it is
Lipschitz.

Since Ty satisfies a fixed Lipschitz estimate, we can choose { small enough to obtain gy - g, < 1. Thus,
T is a contraction on Ef; (I;Y) for each fixed p, < p < px; ¢ will depend on p though. According to
Proposition Eﬁ (I;Y) is a complete metric space, so the Banach fixed point theorem shows that
there is a unique y € B,’; (I;Y) fixed point of T; it holds moreover that y € B,’? (I;Y). This contraction also
depends (uniformly) on the parameter x( € X, hence we obtain a fixed point map

0%: X — B (I;Y), (3.39)

satisfying the relation
Y xp € X: ©%(x9) = T(O>(x0), Xo). (3.40)

The superscript co indicates that this map is obtained as a limit of applying the uniform contraction 7.
The parameter dependence in T is Lipschitz, so the map ©> will be Lipschitz as well.

By Proposition ‘ the fixed point y = @°(xp) is bounded by 7 for all time and B, (;Y) = B,’;(I; Y) as
sets, so y is the unique n-bounded solution with partial initial data x(0) = xp. In combination with the
evaluation map y — y(0), we obtain the mapping

h: X — B(0;n) € Y: xo — ©®(x0)(0). (3.41)

Its graph M = Graph(fz) is the unique invariant manifold of the modified system|(3.16)|and is Lipschitz
as well.

Since both M and M are described by graphs of small functions X — Y, it follows that they are homeo-
morphic and | lelo < 1. We can choose another, arbitrarily small " instead. This requires us to choose
smaller &', o) parameters as well. But as can be seen from|(3.18)} 7 does not depend on §, 04, so the
newly found |||y <1’ will actually be unique in the original n-sized neighborhood as well.
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3.7 Smoothness

To study smoothness of ©>°, we can formally differentiate the fixed point relation [(3.40)|with respect to
Xo to obtain contractive mappings T™® for the k-th order derivatives of maps ® and then apply the fiber
contraction theorem, see Appendix|D}] If we assume that © satisfies[(3.40)} then Proposition|C.3|shows
that (at least formally)

D*O(xp)= Y. DLDZT(O(x0), %) Pr—m(D"Ox0)), (3.42)

I,m=0
l+ms<k
(1,m)#(0,0)
which can be rewritten as a fiber contraction map on D@ by isolating that term (I = 1, m = 0) on the

right-hand side as
DFO(x0) = D, T(O(xp), Xo) - D*O(x0) +...

All the remaining terms are expressions in the lower order derivatives D"0(xp) for n < k only; these
form the base space in the fiber contraction theorem.

The derivatives D¥® and DlyD)’{é T in do not exist on the space Bg (I, Y) as codomain, however.
Indeed, if they did, we could have applied the implicit function theorem right away. Instead, the
derivatives D¥® are only well-defined on space BXP+I(1;Y), where p < 0 is an arbitrarily small
additional exponential growth rate. Derivatives of the maps Ty, T, do not exist at all. By using the
fiber contraction theorem and interpreting the DX T, DX T, as ‘formal derivatives’ in some appropriate
way, we can still show, though, that the D¥® are higher derivatives of © that converge to the derivatives
of @ under iteration of the fiber contraction maps|(3.42)| The gap condition p, < r px will show up
in the requirement that[(3.42)|is contractive for k < r (and finally k + @ < r when considering Holder
continuity). In case of uniform continuity (i.e. when a = 0) we make use of the strict inequality to seize
some of the spectral space left for the terms p < 0.

The interpretation of DT and its constituents DTy and DT, as true derivatives is obstructed already by
the fact that neither B,‘; (I; Y) nor BZ (I; X) are smooth Banach manifold hence these can never be the
(co)domain of differentiable maps. Thus, the chain rule

D" =D,T-DO" +Dy, T

cannot be used to conclude the existence of DO"*! from D" by induction. On the other hand, we
can find formal tangent bundles’ of these spaces on which DT, DT, are defined as ‘formal derivatives’,
and we even have explicit formulas|(3.43)|for these maps. From here on we shall use the notation D f
to indicate a formal derivative and D f to indicate that a function f is truly differentiable. We shall
not make precise the notion of ‘formal’, but heuristically these formal objects can be seen as limits of
well-defined real smooth manifolds and derivatives, see Section|3.7.7

First, we outline the procedure of obtaining ©®* as a truly differentiable map by careful manipulation of
these formal derivatives. This is followed by the details of working out the definitions and estimates.
Finally, we show how everything generalizes to higher derivatives. This last step adds more complexity,
but requires no fundamentally new ideas.

Higher derivatives of functions involving variables or values in X need to be treated with some care,
as these are not naturally defined. In such expressions, the derivatives are with respect to normal

7Note that the spaces ka+”(1 ; Y) are to be understood as the codomains of the maps ©, hence the DX© as multilinear
operators into these. The spaces Y; play the same role in [Van89} Def. 3.10].
8At least, they are not smooth Banach manifolds in a natural way, see the discussion in Sectionm
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coordinates at the base point in domain and range, according to Definition|C.6] I should point the
reader to Appendix|C} it establishes the essential basic ingredient for this section on (higher) smoothness,
namely how exponential growth estimates carry over to continuity and higher derivatives of the flow.
Additionally, building on bounded geometry and Definition a framework is set up to work with
these notions on the manifold X.

3.7.1 A scheme to obtain the first derivative

The map T is not differentiable. Instead, we shall use the scheme below to obtain differentiability of
0. The sequence {0"},>¢ of maps X — B,‘;(I; Y) is defined by ©"*!(xq) = T(©"(x), Xo) and 6° = 0.
We prove the differentiability of the ®” by induction and finally conclude that ©* is differentiable as
well.

i. First, we propose candidate formal derivatives|(3.43)|of Ty, Ty. These are obtained naturally by
standard differentiation and variational techniques, postponing for the moment the question of
which spaces these maps are well-defined on. We define DT in terms of the formal derivatives DT}
and DTy.

ii. The pair (T,DT) acts as a uniform fiber contraction on pairs of maps
(©",D0"): TX — B (I; Y) x BP**(I;Y)
when p, < p+p < p < px holds, both in case of =0 and p < 0 small.

iii. There are appropriate formal tangent bundles of the spaces Bf; (; Y), BZ(I ; X) on which these
formal derivatives are well-defined. Moreover, these formal tangent bundles can be endowed with
a topology such that DTy, DT, and DT are uniformly continuous into bundles with slightly larger
exponential growth rate p + y. Under appropriate assumptions (and with u = a p) these formal
derivatives are a-Holder continuous.

iv. The fiber contraction theoremD.1]can be applied. It follows from|ii]that DT has a unique fixed
point DO*: TX — IB,’; (;Y),and fromthat the map

©—DT(©)-DO%: C°(X; B} (I;Y)) — I',(L(TX; TB) ™ (1; 1))

into bounded sections of the bundle 7: ﬁ(TX ; IB,’; s (I; Y)) — X is continuous. Thus we can con-
clude that DO" converges in I',(£(TX; BP*#(I;Y))) to the unique fixed point DO, simultaneously
with @" — ©%. See((3.45)|and [(3.47)| for precise definitions of these spaces. Moreover, DO is
uniformly or Hélder continuous.

v. There is a family of maps, given by restricting the domain I of curves,
T%%: BY((a,0;Y) x X — B ([b,0];Y)

that approximate T, and moreover these T?¢ are differentiable maps between Banach manifolds
whose derivatives DT?“ approximate the formal derivative DT.

vi. With the continuous embedding B (I;Y) — BP*(I;Y) and the previous point, we show that if
®": X — BPtH(I;Y) is differentiable, then

1
DO""' =D, T-DO" + Dy, T

is the derivative of "*1: X — BP*H(I;Y).
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vii. Finally, we use Theorem [D.2]to conclude that since the sequence ©" converges to O and its
derivatives satisfy DO” — DO, it must hold that DO*® = DO as a map into BP*#(I;Y).

In the subsequent sections we shall work out the details of this scheme. With some care, the same ideas
generalize to higher derivatives.

3.7.2 Candidate formal derivatives

We first explicitly give the candidate mappings for the derivatives of Ty, T,. From now on, we will use
shorthand notation x, () = Tx(y, Xo) () = ®(%,0, xo). The spaces that these maps act on will be made
more precise in the following sections; dx, 6y denote variations of curves x € Bg(I ;X)and y € Bf; (I, Y),
respectively, and 6xp € Ty, X.

(D, Tx (y, x0) 60 ) (£) = DD (1,0, x0) - 8xg (3.43a)

(]QyTX(y,xo)éy)(t) :fto DqDy(t,T,xy(r))Dyﬁx(xy(r),y(r))6y(r) dr, (3.43b)

(Dx Ty (x, y) 6x) (1) =[_; W (t,7) Dy f(x(1), y (1)) Ox(T) (3.43¢)
+(Dy Wy - 8%)(2,7) f(x(1), y(1)) dT,

(Dy Ty (x, ) 6y) (1) = f_ ; ¥ (t,7) D, f(x(1), y(1) dy(7) dr, (3.43d)

(DxWy-6x)(1,7) = fT t Y. (t,0)DA(x(0))6x(0) ¥, (0,7) do. (3.43e)

The correctness of these expressions pointwise in ¢ can be checked by variation of constants and follows
from Theorem Note also that the expressions above are linear in the variations dx, dy, dxg. The

map|(3.43e)|is only included in the list for its occurrence in|(3.43c)

3.7.3 Uniformly contractive fiber maps

We establish uniform boundedness of the formal derivative maps|(3.43)|as linear operators on éx, dy,
and dxo. The estimates are straightforward generalizations of those in Section[3.6] The operator norms
are induced by || -l , norms. We have the following list of estimates:

IDx, Tx (3, x0)l = sup [[D®,(t,0,x0)0x] ™" <sup Cyef*'e P <C,,
tel tel

lléxoll=1
0
”DJ/ Tx(y, x0)l = sup ||Dq)y(t, T,Xy(T)) Dy ﬁx(xy(r),y(f)) 6)/(7,') | dT - e Pt
1 t
I6vi,=1
0
<sup [ Crepxt-T ¢, 00 gy < SxCr
tel Jt Ox—p
t ~
||Dy TY(x) }/) ” < sup ”\Px(t, T) Dyf(x(‘[)’y(-[)) 6y(T) ” dr- e—p t
tel -
W=t
<sup ' C, ePY=T) ¢ oPT=0 7 < Cy(C ’

tel J-oo P—pPyr
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r
I(DxWy-6x) (£, T) ]| < f ¥ (2,0) DA(x(0)) bx(0) ¥4 (0, 7)|l do

t
< f Cy "= C, |16xll,, €7 Cy eP 7 do
T

c:c _
< y “VU ”(Sx”pepy(t T) ept’

t ~
DTl sup [ [t 11D F e,y dxol

i
186=1 )
+[|(Dx ¥y - 8%)(2,7) f(x(0), y@))l | dT-e7P*
2
<sup t CyepY(t_T)(e‘”+—CYCUCePY“_”e‘”dT-e_‘”
tel J—oo —pP
- Cy( +C12/Cv('
P=Pyr PPy

These estimates show that

D,T=D,Ty-D,Tx+D, Ty,
=7 SRR IR Ry (3.44)
Dy, T =Dy Ty Dy, Tx

are bounded linear maps when p, < p < py. Since we have some spectral elbow room, we can first
choose a value for p and then choose u < 0 sufficiently close to zero, such that this inequality holds both
for p and p + p. If ¢ is sufficiently small, then D, T|| < g <1 can be satisfied. This shows that (T,DT)
is a uniform fiber contraction on dy € BP*#(I;Y) over base curves y € B,’; (I;Y), and with additional
parameter xo € X. It can also be viewed as a fiber mapping of maps DO over base maps ©. Let us define

So=C°(X;By(I;Y)) and S} =T,(L(TX;BP*H(T;Y))), (3.45)

where Sj is equipped with the supremum norm and S{t is interpreted as bounded sections of the
bounded geometry bundle over X of linear maps between TX and the trivial bundle 7: X x B°*H(I;Y) —
X, equipped with the (supremum/operator) norm

IDO| = sup DO (xo)ll £(r,, x;Bo+1(1;v))-
Xo€X

Then (T,DT) can also be viewed as a fiber mapping
(T,DT): So xS} — So x S,
(©,00) —((x0,8x0) — (T(O(x0), o), (3.46)

[Dy T(©(x0), %) - DOx0) + Dy, TO(x0), %0)] - ) ).

As such, it is again a uniform fiber contraction since the contraction was uniform in y and xj to begin
with, and the supremum norm does not affect the contraction factor g < 1.

3.7.4 Formal tangent bundles

Derivatives of the maps T, T, should be defined between tangent bundles of the spaces Bg (I;Y) and
Bg(I ; X). This is problematic for both spaces: B,‘; (I;Y) is a subspace of the Banach space B?(I;Y), but it
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has empty interior. The restriction to (f, T')-approximate solutions of vy o g creates a similar problem
for BZ(I ; X), but here, construction of the tangent bundle faces an additional obstruction. There is
no clear way to define local coordinates around a solution curve x. The obvious method would be by
constructing a tubular neighborhood of x and represent nearby curves X in the tubular neighborhood.
But the metric on BZ (I; X) allows X to diverge exponentially from x even if d, (x, X) is small. Thus the
tubular neighborhood would need to be of infinite size to contain %(¢) for all ¢ € I, which is generally
not possible. Since any finite-size tubular neighborhood does not contain a full neighborhood of the
curve x, we cannot use local coordinates to define tangent spaces.

Instead, we shall construct formal tangent bundles. These are just convenient spaces to model variations
of curves on; they are natural extensions of true Banach tangent spaces, see Section[3.7.7] The primary
role of these bundles is to introduce a topology that allows us to show that DT is uniformly or Hélder
continuous.

A formal tangent bundle of Bg (I; Y) can be constructed rather easily: B°(I;Y) is a Banach space, so its
tangent bundle is canonically identified as TB? (I;Y) = BP(I; Y) x BP(I;Y). We then define the formal
tangent bundle of B,’; (I; Y) by restricting the base:

TBy (1Y) =TB"(I; V)l gp 1,y = By (I Y) x BY(1;Y) (3.47)

with induced topology and norm.

To define a formal tangent bundle of BA(I ; X), we consider variations dx of a curve x as sections of a
pullback bundle: dx € I'(x*(TX)). That is, x € C(I;TX) is such that 6x(t) € T,y X for each ¢t € I. We
equip this space with the norm that is natural for our problem, namely

16x]l , = sup [|6x(5) | P,
tel

and denote it by B (I;x*(TX)) = (T'(x*(TX)),|l-ll,). The curves & € B?(I;x*(TX)) form the formal
tangent space over one curve x € BZ (I; X). The complete formal tangent bundle is then defined as the

coproduct over all curves x € BZ(I; X),

TB,(X) = [ BP(Lx"(TX)). (3.48)
xeB(1;X)

A curve 6x lives above a specific base curve x, so there is no direct way of comparing two curves dx;, x»
with different base curves x1, x»;[(3.48)|was constructed as a coproduct without topological structure. We
add a topology based on parallel transport. This requires the base curves x € Bg (I; X) to be differentiable,
so we consider the bundle

T8, (1 X)| o (3.49)

restricted to differentiableﬂ base curves x € Bg(l : X) N C!. Variational curves éx € B (I;x*(TX)) are

isometrically mapped onto curves dx € BP(I; Ty X) = (COU; Ty X), Il - Il,) by

My dc—x,  ox(r) = M(xl5) "L ox(). (3.50)

9This does not cause problems since Ty actually maps into curves x € C1. The fiber contraction theorem only requires that
the base space has a globally attractive fixed point. Since the fixed point is a C! curve, we can simply restrict to this subset of
curves.
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Let the normal coordinate radius § be X-small as in Definition[2.8] If we now restrict all base curves x
under consideration to a small neighborhood

U,—Cz{xezsgu;xmc1 | x(0) € B(%;6)}, (3.51)

i.e., the curves x that start in the open ball B(X;d) < X, then there exists a unique shortest geodesic
Y% x0) from x(0) to x for each x € Ux. Parallel transport along these geodesics induces a local trivializa-
tio of TB(X;0y). This in turn induces a local trivialization of IBZ (LX)

TBE U Ol = Us x B (I; TzX)
n (3.52)
BZ(I;XNC1 > Us

The trivialization map is given by 7z(x,8x) = (x,I1(yzx0) © [1x(8x)). The transition maps between
overlapping local trivializations Uz, N Uz, # @ are induced by transition functions

$21: (3(3_62;5;() N B(xl;éx)) xTg, X - Tz X: ¢ v)— (yz,eovex) v

between local trivializations of TB(%;; ). The map ¢,1 is uniformly Lipschitz by Lemma2.6/and linear
in the fiber. This induces a Lipschitz continuous transition function Ts,© T;Cll that depends on the base
curve x € Uz, N Ux, only through x(0) € X; this dependence is uniform since X has bounded geometry.
Thus the bundle satisfies Definition[2.14] and the order of bounded geometry is actually equal to k —2
when X has k-th order bounded geometry.

We endow the bundle IBZ([ ; X)|c1 with the topology induced by these local trivializations. Note that
this topology is induced by a locally defined distance function, so we can express uniform and Holder
continuity of maps on IBZ(I ; X)| o1~ Thatis, if (x1,6x1) and (xz, 6x2) are elements of IB; (L; X) | ¢ such
that d, (x1, x2) < 6y, then the topology is induced by the locally defined distance function

d((x1,8x1), (x2,8x2)) = dip (2, x1) + 1Y 3, (0), x09) T, (B2) — T, (Gx) 1. (3.53)

The transition functions T, 01;611 are uniformly Lipschitz, so they preserve uniform and Hélder continuity

moduli up to a constant. Therefore, overlapping trivializations define the same topology on their
intersection, with compatible local distances. To summarize, we have

Proposition 3.31. The spaces IB,‘; (1Y) and IBZ(I ; X) |cl are well-defined normed vector bundles of
bounded geometry, and they have a (local) distance structure.

The topologies introduced above allow us to express uniform and Holder continuity of the maps|(3.43)
The topology on IB,?(I; Y) is clear and explicit from the topology on B (I;Y). For IBZ(I; X)|C1 let
X€ BZ(I; X)N C! be a curve and &x € B (I; x* (T X)) a variational curve at x. The topology is induced by
the isometric representation

& = (Y5 x0)) - 1 - x € BP (I; T5X)

10\e make the specific choice to trivialize TB(X;8x) by parallel transport along geodesics. Any other trivialization with
uniformly bounded transition maps would also suffice for our purposes and induce a trivialization of IBp (I; X1y, (see also
the alternative viewpoint on this trivialization below). This explicit choice is somewhat natural in this context, though, and it
shows that a trivialization with these properties does exist.
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of 6x. Uniform continuity of maps|(3.43)|that have IBE (I; X) |Cl as (co)domain can thus be checked by
switching to a local trivialization, that is, substitute

Sx(t) = T(x|5) - TI(y x(0),5) - 0% (D)

and then use the known topology on Uz x B? (I; Tz X). In explicit calculations of continuity with respect to
the base BE(I : X) N C!, we shall thus add parallel transport terms such as those above to the maps|(3.43)

and let these act on éx € B (I; TzX).

Alternative viewpoints

Instead of the immediate trivialization |(3.52)| of the bundle IBE([ ; X)|cl’ we can also introduce an

intermediate viewpoint that corresponds to only applying the parallel transport term II,, but not
II(yzx) in the local neighborhood B(X;6). We view evy: BZ(I; X) — X as a bundle; this identifies

IBZ(I 3 X) |cl as a bundle over X as well, via evgo . Let BP(I; TX) x denote the space of (continuous,

exponential growth) functions &: I — TX such that 77 0 &x is constant into X , viewed as a bundle over X.

B X)| o) — = B X1 % B (LTX)

} / /
pP1 eviop2
TX (3.54)

BRI X))l

evy

X

This commutative diagram shows that IBE (I;X) |Cl can be identified via IT with the fiber product bundle

BZ (I; X)|cr xx BP(I; TX) over X. This identification is natural in the sense that no local trivialization
of X or TX is used. The second component B (I;TX), of this bundle contains the variational curves
&x. This is a (nontrivial) bundle over X, but its projection onto the base moev,: B (I;TX)y — X factors
through TX. The fact that 7 o ev; is constant for ¢ € I simply expresses that each dx € BP (I;TX)y maps
into a fixed tangent space T;X. This shows that a local trivialization o: TX|pxs,) — B(X;6x) x R"
naturally lifts to a local trivialization

6: BP(I;TX)|sy) — B(X;6x) x BP(I;R™).

We have chosen local trivializations of TX by parallel transport along geodesics, i.e. II(yz¢), since
this construction is compatible with the bounded geometry of X in the sense that trivialization chart
transitions are Cz]f maps by Propositionm

We also introduce a reformulation of the topology on IBZ I; X) |cl using frames, as an alternative to the
explicit formulation in terms of parallel transport above. This allows us to abstract away these ideas into
a lighter notation in the next section and only recall the full details when required.
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Let ex: R"” — Tz X be a choicd|of orthonormal frame at ¥ € X. We can extend this to an orthonormal
frame e on TB(X; 0x) by parallel transport of the frame ex along geodesics emanating from x. As a second
step, we further extend the frame e along any curve x € Ux, again by parallel transporﬁ

We adopt the notation vy = f ~1. v to express a vector v € T, X with respect to a frame f at x, and use
this notation more generally on the tensor bundle of X. Now let v be a vector field and w a one-form on
X, then the construction of e above leads to

v(x(0)e = €3 - Tyz.xo) - T - v(x(1),
(3.55)
w(x(D)e = 0(x(1)) - TI(x]§) Ty x0),%) - €%

and naturally extends to the tensor bundle of X.

3.7.5 Continuity of the fiber maps

We prove the uniform and Holder continuous dependence on x, y, and xy of the maps|(3.43)|using a
combination of techniques. One is the variation of constants formula to get expressions for the variation
of flows when changing a parameter. Such variations require us to compare the variational curves over
different base curves; for this, we use the topologies of the formal tangent bundles in Section(3.7.4]
while we measure the variation of vector fields with the formulation of continuity via parallel transport
in Proposition[2.13] Together these lead to holonomy terms along the base paths (see Figure[3.7), in
addition to the variation of constants terms that would simply occur in R”. These holonomy terms can
be estimated with Lemma[2.19|and do not essentially alter the estimates.

X2(1)

Figure 3.7: Paths involved in the holonomy term.

We use Nemytskii operator techniques as laid out in Appendix[B|to conclude that functions such as
A and f can be interpreted as uniformly continuous maps onto curves with some p < 0 exponential
growth norm. Instead of uniform continuity, we can also obtain Holder continuity if the original maps
are Holder continuous and if we view the Nemytskii operator as a mapping into a space with norm
Il ap- In other words, we replace the uniform continuity modulus by the explicit a-Holder continuity
modulus. Holder continuity precisely fits the problem, so in that case there is no need anymore to add a
small u < 0 to the exponential growth norms.

HThe precise choice does not matter and will drop out in the final, relevant equations. The relative choice of frame along
curves is what matters.
12Note that e does not define a (global) frame on TX. The choice of frame at x(¢) depends not just on the point x() € X, but

on the whole curve x € Bz (I; X)| 1. Another curve X with x(£) = %(¢) will generally induce a different frame in T, X.
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One example in full detail

As an example, let us consider continuity of the map|(3.43c)|with respect to x € BZ(I ; X), that is, x —

D, Ty(x,y). To be able to explicitly use the topology on TB (I; X) | c1» we switch to a local trivialization
neighborhood Us 3 x1, x; as in|(3.51)] We choose X = x; (0) to simplify expressions; any other choice for
X can be obtained by a transition of trivialization charts. Let dx € BP (I; T X) be the representation of an
arbitrary variational curve in the fiber of this trivialization.

Note that|(3.43c)|is defined in terms of|(3.43e)| We estimate continuity of the separate components and
build towards the full expression. Let us first focus on the continuity of x — W,(¢, 1), which is a map
BZ(I; X) — L(Y) for fixed t, T € I.

Proposition 3.32. For any u <0, the variation
YT =W, (1,7) - Wy (£,7) (3.56)
of the linear flow V¥, on Y satisfies continuity estimate|(3.57)

Proof. We extend the ideas from the proof of Lemma The variation Y "7 satisfies the differential
equation

d
EY” = A () Wy, (2,7) — A(x1 (£) Py, (2, 7)
= A(x2 (D)) YO + [A(x2(0) — Al (1) | W, (£,T),

which leads to a variation of constants integral that can be estimated as
t
YT < f IV x, (2, D) 1 A(x2(0)) = A(x1 (o) I x, (0, T) I do
T

t
sf Cy e”" "7 e 5(dy (x2,x1)) €7 Cy P77 do
T

LT
< C2ePY D g (dy (X3, %)) —. (3.57)
-

Here we use ideas from Appendix[B} we applied Corollary[B.3|to obtain A as a uniformly continuous
fiber mapping Bg (I; X) — B*(I; £L(Y)) with continuity modulus ¢ ; (that depends on p). O

Thus, the flow \PQT depends uniformly continuously on x € B (I; X) when viewed as a flow with
py-exponential growth and measured with an additional exponential factor e”.

Remark 3.33. In the previous proposition, if A is @-Ho6lder continuous, then we can replace u by a p to
obtain a similar, a-H6lder continuous result using Lemma O

To show that x — D, W (¢, 7) is continuous as well, we first write down the corresponding variation in
the bundle trivialization chart:

(DxWy, -6x — D, ¥y, - 6%) (£, 7)

t —
=f W, (1,0) [DA(x2(0)) T (x210) TL(Y 1,0, 7) 0% (0) | W, (£,0) = (2~ 1) do

t —_
=f V1, (£,0) [DA(x2(0))e 6x(0) ] Wi, (2,0) = (2~ 1) do, (3.58)
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where the notation (2 ~» 1) means that we take the first expression and replace all 2’s by 1’s (note that
Y x,(0),% = Yo in the first term and I1(y, (),x) = 1 in the second term). The last line is just a rewrite in terms
of the frame as in[(3.55)|and suppresses all parallel transport terms. We separately estimate continuity
of the three factors in the integrand, and insert the estimate of Propositionfor the variation ¥, in
the first and third factor. Note that &x is the same over both curves x; and x; in this trivialization.

For the middle factor DA(x(t))., we again apply Nemytskii operator techniques from Appendix [B]
But in this case we have to combine these with holonomy terms, due to the fact that comparison of
DA at nearby points ¢, ¢ € X only makes sense after identification of the tangent spaces T¢, X and
Tg, X.

Proposition 3.34. Let AcC 117 , according to Deﬁnition Then for any p < 0, the map

x— (£ = DA(D)e): Uz < BY(LX) — BY(LL(TeX; L(Y))) (3.59)

is uniformly continuous. If moreover A € C}?'Z, then the map|(3.59),is a-Hélder with y replaced by a p.

Proof. Let xy, x» € Uz. We introduce another frame f to directly compare DA at points x; (¢), x2(f). Let
fa =exin: R" = Ty, (nX and define fy, ) =I1(y,) - fx,(»- Thus, the frames e and f at x,(¢) are both
defined in terms of the frame ez; ey, () by parallel transport along x, oy and fx, () by parallel transport
along y, o x1, see Figure[3.7] Since fy, (1) = ex, (1), we can rewrite the difference of|(3.59)]at points on these
curves as

DA(x2(£)e = DA(x1(8), = [DA(x2(1))e — DA(x2(8) ¢] + [DA(x2(£) p = DAx1 () f].

The first term can be estimated by the holonomy defect along the loop

-1 0 t
Yo oXzlzoyioxilg

using Lemma and the second term using the continuity of DA and Proposition Together, this
leads to

IDA(x2(1)e — DA (1))l
< IDA| |1-T(yy" oxalfoyrox1l) | + epa(dx2(2), x1(2))

< CyCdp(xz,x1) €' +epa(d(x2(0), x1(1))).

If d, (x2, x1) eP ' = 5, then we use the boundedness estimate |1 - I1(y)| < 2 for any closed loop y and
Remark[2.12]to effectively extend the local to a global continuity modulus. We can recover any a-Holder
continuity from the Lipschitz holonomy estimate, again by using the fact that the holonomy is bounded
by 2 in combination with Lemma([1.20]

With the same arguments as in Lemma it follows that x — (t — DA(x(t))e) is uniformly or a-Holder
continuous, and we denote its continuity modulus by £5. Note that e5; does not depend on the
trivialization chart since all estimates are uniform with respect to these charts. O

Proposition 3.35. For any 1 < 0 and uniformly in X € X, the map x — D,V (¢, 1) satisfies continuity
. . P . . 2 07,
estimate|(3.60),in a trivialization neighborhood Ux c B ,3([ ; X).
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Proof. We combine the estimates from Propositions and[3.34)and obtain for[(3.58)
” (Dx\yxz '855/_ Dx\yxl 355/) (t,7) ”
t —
< f [P, (£,0) [DA(x2(0)) 6x(0) ]| ¥y, (0,7) — (2~ 1)|| do
T

t
< f ("‘ng(t,(f) — W, (£,0)|| IDAG2 ()]l W, (0, )
T
+[¥x, (1,0l [DAG2(0))e = DAx1 (0)e || W5, (0, D)l
I (4 D IDAC @)l ||‘I’x2 (0,71) =¥y (0,7) ”) ||(§35/||p e? do
t o
< f (C& epY(t—a') EA(dP (xZ; xl)) e_ CU CY epy(o-_-[)
' —p
+ Cy epy(t—a‘) Eﬁ(dp(xZ»xl)) e}lO’ Cy epY(U_T)
2 elTy
+C, e, Cy ePv(0-1) ealdp(x2,x1)) _p) 18%]l, eP® do

< CeP" "D e(dy(x, x1)) e THT || 8x] . (3.60)

We absorbed all constants and integration factors such as —Lu into the general constant C and combine
the continuity moduli into one; C, is a global bound on all vector fields including A and its derivatives.[]

We finally plug estimate|(3.60)|into equation|(3.43c)} We repeat the Nemytskii and holonomy arguments
for f and D, f (just as for A and DA) to obtain a uniform continuity estimate for

x— D, Ty(x,y): Uz — L(BP(I; Tz X); BPH(I; Y)).

both for any u < 0, or with y=ap when A, f € Cbg. That is, D, T, (-, y) is a map that given a curve
X€ Bg (I; X)|c1, linearly maps a variational curve dx over x to a variational curve 4y in the trivial bundle

IB,? (I;Y). We can formulate this more abstractly as
DTy (-, y) €T, (BR( Xl L(TBRL X)| s B (L ))),
thatis, DT, (-, y) is a uniformly a-Hélder bounded section of the bounded geometry bundle

7 L(TBRL X0 cis B Y)) — BRI Xl

Continuity in the other cases

We treated the continuity for one of the maps|(3.43)|with respect to a single variable. The continuity
in all other cases can be shown in a similar fashion. Many arguments can be repeated, but each of
these maps also has its own peculiar details which makes that I have not been able to find one general,
abstract way to prove continuity of all of these maps at once. In this section we shall focus on these
specific details and not repeat the recurring elements. Let me reiterate that the uniform continuity
results hold for any u < 0 sufficiently small, and these can be replaced by a-Hélder continuity when p is
replaced by a p and the spectral gap condition is satisfied for r =1 + a.

First of all, note that continuity with respect to the combined variables follows directly from continuity
with respect to each separate variable since we have explicit uniform or Holder continuity moduli. If
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f(x,y) has continuity moduli ¢, £, with respect to x, y, respectively, then

I f(x2, y2) = fQx, yOll < 11 f(x2, y2) = f (1, y2) L + 1 f (1, y2) = f (1, y1)l
< é&x(d(x2,x1)) + €y (d(y2, 1))
< (ex+€)(d((x2, y2), (x1, 1))

shows that €, + ¢, is a continuity modulus for f. We assumed w.l.0.g. that &y, £, are non-decreasing,
while all choices of distance on the product space are equivalent, so we leave it unspecified.

Let us start with the easy cases. Continuity of the map|(3.43c)|as a function of y, that s,
y—DyTy(x,¥): B,‘;U; Y)— E(Bp(l;x*(TX));Bp+“(1; Y)),

requires no additional details: only f and D, f depend on y € Y, and we can reapply the arguments
above to show that these depend continuously on y € Bg (I;Y). No holonomy terms are present since
IB,‘; (I;Y) is a trivial bundle. That is, we can directly compare D, Ty at different y;, y» € B,‘; (I;Y); keeping
X€ Bg(I; X) fixed means that everything is situated in the fixed fiber Ing(I; X)|c1 = BP(I; x*(TX)) and
no holonomy terms are required.

Continuity of the map|(3.43d), i.e. D, Ty (x, y), both with respect to x and y follows along the same lines.
Neither case requires holonomy arguments; we just apply the Nemytskii technique to D, f and reuse
Proposition to show continuity with respect to x.

The formal derivatives|(3.43a) and|(3.43b)|of Tx map into IBZ (I; X) | 1> here we have to apply holonomy
arguments in the codomain. Let us first focus on

%o Dy T (1, X0): X — L(Tx, X; BP*H(I; TX))

with a local trivialization Uz x BPTH(I; Tz X) Withi the bundle IBZW (I; X)|C1 with additional g in
the exponential growth norm on the fibers. Note that Dy, Tx(y, -) could actually be considered as a
bundle map on the vector bundle TX that is linear on each tangent space T,, X. We consider a local
trivialization of TB(X;6) < TX by parallel transport along geodesics: this is equivalent to trivialization
by a normal coordinate chart for the purpose of measuring continuity, while it matches the trivialization
of IBE (I; X) |y This will lead to a holonomy term.

For any x( € B(X;6y) we have Tx(y, xo) € Uz by construction, so let e denote the frame introduced by
the trivialization of IBZ (I; X) |y, i.e. by parallel transport along solution curves T(y, Xp). On the other
hand, let f denote a frame introduced by local parallel transport. We define

faw=exw and  fu,u =1)" fuo-

It follows from Lemmathat Dy, Tx(y,-) = (t — D®, (1,0, ~)) satisfies the correct type of continuity
estimates, but with respect to local charts (or equivalently, with respect to f determined by local
parallel transport) instead of the choice of frame e, defined by the topology of IBz (I; X) |c1 . To examine
the difference, let xy,1, x02 € B(X;0x) denote two initial conditions and x; = Tx(y, xo,;), i = 1,2, their
respective solution curves for a fixed y € Bf; (I;Y). We also fix xp,; = X for convenience. Then we

o' 7.
5 (I; X)

13Embeddings B — BP** are continuous, so we can view Uz x BP*#(I; Tz X) as a local trivialization of a subset of T8

with o’ = p+ .
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have

D®,(#,0,x0,2)e — DDy (2,0, x0,1)e
= [D®,(t,0, X0,2)e — DP (1,0, x0,2) | + [DD, (£,0, x0,2) f — DD (1,0, x0,1) f]
= [M(yy' o2l —(x1 12 0y 1] - D@y (£,0, x0,2) - (y0)
+[D®, (1,0, x0,2) f — DDy (2,0, x0,1) £].

This shows that uniform and Hélder continuity with respect to the topology of IBZ (I; X) |Cl is equivalent
to the same continuity with respect to normal coordinate charts, since the additional holonomy term
can be estimated in the same way as in Proposition Continuity of

y= Dy, Tx(y,x0): By (I;Y) — £(Ty, X; BP*H(I; Tz X))

follows in the same way, if we first apply Corollary|C.12|to obtain the continuity estimates with respect
to the frame f.

Finally, we consider continuity of the map|(3.43b)
Dy T (y, x0) € L(BP(I; Y); BP*H(I; T X))

with respect to y € B,‘? (I Y) and xp € X. We apply Corollary and Lemma to conclude that
D®,(t,7,xy (1)) depends a-Holder or uniformly continuously on y. Lemma in combination with a
Nemytskii operator argument shows that Dy, 7y induces a uniformly continuous map

y— (6= Dy b (x, (1), y(1)): Bf (I;Y) — B*(I; L(Y;TX))

with p replaced by a p in the Holder case. For continuity with respect to xp € X we need to replace
application of Corollary[C.12]by that of Lemma|C.10]for dependence of x = Ty (y, Xo) on xo. Again the
continuity estimates obtained are with respect to the frame e and we use Lemma(2.19|to estimate the
additional holonomy term when switching to the frame f.

3.7.6 Application of the fiber contraction theorem

In Section we already established that the fiber mapping (7, DT) in formula|(3.46)|is uniformly
contractive. With the results of the previous sections on formal tangent bundles and continuous formal
derivatives, we can now apply the fiber contraction theorem, see Appendix[D}

Proposition 3.36. For any 1 <0, the fiber mapping|(3.46) has a unique, globally attractive fixed point
(0°°, DO®) € Sy x S¥, while it also holds that DO € S?.

Proof. In the notation of Theorem we take X = Spand Y = Sf as in with p, y such that
Py < p+ [t < p < px holds. The fiber mapping is F = (T, DT), as in|[(3.46)] The first two conditions of
Theorem|D.]]are satisfied due to the arguments in Section[3.7.3} while the third condition that DT is
continuous can be obtained from the results in Section3.7.5]as follows.

First, note that (7, DT) is a well-defined, uniformly contractive fiber mapping both when acting on
BP(I;Y) and on BPH(I;Y) variational curves. Thus, for each n = 0 we have DO" € S? — Sf , where
the embedding is continuous. The same conclusion holds for DO by a simple uniform contraction
argument. Next, we view DT as a map

DT: Sy xS} — St (3.61)
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Note that we set y = 0 in the domain only. To obtain continuity of]|(3.61)|with respect to the base variable
0 € Sy, it is sufficient to check that the maps

y—DyT(y,x0) : By (I;Y) — L(BP(I; Y); BP*H(I; ),

(3.62)
y= Dy, T(y,%0): By (I;Y) — L(Tx, X; BP*H(I; V)

are uniformly continuous, uniformly in xy € X. Continuity of[(3.61)|with respect to the base S (with
fixed fiber part DO € S? — Sf ) then follows from the interpretation of| as acting on maps (0, D0)
with the supremum norm on Sy. The maps|(3.62)|are defined by the chain rule formula|(3.44)|in terms
of the derivative maps Avariationof y € B,‘; (I;Y) can be distributed over the product (we only
estimate the variation of D, T with respect to y, but the variation of D, T is completely analogous),

IDy T2, %0) = Dy T(1, %0l i o p

< |Dx Ty (xy,, ¥2) - [Dy T (¥2, %0) = Dy Tx (71, X0)] || 541

+ || [Dx Ty (xy,, ¥2) =D Ty (xy,, y1)| - Dy T (1, %0) | (3.63)

pHLP
= ||DxTy(xy2;y2)||p+/,¢,p+p : ”Dy T (y2,x0) — Dy Tx(y1»x0)||p+,u,p
+ ”Dx Ty(xyzyyz) - DxTy(xyl;J/l)”pﬂJ,p : ”Dy Tx(}/1,xo)||p,p-

The || -l,,,o, denote operator norms on linear (bundle) maps from B! to B°? spaces. In the factor that
is not varied we can simply take the operator norm between functions of either p or p + ¢ exponential
growth: in Section[3.7.3|we have seen that the fiber maps are uniformly bounded linear in both cases. The
factor that is varied satisfies a uniform continuity estimate in || - [| 51, p-norm, a result from Sectionm
Note that we use the topology defined in Section on the intermediate space IBZ (I; X) | o1 aswell as
alocal trivialization to express the difference Dy, Tx(y2, x0) —Dy Tx(y1, Xo).

As a result of the fiber contraction theorem, we conclude that there is a unique, globally attractive fixed
point (0%, DO*) of the fiber mapping|(3.46)| Note that DO is already well-defined as an element of
S?, although it is only proven to be attractive in S f . O

As a next step, we show that the fixed point map DO that we found is actually continuous. This follows
from a standard uniform contraction argument.

Proposition 3.37. Forany <0, the map DO € S{’ is uniformly continuous. If we set L < a p and the
assumptions of Theorem|3.2 are satisfied withr = 1+ a, then it is a-Hélder continuous.

Proof. First note that it is sufficient to prove the statement for y < 0 sufficiently small, or u = @ p in case
of a-Holder continuity; by continuous embedding of exponential growth spaces, it then automatically
follows for any p that is more negative. We use local trivializations by parallel transport to express
continuity moduli of functions with domain TX.

The assumptions of Theorem 3.2]imply that the spectral gap condition p, < p + u < p < py is satisfied.
Since DO is (the fiber part of) the fixed point of the uniform contraction (7, DT), we have for any two
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X1, X2 € B(X;0) < X that

IDO™ (x2) = DO (x1)l p+4
=D, T(@%°(x2), x2) - DO (x2) + Dy, T(O% (x2), x2) — (2~ 1)
< [|Dy T(©%(x2), x2) =Dy T(©® (x1), X1 4., , - 1DOP ()

+ ”DJ/T(GOO(XI)’ x1) ||p+/,t,p+p ) ||D®oo(x2) —-DO%(x1) ”
+ Dy TO® (x2), %2) = D, TO®(x1), 11|

P+

p+u

p+u

<ep,7((L+1)d(x2,x1)) + g IDO® (x2) = DO (x2) | p4
+ep,7((L+1Dd(x2,x1)).

Here L = Lip(©*) denotes the Lipschitz constant of @ € Sy, while g < 1 is the uniform contraction
factor of D, T on the fibers ofB,‘(; (I; Y)x BPTE([; Y). We saw in Sectionthat the maps D, T, D, T have
appropriate continuity moduli into B*#(I; Y). Finally, we move the contraction term to the left-hand
side, divide by 1 — g, and obtain

1
DO (x2) = DO (x1) [l p1p < g [fpyT((L+ Dd(x2,x1)) +ep,7((L+ l)d(xg,xl))].

This shows that DO e Sf has the same type of continuity modulus as DT. O

3.7.7 Derivatives on Banach manifolds

We can recover the maps as true derivatives on Banach manifolds if we restrict to bounded
time intervals J c I = R<g. The maps Ty, Ty naturally restrict to such intervals, either exactly, or in a
well-behaved approximate way. By restricting to intervals J = [a,0] with a < 0, the spaces Bf; (J;Y) and
Bg (J; X) become Banach manifolds and the restrictions of Ty, Ty become continuously differentiable
maps on these.

Lemma 3.38. For any —oo < a <0, the spaces Bf; (J;Y) and Bg (J; X) with J = [a,0] a bounded interval
are well-defined Banach manifolds.

Proof. We first treat the easy case B,‘; (J;Y). For any —oo < a <0, the norms ||- || , and | - || are equivalent
on BP(J;Y). The set Bf; (J;Y) is an open ball of radius 17 in the Banach space BY(J; Y), so it follows that
B,‘; (J;Y) is a Banach manifold as an open subset of B (J;Y).

In the same way, the metrics d, and dj are equivalent on BP(J; X), but here we need to do a little more
work to show the following.

Proposition 3.39. The set Bg (J; X) is open in B (J; X).

Proof. Letxe Bg (J; X), hence by Deﬁnition x is approximated on each interval of length |[#;, ;]| <
T by t — (¢, t2, x(12)), where @ denotes the flow of vy o g, the horizontal part of the unperturbed vector

field[(3.10)} The map
(£, 1) — d(x(1), D(t, 12, x(12)))

is continuous, and since it is defined on a compact subset of J x J, it attains its supremum

m=sup sup d(x(2),Q(t, 12, x(12))),
he] telt,—T,1]
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so it must hold that 1, < B. Let X € B(x;72) < B (J; X) with
e pa

n2=(p-n1) m-

We apply the triangle inequality and obtain

A(x(0),®(t, tr, X(12))) < d(X(1), x(1)) + d(x (1), D(t, £, x(12)))
+ d((b(t’ tZ’x(IZ))»(D(t) tZ)X-(Z‘Z)))
<eP my+m1+Cre’* T efn,

<(1+Cyefx T)ep“n2+n1 <B.

This shows that all functions in the ball B(x;72) < B (J; X) are still (8, T)-approximate solutions of vy o g,
and thus Bg (J; X) is open. O

From here on we shall not always precisely distinguish between Bg (J; X) and BP(J; X) anymore.

We introduce a local coordinate chart x, around a curve x € B°(J; X) using the exponential map (see
also [Kli95, Sect. 2.3]):

Kx: Ux € BP(J; X) = BP(J; x*(TX)): € — (£ — expy (€(1))). (3.64)

The vector bundle x* (T X) is trivial, so the space of sections BP (J; x* (T X)) is isomorphic to B (J;R").
An explicit trivialization of x* (TX) (and thus isomorphism of sections) can be obtained, for example if
x € C!, using parallel transport as in and identification of T, X = R” by a choice of frame, but
we refrain from making such a choice here; one reason is that curves x € B? (J; X) are only assumed
continuous. The chart k. bijectively covers a full riy;(X) neighborhood of x with respect to the metric
dp, hence a neighborhood of size rin;(X) e”?“ > 0 with respect to d,. Recall that §4 is X-small as in
Deﬁnition let us choose a radius 6, = 6 e P4, such that all bounded geometry results also hold true
in these induced charts k. Then the coordinate transition map

KxZOK;CIIZ BP(J; %1 (TX)) — BP(J; x5 (T X)) (3.65)
is a bijection between isomorphic Banach spaces that is as smooth as the exponential map of X. O

Remark 3.40. We could choose isomorphisms 7 : B (J; x*(TX)) — B (J;R") to obtain one fixed Banach
space B (J;R") as model for the manifold B° (J; X). The 7, are linear isometries so they preserve norms
and smoothness, hence there is no need to explicitly make this identification. Specifically, note that
the construction of B (J; x* (T X)) as the pullback along a curve x that is merely continuous, does not
influence the smoothness of coordinate transformations on B (J; X). O

We shall again call charts in this atlas ‘normal coordinate charts’, since they are induced by normal
coordinates on X along the curve x € B°(J; X). By construction all bounded geometry results carry over
to these induced charts. In particular, we can measure maps in terms of their coordinate representations.
We will use this fact without always explicitly mentioning it.

The tangent space of B (J; X) at a point x can be canonically identified as

TB°(J; X) = BP (J; x* (TX)) (3.66)
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as follows. Let s — x;: (—¢€,&) cR— BP(J; X) bea C! family of curves such that xp = x and let & = x(x5)
be their representation in the coordinate chart B° (J;x*(TX)). The chart x is induced by normal
coordinates, so

dp (X0, x5) = sup d(xo(1), Xs(1)) €”" = sup llexpy |, (xs()] e”* = &l
te] te]

shows that [|- ||, is the canonical norm on the chart B (J;x*(TX)). Then v = %E S| =0 Tepresents a
tangent vector in T,.B° (J; X), while v € B (J; x* (T X)) by construction.

This completes our exposition of the manifold structure of B (J; X). We shall again exclusively make
use of induced normal coordinate charts|(3.64)] in order to use results on bounded geometry.

The map Ty can be restricted to curves on any subinterval J = [a,0] c I = R<y. Let us introduce the
restriction operator on curves
pa: C(;Z2)—C(J;2): z— z|;. (3.67)

This operator acts naturally on Bﬁ (I;Y) and Bg (I; X) and there is a natural family of restrictions T of
Ty such that
Tdopg=pgaoTx forany —co<a<0. (3.68)

Proposition 3.41. Let ] = [a,0] with —oco < a<0. Then
T¢: By(;Y) x X — By (J; X) (3.69)

is a differentiable map between Banach manifolds with partial derivatives given by a natural restriction
of the maps|(3.43a) and|(3.43b),

Proof. Lets— y+sdye Bf; (J; Y) be a one-parameter family of curves and let
Kx: B(x;04) © BZ(J;X) — BP(J;x*(TX))

be an induced normal coordinate chart centered around the curve x = T#(y, xo). The map Ty is Lipschitz,
so for s sufficiently small, T#(y + s 6y, xo) maps into B(x;d,). The vector field (-, (y + s 8y)(¢)) depends
smoothly on the parameter s and generates x; = T (y + s ), xp). We apply Theorem[E.2|with

d
a[ﬁx(x(r),(yﬂay)(t))] =Dy B (), y(1) -y

s=
to obtain|(3.43b)|as the pointwise derivative of ev;o T, for any ¢ € J.

Now we only need to show that|[(3.43b)|viewed as derivative pointwise in ¢ satisfies linear approximation
estimates, uniformly for all # € J with respect to d,. We work in the local chart k, so x;(#) is represented
in the normal coordinate chart centered at x(¢), while the curve s+— y + s dy is canonically represented
in BP(1I;Y) with derivative 6y.

Since s — (k0 T2(y + s 8y, %)) (1) € C1 (R; Tx(sy X), we can apply the mean value theorem to estimate
[[TE(y + s 8y, x0) — T (3, X0) = Dy T (3, Xo) - s ] (1) |

< [|[(Dy Tx(y + 0 6y, x0) = Dy Tx(y, X0)) - s &y ] (D) | (3.70)
< ||Dy Tu(y + 0+ 6y, X0) = Dy T (3, x0) || 18yl p €” | 5]

for some o € (0,5). Note that o, will in general depend on ¢ € J, so there is (a priori) not one curve
y + o 6y such that|(3.70)| holds for all ¢ € J at once. In Section we showed that D, T : IB,‘; (LY)—
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TBPTH(I; X)|c1 is continuous; on the bounded interval J the norms | - || P and | - lp+u are equivalent,
so D, Ty is continuous into B (J; x*(TX)) as well. Using this fact, we plug the result above into the
definition of (directional) derivative and verify

1
lim ~ |17 (v + 5 8y, x0) = T (3, %0) = Dy T (3, 20) - s 8|,

. Isl _
<lim sup - IDy Tx(y + 0+ 8y, x0) — Dy, T (3, x0) | 16yl , = 0.
J

s—0 4¢

Therefore, the derivative of TY' at (y, xo) in the direction of dy is given by D, T (y, xo) - 6y restricted to
the interval J. The limit is uniform on ||dy|| p = 1 and this map is continuous and linear in 0y, so T is
continuously partially differentiable with respect to y.

If we use a local chart around xy € X, then we find in the same way that T¢ is continuously partially
differentiable with respect to xy. Thus, T is (continuously) differentiable. O

The map T, does not have a similarly natural restriction since it depends on the complete ‘history’ of the
curves x, y through the integral from —oco. The dependence on earlier times is exponentially suppressed,
though. Therefore, we construct a family of restrictions that approach T, when the amount of additional
history in the input goes to infinity. Let —oco < a < b < 0 and define the family TI;'“ of restrictions as

Ty': By(1a,01; X) x By (1a,01; Y) — B (1b,01;Y),

‘ i 3.71)
(x,y) — (f'—’f Y. (t,7) f(x(1), ¥(1)) dr) for each t € [b,0].
a

Proposition 3.42. The family Tf '@ approximates Ty in the sense that for any fixed b € (—oo,0], we have
TP py— pyo Ty (3.72)
when a — —oo, uniformlyinx,y € BE(I; X) x B,?(I; Y).

Proof. This follows from straightforward estimates:

a ~
|77 patx, 1) = ppo Ty (x, )|, < sup e?* f ¥ (£, 7) f(x(), y(@) | 7
te[b,0] —00

a
< sup e"”f C,ePrDdr

te[b,0] oo
< Cv¢ ePy(b—d)—Pb_ ]
_py

In a same way we define approximate families f0r|(3.43(:)| and|(3.43d)|, denoted by D, Tf’ 4 and D, Tyb a

respectively.

Corollary 3.43. The families Dy Tyb "* and D, Tf’ @ approximate|(3.430)| and|(3.43d)| in the same way as in
Proposition|3.4

Proposition 3.44. Let—co<a<b<0. Then Tf "% is a differentiable map between Banach manifolds.

Proof. We shall only show that Tyb '@ is continuously partially differentiable respect to x. Continuous
partial differentiability with respect to y follows along the same lines and total differentiability then is a
direct consequence of these (also in the Banach manifold setting, see [Lan95} Prop. 3.5]).
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Letx e Bg (;X)and y e Bf; (J; Y) with J = [a,0]. Let x4 be an induced normal coordinate chart around x
and let

Xs=x+sbxeBP(J;x*(TX))
be a one-parameter family of curves in Bg (J; X), represented in the chart . (for s sufficiently small).
Then &x € B (J; x* (T X)) is naturally identified as the derivative %x3| 0"
We shall show that the partial derivative D T,f’ @i given by the formal derivative|(3.43c), but with J as

domain of integration and interpreted as a mapping into B ([b,0]; Y). Again, we split the full expression
into manageable pieces and apply the mean value theorem.

[T, ) = TP (%, ) = DR T2 (x, ) - s 8] ()|

t ~ ~
< f ¥, (2,7) f(xs(1), y(0) = P (2,7) f(x(7), y(1))
a
— W, (£,7) Dy f(x(1), y(1)) s &x(7) = Dx ¥ - s 80 (£,7) f(x(1), y(1))]| dr

t o~
< f [ W, (£,7) = Wx(£,7) = (DxWx - s &) (£, 7) || 1| f(x(@), y (@)
+ (6, DI f(x5(0), y(0) = F(x(0), y(1)) = Dy f(x(7), (1)) s 8x(7) |
+ ]| ¥ (6,7) = (6, D) | | f x5 (@), y(@)) = F(x(@), y(0))]|| T

and application of Theorem shows that formula|(3.43e)|for D, Wy, - dx is the derivative of ¥, . We
use this for a mean value theorem estimat in the first and thir term to arrive at

I3
< f [(DxPy, - s6x)(5,7) — (DxPx-s6x)(2,7)|| ¢
4GP |D, F(xo (1), (1) = D fx(), y )| I8l 18l €T
+]|(Dx ¥y, - s 8¢) (2, ) || IDx f (x5 (7), Y@l 5] 1]l , °T d7

t
< f CeP*""De(lo] [18x]l ) e P07 || 18] ¢
a

+Cye?" " ep r(Ioll18xll, e”T) sl l18xll, P

2
YCU

18xll, €77 eP sl 1l € dit.

We applied Proposition to estimate the variation of D, ¥; the induced normal coordinate charts
and Proposition allow us to freely switch between parallel transport and normal coordinates for
estimating differences. All exponential norms are equivalent on the compact interval J, so with the
usual estimates we see that this expression is o(|s|), uniformly for all ||éx| , = 1. O

We have thus converted the map T =T, o (T, pr;) to a Banach manifold setting by defining it on curves
restricted to compact time intervals. Although all estimates were already in place, this technicality
allows us to draw the conclusions of the final points|vi|and|vii]in the scheme in Section[3.7.1

Lemma 3.45 (The @" have true derivatives).
Fix p < 0 and let ©": X — Bf;(l; Y) be differentiable into BP*H(I;Y). Recursively define "1 (xq) =
T(©"(x0), Xo). Then ©! is again differentiable into B°*H(I;Y).

14The intermediate point o in the mean value theorem implicitly depends on both ¢ and 7 and will be different in each term.
This does not affect the uniform estimates, so we suppress this dependence in the notation.

15We applied the intermediate value theorem to both factors in the third term. This is not strictly necessary: we could also
have applied it to only one of these, and apply a uniform continuity estimate to the other term. That would still have yielded
a size estimate £(|s|) |s| = o(|s]). When we generalize to higher derivatives, we shall make use of this fact: at least one of the
factors will be differentiable and yield a factor |s|, while the other term(s) can be estimated by a continuity modulus £(|s]).
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Proof. We define DOl e S? using|(3.46)|and proceed to show that it is the derivative of ®"lasa
function DO"*! € S!' by a direct estimate

18" (xg + h) —©"*! (xg) DO (x0) - hll g1y < £ B,
with xg, X9 + h € X represented in normal coordinate charts.

First, we use the Nemytskii operator technique to get rid of the infinite tail + — —oco. For any given € > 0,
we have on (—oo, b] the crude estimate

sup || [0+ (xo + h) = 0™ (x0) ~ DO™ (x¢) - h] (1) | e~ P4
t<b

< (Lip@©™*Y) + IDO" || ||l e *b < e || Rl

for some b(¢) that is sufficiently negative. We use the differentiability of Tha - Tf o (TE, pr,) on the
finite interval [b, 0] that is left. We define @Z;l =Thas Pa©0O" and estimate
sup [|[©" (xo + h) — 0" (xg) — DO™ ! (x9) - ] (1) || e~ P+
t€[b,0]
<llppo®™ ! (xo+ ) — O (xo+ Ml gy + 1105 00" (x0) = O (x0) 1 9
+|[pp 0 DO (x0) ~DOLL (x0)] Al .
+10)% ! (xo + h) = O}t (x0) — DO (x0) - hll -

This holds for all a < b and the first three terms can be made arbitrarily small when a — —oco due to
Proposition and Corollary while the last term is o(| ) since @Z;l is differentiable by the
chain rule. If the estimate o(|||) is independent of a, then we can finally, for any € > 0 and || k|| < 6
sufficiently small, estimate this by || i

That the term o(|| 2]|) is independent of a follows from another application of the mean value theorem:

[} (xo+ ) - 0} (x0) DO} (x0) - |

p+u
<||pey: @ -Degt x|, , Ikl where d (&, xo) < ||
= [DT"*(@©" ), a0 DO" () ~DT"*(©" (x0), X0) - pa © DO" (x0) | ., I
< (||DTb’“(®”(E),€) ~DT"©" (x0), x0) | 4., IDO" (x0)1l

+ | DT?*(©" (x0), x0)

psp s IDO" ) = DO (o) ) 17

< e(d(S, x0)) I hll

since the continuity estimates for the formal derivatives DT directly translate into the same estimates
for the true derivative counterparts DT?“ on restricted intervals. O

Thus, we can now conclude by induction, starting at ©° = 0, that for each 7 = 0 the map 0" € S is
differentiable when viewed as map into B?*#(I;Y), while the results in Section show that we
actually have

®" € C,%(X; BP* (I V). (3.73)

Finally, we have uniformly convergent sequences

@"—-0%eS) and DO"—-DOE¥esS! (3.74)
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by the fiber contraction theorem, so now we apply Theorem (taking into account Remark [D.3)
to conclude that DO is the derivative of ®° as a map X — BP™H(I;Y). It was already shown in
Proposition that DO is bounded and continuous, just as the D®" in|(3.73)

Remark 3.46 (on topalogies used).

The convergence in ((3.74)|is with respect to uniform supremum norms as in Definition|2.9] These
induce a topology that is stronger than the weak Whitney (or compact-open) topology, cf. Section|1.7]
The convergence in Theorem|D.2]is with respect to the weak Whitney topology, both the assumption and
result. This is sufficient, since we are primarily interested in the result that @ is differentiable, not in
what sense ©”" and its derivatives converge to ©>°. On the other hand, we did already have convergence
of DO@" — DO = DO with respect to these stronger uniform norms, so clearly " — @ in uniform
C!-norm as well. O

3.7.8 Conclusion for the first derivative

The evaluation map evy: BP*#(I;Y) — Y is bounded linear so the graph|(3.41)|of the persistent invariant
manifold also satisfies
h=evgo@eC %X;Y).

The size of D/ can be estimated using the fixed point equation for DO, This yields

q
DO, < E IDx, Txll,
and the contraction factor g < 1 can be made arbitrarily small by choosing { small. As indicated
in|(3.18)} ¢ is in turn controlled by 6, o; from Theorem and v from Lemma 3.12} which can be
chosen arbitrarily small. This completes the proof of all statements in Theorem[3.2]for r = 1 + a with
a € [0,1]. Note that this is the case k = 1 as in Remark[3.3} [v]

3.7.9 Higher order derivatives

To obtain higher order smoothness of the perturbed invariant manifold, we consider equation|[3.42)|for
k> 1. The principal term governing the contraction is still D, T (0(xo), xo), now acting on multilinear
maps D¥O(x) € Ek(TX s Bk (] Y)). The remaining terms only depend on lower order derivatives of
O(xp), hence they do not influence the contractivity estimate in the fiber contraction theorem. It must
be verified, though, that these terms depend continuously on the lower order derivatives as mappings
into B¥PtHk(I,Y). Note again that we set i = a p in case of a-Holder continuity; in case of uniform
continuity (denoted by @ = 0) we choose a sequence {u}1< <k such that the following hold true:

i. pj<0foreach j;
ii. the spectral gap condition p, < kp + pi < p < px still holds;

iii. there exists a p < p such that

kp+ur<kp and jp<jp+u; forany j<k. (3.75)

It follows that the sequence p;’s is strictly decreasing (i.e. increasing in absolute value), and that we have
continuous embeddings B — B¥P+Hk and B/P*Hi — BIP; in the first embedding we reserved some
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spectral space to apply Corollary[B.3] These choices—as well as more ideas in this section—are inspired
by [Van89, Sect. 3], which is an interesting read for comparison in a simpler setting.

We reuse the scheme already defined in Section for the first order derivatives|(3.43)| Let us walk
through these items step by step and indicate the changes that need to be made.

i. Candidate functions for the higher order derivatives can be found by formal differentiation and
application of Theorem This is a straightforward procedure, although tedious and quite
unenlightening to perform. Let us show just one example{ﬂ

D T (v, Xo) (8y1,0y2) (1) =
0
f D®, (1,7, xy(T)) - [Di D (2 (1), y (1)) (1 (1), Y2 (7))
t
DD, B (x, (), ) (81 (), (D Tu (1 20)02) ()

D20y (1,7,x, (1) - (D Ty (3, %0)8y2) (7)

+f D®,(t,0,x,(0)) - [DyDyx(xy(0), y(0)) - 6y2(0)| - D® (0, T, X, (7)) da]
t

Dy Dy (xy (1), y(1)) - Oy1(7) | d7. (3.76)

ii. For contractivity in the fibers we still only need to consider the map D, T as in since that is
the principal term in This map is contractive for any p’ € (py, px), hence also for p’ = kp +
for any p < 0 sufficiently small, when p € (py, px) is chosen appropriately. The other terms in
are bounded maps as well, and linear in the D/©(xy). It follows from Propositionthat each of
these terms has weighted degree

k=1
Y i-pi=k-m
i=1

with respect to the D/©(xp), while they incur an additional exponential factor e™? ! from taking m
derivatives with respect to x € X, due to Lemmal|C.1] Thus the combined exponential growth rates
sum to k p, and p, < k p implies that the variation of constants integrals still converge, so these
terms are bounded maps into B*? spaces. This still holds if we add p j's that satisfy the conditions
set out above.

In the notation of Appendix|Cjwe define spaces of higher order derivatives,
St =Ty (L5 (TX; B¥ (1, 1)) (3.77)
with norms
”DkG)” = sup ||Dk®(x0)||£k(TxOx;ka+ﬂ(1;y))
XoeX
extending|(3.45)| Similarly, we define as extensions of]|(3.46)} higher order fiber mappings
FW =(T,D'T,...,D*T) on Spx&}" x--- xSt (3.78)

These are again uniform fiber contractions with respect to the final factor Sl’: ¥ as fiber, for any
choice of u; < 0 sufficiently small.

18Even though it is not obvious from [(3.76)} this expression is in fact symmetric in 8y;, 8y». To verify this for the terms
containing DxDy, Dx, one should change the order of integration of 7, ¢ and expand the expression (Qy Tx (¥, x0)8y2) (1)
using|(3.43b)
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Instead of trying to construct higher order formal tangent bundles, we represent the higher
derivatives on ‘formal tensor bundles’

IBz(I;X)k: ]_[ BP(I;x*(TX))®k. (3.79)
m%mm

Note that this choice of representation along base curves x matches our choice to represent higher
derivatives as in Definition[C.6lwhen the former is evaluated at a fixed ¢. The trivializations, then,
are defined by tensor products of parallel transport terms l'l(xlf))@k , again when restricted to curves
x € C. The resulting holonomy terms can be estimated by either the k-th power of the single
holonomy term, or, k-1 factors can be bounded by |[TI(y)| < 2 such that the remaining factor
fulfills the required a-Hélder estimate. Then, all details in Section[3.7.5|can be repeated to obtain
uniform or a-Holder continuity of the higher derivatives of Ty, T, as maps on these formal tensor
bundles. Note that we can break each expression into parts such that only one factor is varied for
the continuity estimate and thus only once adds either a p or u to the exponential growth rate.
Thus, the spectral gap condition is still satisfied.

We apply the fiber contraction theorem to with base So x S} x -+ x 8! and fiber S}*. In
case of a = 0, we again seize some of the unused spectral space for the carefully chosen p;’s, such
that conditionof Theoremholds. Let us assume by induction that F*~1 already is a globally
attractive fiber map. The conditionsimply that if we insert elements D/© € S;.” into F®), then
their exponents sum at most to k g, so the mapping onto the fiber 8,’; ¥ is continuous by application
of Corollary For a-Holder continuity we can simply choose pj = ap forall 1 < j < k. Thus, we
find a globally attractive fixed point

(0%,D0%,...,DFO™) e Sy x 8} x-x S{*  with D*e™eCy .

. We constructed a manifold structure on B° (J; X) (and a trivial one on Bﬁ (J;Y) as well) with an atlas

of charts induced by normal coordinate charts of the underlying manifold X. We represent higher{i]
derivatives in these induced normal coordinate charts B (J; x* (T X)). Thus, we have for example

DXTA(x, ) € £¥(BP J;x* (TX)); BPU; V).

This precisely matches the representation of the formal higher derivatives on the tensor space
BP(I; x*(TX))®* in point Higher differentiability of the restricted maps T} and Tf "4 follows as
in Section

Lemma can be generalized to prove by induction over 7 that higher derivatives D¥®” exist; we
define DF©"*! € S? by|(3.78)

By induction we may assume that it was already proven that
0" — 0% e CF 1 (X; B* VP (1Y) as n— oo.

We apply Corollary to conclude that ©” — @ as sequence of C¥ functions and that ©® €
Cl’; u(X ; BRo* 1 (T Y)). The convergence is with respect to our uniform supremum norms, see

Remark[3.46]

171t would probably be more natural to consider the higher derivatives as maps into Banach manifolds with exponents k p,
but these norms are equivalent anyways.



112 CHAPTER 3. PERSISTENCE OF NONCOMPACT NHIMS

Just as in Section[3.7.8} this finalizes the proof of all statements in Theorem 3.2} but now for r = k+ a
with k> 1 and a € [0,1]. It follows that 1 € Cf’g, but the last part that remains to be shown, though, is
that || 72]|_; can be made as small as desired.

From the fixed point equation|(3.42)|it follows that

_ 1 .
IDF e (xo)ll < — X |D}, D2 T(© (x0), X0) - Pt k—m (D" O (x0)) .
- 1,m=0
l+n2nsk—1
(I,m)#(0,0),(1,0)
Each term with [ > 1 contains at least one factor D/ 0%°(xp) with j < k—1; these can be assumed
to be small by induction. The one remaining term with (/,m) = (0, k — 1) can be expanded using
Proposition|C.3} This yields, suppressing arguments 0 (x,) and xo,

k-1 .
DY T =Y DIT, Pj_1(D}, T
i=1

J

Since all terms are uniformly bounded in appropriate norms, it suffices to show that the D{C Ty can be
made small. Recall formula[(3.43c)|and the fiber contraction estimate for D, Ty in Section[3.7.3] where
we saw that D, T, could be made small by choosing || fII, Dy fll < ¢ small. The higher derivatives D’.T,,
too, contain a factor D’. f with 0 < i < j in each term, so by Propositionthese can be made small.
Hence, D¥~10> and consequently ||22]|x_; can be made uniformly small. Note that ||| ; cannot be
made small though, see Remark[3.15|



Chapter 4

Extension of results

In this chapter we discuss some ways to extend the main result of Theorem[3.1]to slightly more general
situations. These extensions are known from the compact and Euclidean settings, but a bit scattered over
the literature. We try to collect a number of these results here, while extending them to our noncompact
setting.

4.1 Non-autonomous systems

We proved the main theorem for an autonomous system and perturbation. The Perron method admits
without difficulty a time-dependent formulation; we refrained from including this, since it would only
have cluttered the already detailed proof, while time-dependence is easily added as an afterthought, as
already noted in Section|1.6.1

Let us assume that M is an r-NHIM for the (time-independent) vector field v on (Q, g) and that all
assumptions of Theorem 3.1]are fulfilled. We can allow time-dependent perturbations by the standard
trick to extend the phase space of the system by R 3 ¢. Define

Q=RxQ  withmetric g=d*+g. 4.1)
Then (Q, g) is again of bounded geometry. We trivially extend the vector field v to
(6, %) = (L,v(x) €T, Q (4.2)

and set M = R x M < Q. Then the flow ® of # has the same hyperbolicity properties as ® since the
additional flow along 7 = 1 is completely neutral and decoupled from the original system. It follows that
M is again an r-NHIM for the dynamical system (Q, ®,R). Note that we need a theory for noncompact
NHIMs to perform this extension by the time interval R. Now we can choose a perturbed vector 7 that
depends explicitly on time, as long as 7 € CZ,’Z(QA) is close to 9. This means that the perturbation must
be small in C¥%-norm (including derivatives with respect to time), uniformly for all time. As a result we
find that the perturbed manifold M will depend on time, i.e. it is not exactly of the form M = R x M for
some M c Q. We do find that M is uniformly close to M =R x M, however, so M is approximately of
this product form.

Remark 4.1. A direct application of Theorem requires the perturbed vector field to be C*® with
respect to time, too, since ¢ € R is added to the phase space variables. Note that the result thus depends
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Ck® smoothly on time as well. A closer inspection of the proof shows that this can in fact be replaced
by the condition that #(¢,-) € C ’“, uniformly in ¢t € R, just as in Remark In that case the resulting
manifold M cannot be expected to be differentiable with respect to time anymore, but it still satisfies all
uniform C*% smoothness and boundedness properties with respect to x € Q. In particular, M is still
uniformly close to M, uniformly for all € R. O

Instead of starting with an autonomous system v, we can also take an initial non-autonomous system
D and perturb that. As long as 9 truly describes a non-autonomous system, that is, it is defined on a
space R x Q and has component 1 along R, then normal hyperbolicity is easily tested. The R-component
of the flow is trivially neutral, while the other Q-component must be checked in a context where, for
example, also the invariant splitting[(1.9)] may depend on time, but this introduces no fundamental
changes.

4.2 Smooth parameter dependence

Another interesting question for applications is if the persistent manifold depends smoothly on the
perturbation parameter. This result can be obtained in a similar way as time-dependence, now adding a
parameter p € P to the phase space with trivial dynamics p = 0. The noncompact theory is not essential
here, but it does allow for a simple proof.

Let again (Q, g) and v = v(p, x) describe the system, where p € P denotes the parameter. For simplicity
we assume that P = R” and that p = 0 corresponds to the unperturbed system for which we have M
as r-NHIM. We consider again an extended system Q = P x Q and M = P x M. The extended vector
field we choose slightly differently: we use an external scaling parameter a = 0 to slowly ‘turn on’ the
parameter dependence. Let y € C°(Rx; [0,1]) be a radial cut-off function such that y(r)=1forr <1
and y(r) =0 for r = 2, and define

Da(p, %)= (0, v(xUIpl) ap,x)) (4.3)

as a vector field on Q. Note that M is an r-NHIM for by trivial extension. One can verify that || i, — gl
can be chosen small with . Uniformity with respect to p follows automatically from y having compact
support. As a result of Theorem[3.1|we conclude that there exists an a > 0 such that 9, has a C" family
of invariant manifolds

M= [] My, (4.4)

p'eP

where M,y is the invariant manifold corresponding to the vector field v(p, -) with p = x (Il pl) a p’. This
parametrizes a full neighborhood B(0; @) c P.

4.3 Overflowing invariant manifolds

Overflowing invariance is a useful tool to study invariant manifolds whose normal hyperbolicity proper-
ties break down beyond a certain domain, see also Section|[1.6.3] We shall indicate here how our main
result can be extended to overflowing invariant manifolds. We provide conditions for persistence that
are slightly weaker than those in the literature. These might prove useful for some applications.

The following definition extends that in [Fen72|] and is equivalent to Definition 2.1 in [BLZ99].
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Definition 4.2 (Overflowing invariant manifold).

Let (Q, g) be a Riemannian manifold, Mc Q a ok submanifold with boundary M € ClandvecCla
vector field on Q with flow ®. Let n denote the outward normal at M. Then M is called overflowing
invariant under v if the following hold:

i. backward orbits stayin M, i.,e.Nme M, t<0: ®'(m) € M;

ii. the vector field v points uniformly strictly outward at OM, i.e. there exists some € > 0 such that
VmeoM: gm(v,n)=e.

Definition[1.8|of normal hyperbolicity can be adapted to this setting (only condition/[i]is necessary): we
assume that only stable normal directions are present and we only require M to be negatively invariant,
while the exponential rate conditions must hold along orbits as long as they stay inside M.

Remark 4.3. Note that the uniformity in conditionreduces to the standard ‘strictly outward’ if M =
M u0M is compact. This is the natural generalization for noncompact manifolds, since the condition is
used to guarantee that under small perturbations and in a small tubular neighborhood the vector field
is still pointing outward. O

The Perron method uses orbits as fundamental objects and constructs a contraction operator on these.
The essence of Deﬁnition is to guarantee conditionthat backward orbits stay inside M, even under
a small perturbation of the vector field. This provides an idea to slightly weaken the overflow invariance
definition into an a priori argument. If any orbits considered in the Perron method proof stay inside
M, then all assumptions throughout the proof are still valid and we obtain a persistent manifold M. To
make this idea explicit, we choose the trivial bundle setting of Theorem3.2)and introduce the following
weakened definition.

Definition 4.4 (A priori overflowing invariance).

Let (X, g) be a Riemannian manifold and let M c X an open submanifold, i.e. of the same dimension,
with boundary dM € C'. Let Y be a Banach space, and v € C! a vector field on X x Y with flow ® and
M mapped into M x {0} c X x Y. Let n denote the outward normal at 0M. Let ¥ be a perturbation of v.
Then M is called a priori overflowing invariant for the pair (v, 1) if the following hold:

i. backward orbits of v stayin M, i.e.YN me M, t <0: ®'(m) € M;

ii. thevector field U points (non-strictly) outward at a tubular neighborhood over M, i.e. there exists
somen > 0 such that

Y (m,y) €OM x Y<y,: g(D1y-v(m,y),n(m)) = 0.
Remark 4.5. Note that Deﬁnitionimplies when |7 — vl is small enough and 7 € Cll) -

Remark 4.6. A useful generalization of Definition[4.4]to the setting of Theorem 3.1]is less trivial. There
we do not have canonical vertical fibers over M in the tubular neighborhood, nor the associated
projection of v onto TX at M. We cannot simply take a non-vertical fiber; the Perron method adapts
the curves x and y separately, so it may happen that while x(0) € dM is kept fixed, y(0) is updated to a
new value such that (x(0), y(0)) lies outside of the tubular neighborhood over M, and control is lost. $

Let us demonstrate the application of this more general definition with the following simple example,
see also Figure[4.1]
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Example 4.7 (Persistence under a priori overflowing invariance).
Let X x Y =R xR and let the unperturbed vector field be given by

v(x,y) = (- (x-1D% (*-4)y).

Note that M = (—1,1) c X is strictly overflowing invariant at its left boundary x = —1 (we could choose
other values as well), but non-strictly so at the right boundary x = 1, which is a degenerate stationary
point. The vector field is normally attracting over the interval (—2,2) and uniformly so over any closed
subinterval. Note that there does not exist a subinterval of X that is overflowing invariant according to
Definition[4.2]

Let us choose a family vs of perturbations of v such that ||vs — v|l; <6 and v = vs on a neighborhood of
(1,0) € X x Y. Then M satisfies Deﬁnitionfor this family vs and application of Theorembelow
shows that for § sufficiently small, there exists a unique negatively invariant manifold M = Graph(/)
for the flow of vs such that h: [-1,1] € X — [-n,n] < Y. For any r > 1 there exists a § such that 1€ C"
holds. O

e

Figure 4.1: a priori overflowing invariance for the manifold M.

Theorem 4.8 (Persistence under overflowing invariance).

Letk=2,a€0,1] andr =k+ a. Let (X, g) be a smooth, complete, connected Riemannian manifold of
bounded geometry and Y a Banach space. Let vs € C ’bcg be a family of vector fields defined on a uniformly
sized neighborhood of the zero-section in X x Y such that |vs — voll; < 8. Let M satisfy Definition[4.4 for
the pair (vy, vs) for any 6 € (0,00] and let M be r -normally attracting for the flow defined by vy, that is, M
satisfies the overflowing invariant version of Definition[1.11|with rank(E*) = 0.

Then for each sufficiently smalln > 0 there exist 01 > 0 such that for any § € (0,011, there is a unique
manifold with boundary M = Graph(h), h: M — Y, ||hlly <1 such that M is negatively invariant under
the flow defined by vs. Moreover, h € C]g"l‘; and |||, can be made arbitrary small by choosing || vs —
vollx—1 sufficiently small. The function h extends continuously to dM.

Remark 4.9. In this overflowing invariance setting, the condition that rank(E™) = 0 is really necessary
and not an artifact of our proof. The same results hold for inflowing invariance with no stable normal
directions present. Definition[4.4] can be extended to full normal hyperbolicity with both stable and
unstable normal directions present. This requires local invariance of the vertical fiber 0M x Y<; over
0M under both the forward and backward orbits.
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Remark 4.10. We can restrict to a smaller open subset U of X that contains
M, so we do not need vs € Clzf,’g to hold on all of X. If this subset U is not
convex, though, we may run into difficulties when applying the mean value
theorem, see Figure an intermediate point ¢ ¢ M on the line between
X1, X, may be selected, so we need to make sure that the uniform estimates
still hold there. Thus the need for U > M to be convex, see also the remark

Fi 4.2:
in [Hen81, p. 289]. o igure a nonconvex

subset M c X.

Proof. The proof of Theorem 3.2]requires minimal changes. Note that regardless of the modifications
and smoothing preparations performed in Section [3.4} the vector field 7y is precisely the horizontal
component of the perturbed vector field vs. In Section[3.6/where we proved existence and uniqueness
of M, we take n small enough that it satisfies condition [ii| of Definition This guarantees that
x = Tx(y, Xo) is a solution curve such that x((—oco,0]) € M forany y € B,’;(I; Y) and xp € M. Hence, the
contraction mapping T = Ty o (T, pr,) is well-defined with intermediate space Bg(I; M) and we find a
unique Lipschitz continuous fixed point map ©*: M — B,‘; (L Y).

No essential changes are needed with respect to the smoothness proof in Section The formal
derivatives|(3.43)|are well-defined along all curves x and y that are considered, since the derivatives of
Dy, A, f are defined on an open neighborhood of M. In Sectionwe use the mean value theorem to
prove that the restricted maps T»% have true derivatives. Remarkis not problematic here, since 77¢
is defined on the finite interval J = [a, 0] and thus we can restrict to arbitrarily small open neighborhoods
along the curves x, y when restricted to /. Hence we find that @ € C]];"Z‘ on M. O

4.4 Full normal hyperbolicity

We made the assumption in our main theorems that the unstable bundle E* was absent, that is, that
M was a normally attracting invariant manifold. As already noted in Remark 3.3} it should be
possible to generalize this to the case of full normal hyperbolicity where both stable and unstable
normal directions are present. Let us indicate here how this more general result can be obtained.

Assume that in Theoremwe have an invariant splitting|(1.9)|with both stable and unstable bundles
E* present. The reduction principle in Section[2.6]leads to a formulation of Theorem [3.2with a trivial
bundle

m: Xx(YxZ)-X, (4.5)

where X is a smoothed approximation of M and approximate, boundedly smooth representations of
the bundles E* are embedded into the trivial bundles X x Y, X x Z with Y, Z Banach spaces. This
means that M is again represented as the graph of an approximate zero section hs: X — Y x Z; now,
the subbundles X x Y and X x Z are approximately invariant under v,. The deviation from invariance
is controlled by o, the parameter of the smoothing approximation of M. We find linear operators A*(x)
on Y and Z respectively, that approximate the linearizations of v, and v,, and corresponding flows ¥+
with approximate growth rates. We add a mapE]

Tz(x,y,Z)(t)=f Yi,T) fH(x(),y@),z(0) dr (4.6)
t

INote that since ¢ < 7, we have a reverse flow W* (¢,7) for the unstable directions, which indeed satisfies the growth

estimates
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Figure 4.3: an overflowing tubular neighborhood P;rn along the unstable manifold.

with z € B,‘; (R>¢; Z) and adapt the other maps to incorporate z as an argument. We use Lemma and
extend all curves in X, Y, Z to the full real line. This should yield a contraction

T=(Ty,T)o(Ty,pry,pry) on Bi®R;Y)x B ®;2), 4.7)

again with xo € X as initial value parameter. We obtain a pair (0~, ®") of fixed point maps, and after
evaluation at ¢ = 0 we find
(h",h"): X—YxZ, 4.8)

whose graph describes the persistent invariant manifold M. See e.g. [VG87] for an application of this
technique in the center manifold setting.

An alternative method to obtain M is by constructing it as the intersection of its (center-)stable and
(center-)unstable manifolds. Here we make use of over- and inflowing invariance. First we construct
a tubular neighborhood P;“n of M along (a smooth approximation of) the unstable bundle E*, see
Figure This manifold is approximately invariant and overflowing according to Definition[4.2]if 1) is
sufficiently small since it lies approximately along the unstable direction of M. Careful modifications to
the setup of the proof in sectionsandwill allow us recover the local unstable manifold WlOUC of M
as the graph of

hY: PIn —E,

where E~ is an extension of the bundle E~ over PZ,. Vice versa we can find the local stable bundle ngc
as a graph over P_,. Their intersection yields

7 — wU S k,a
M= I/Vloc n I/Vloc € Cb,u

since the intersection is uniformly transversal. This is a standard trick which is also applied in [Fen72;
HPS77] using the graph transform.

4.5 Recovery of the invariant fibration and splitting

In our main Theorem[3.1]we did not prove that the persistent manifold is again normally hyperbolic.
As stated in Remark we must recover the invariant splitting of the perturbed manifold M to be
able to conclude that M again satisfies Deﬁnition of normal hyperbolicity. We will sketch how to
find the invariant fibers of the stable manifold of M in the setting of Theoremwith a trivial bundle
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Y

; VWS Ly (0)

Figure 4.4: the invariant fibers of ngc(M) modeled on the bundle &, = y* (TM & E7).

Q= X x Y. These fibers are easily recovered using the Perron method, and smoothness of each single
fiber essentially comes for free. We then readily obtain the vertical part £~ of the invariant splitting as
the tangent planes to these fibers at M. Since TM is already invariant, we have

T;Q=TMeE" (4.9)

which is invariant under the tangent flow, cf.|(1.9)| Note that we should still prove boundedness and
uniform continuity of this splitting.

Each single invariant fiber can be found by application of the non-autonomous Perron method. Let
Y: R x M — M denote the flow of the perturbed system, restricted to the persistent manifold, and let
y(t) = Y!(m) denote a solution curve in M. Consider the pullback bundle

Em=7"(TQ) R, (4.10)

Note that y* (TM) is a subbundle of &,, in a natural way, and that it is invariant under the tangent flow
DY!. Next we consider y*(E™) as a subbundle of £,,: even though E~ was defined over the original
manifold M, it can simply be translated along the canonical fiber Y to be identified with a bundle over
M and then be pulled back along y. Thus we have a splitting

TyQ=Tuz(XxY)=TMeE".

The original splitting TM @ E~ was bounded, hence when M is sufficiently close to M in C! norm, then
this splitting will be bounded again. It is uniformly continuous since both subbundles are. In order to
recover a smooth stable fibration later, we will moreover want to construct a smooth approximation £-,
similar to the convolution smoothing of Ain Section The stable manifold ngc (M) of the perturbed
system consists of single fibers ngc(m) that can be modeled as graphs of maps

RS E-

m:* m

- TmM»

see Figure We recover the map flfn after application of the Perron method to the non-autonomous
system defined on &, by pulling back the vector field (%, 7) alon

@: 7" (TQ) = Rx Q: (£,x) — expy(y(x) with x€TyHQ (4.11)

2We only can (and need to) perform the pullback in an 7-sized tubular neighborhood of y. Outside this neighborhood we
smoothly cut off the vector field to a suitable linearization. Therefore we only recover the local stable manifold.
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That is, we look at the system in normal coordinates that follow the solution curve y. This means that
the vector field ¢* (%, D) on &;,; has constant speed 1 on the base R, i.e. the time axis, and preserves
the zero section, i.e. the origin of the coordinates at y(#). Since Dexp,, (0) = 1, the exponential growth
conditions are preserved under pullback. Hence, the splitting

Em=Y TM)e®y*(E")

is approximately invariant with growth rates close to px and p, respectively. Now we apply the Perron
method on the interval Rx(. That is, we have the operator

T(x,y,y0)(1) = ( f DY (y(1)) fx (7, x(7), y(1)) dT, (4.12)
t

t
¥, (1,0) yo +f0 Wy (1,7) fr (T, x(7), y(7)) dT

which is a contraction on pairs of curves (x, y) € B?(Rx¢; ) with the partial initial condition yg €
Em,o = E,, as parameter. Here we chose p, < p < py and used the fact that f;(£,0,0) =0 for i = X, Y.
The functions fy, fy are C!'-small nonlinear terms. These contain the linear and higher nonlinear
perturbations away from the linear flows DY and ¥, along r* (TM) and r* (EM) respectively, corrected
for the bounded coordinate changes introduced by ¢ in Thus, we find 43, by evaluating the
x-component of the fixed point map at ¢ = 0 for a given yj.

We can establish that flsm € C]lf’g by an implicit function argumen | on the Banach space BP (Rxg; ),
see [Irw70]. The unpublished preprint [Dui76] extends these ideas to the geometric context of Banach
bundles over R.

Note that this result is uniform in the family parameter m € M, but it does not include smoothness with
respect to m. To obtain smoothness, we extend the pullback bundle|(4.10)|to

E= 1] &m=Y"(TQ) = Rx M. (4.13)
meM
This bundle can be endowed with a topology by parallel transport along the curves y as in Section 3.7.4]
Then each derivative with respect to m adds an exponential growth factor e since the curves y can
diverge at that rate in forward time. Note that p y; corresponds to p in[(1.11)} that is, the upper bound
on the spectrum of the tangential flow. This leads to the spectral gap condition

Py <px—Trpp=(Tr+1)py, (4.14)

from which it follows that the mapping m — £y, has ck ul '* smoothness. This implies that the invariant
splitting is at least uniformly continuous and bounded The exponential growth rates with respect to
the splitting follow from small perturbation estimates similar to those in sections[3.4/and [3.5] This
completes the requirements for normal hyperbolicity of M in Deﬁmtlon-

3We immediately recover higher smoothness instead of having to go through an elaborate scheme involving the fiber
contraction theorem as in Section The reason is that B¥P (R>0;Em) — BP (R=0; Em) is a continuous embedding when p < 0
and we look at Rx¢, that is, higher powers of negative exponential growth decay even stronger.



Appendix A

Explicit estimates in the implicit function
theorem

In this appendix, we carefully examine the implicit function theorem. We extend this standard theorem
to classes of functions with additional properties such as boundedness and uniform and Holder
continuity. The crucial ingredient is the explicit formula[(A.2)|for the derivative of the implicit function,
which allows us to transfer regularity conditions onto the implicit function.

As an application of the implicit function theorem in Banach spaces, we will establish existence,
uniqueness and smooth dependence on parameters for the flow of a system of ordinary differential
equations. Essentially, these are standard results from differential calculus, see e.g. Zeidler [Zei86),
p- 150,165] or [Rob68; Irw72]. We consider a general setting of ODEs in Banach spaces and show smooth
dependence, both on the initial data, as well as on the vector field itself. Moreover, our extension of the
implicit function theorem yields boundedness and uniform continuity results.

We start with some results on inversion of linear maps.

Lemma A.1 (Invertibility of linear maps).

Let X be a Banach space and let A € L(X) be a continuous linear operator with continuous inverse. Let
B € L(X) be another linear operator such that || B|| < ”A—l,ln. Then A+ B is also a continuous linear operator
with continuous inverse, given by the absolutely convergent series

(A+B)'=Y (-A7'B)"Al =Y a7l (-BAT))". (A.1)

n=0 n=0

Proof. First of all, note that there exists an M = 1 such that || A, | A71|| < M. The base of the geometric
series can be estimated in operator norm as ||—-A~!B|| < 1, so the series is absolutely convergent and the
limit is a well-defined continuous linear operator, whose operator norm can be estimated as

_ _ _ IA~Y
IA+B) <A Y I-AT'B|" s ——— <0
,;0 1-|A-1B|

That the limit is again a well-defined linear operator follow from the fact that £(X) is a Banach space.

Applying A + B to the left-hand side of|(A.1)} we see that the candidate is a right inverse:

(A+B) Y. A (-BAY'= Y (-BAY)"'- Y (-BAT)" =1

n=0 n=0 n=0

121
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Similarly the candidate can be shown to be a left inverse of A+ B. Now we have that the candidate is
continuous and a full inverse and furthermore, A + B itself is clearly a continuous operator as the sum
of two continuous operators, so the proof is completed. O

Corollary A.2 (Linear inversion is analytic).

Let I: A— A~! be the inversion map defined on continuous, linear mappings A € L(X) with continuous
inverse, where X is a Banach space. The map I is analytic with radius of convergence p(A) = 1/|| A7
When X is finite-dimensional, I is a fortiori a rational map.

Proof. Extending well-known results on analytic functions to Banach spaces (see e.g. [Muj86]), we read
off from[(A.I)]that the inversion map I can be given around A by an absolutely convergent power series
with p(A) = 1/|| A~} and is thus analytic. When X is finite-dimensional, det(A) # 0 implies that A~! isa
rational expression in the matrix coefficients of A according to Cramer’s rule. O

The inversion map I is locally Lipschitz, like every C! mapping:

L _ . lA~1)?
IA+B) ™ =A< Y I-AT'BI" A7 <

—— 5 1Bl
n=1 1-[|A71B]

However, when we restrict to a domain bounded away from non-invertible operators A, that is, when
IA7Y|| < M, then the Lipschitz constant is bounded for small B. This implies that when A = A(x)
depends on a parameter via a certain continuity modulus, then A(x)~! will have the same continuity
modulus up to the Lipschitz constant, at least in small enough neighborhoods.

The standard implicit function theorem on Banach spaces can be stated as

Theorem A.3 (Implicit function theorem).
Let X be a Banach space, Y a normed linear space, and let f € C**'(X x Y; X). Let (xo, yo) € X x Y and
assume that f(xy, yo) = 0 and that D, f (xy, yo)_1 € L(X) exists as a continuous, linear operator.

Then there exist neighborhoods U c X of xo and V < Y of yy, and a unique function g: V — U such that
f(g(y),y) =0. Furthermore, the map g is C* and the derivative of g is given by the formula

Dg(y) =-D1f(g(y), » " -D2f (g1, ). (A.2)

See [Zei86, p. 150-155] for a proof. Note that we do not need to assume that Y is a complete space, as the
contraction theorem is only applied on X. Recall that we use notation where D denotes a total derivative,
while D; with index i € N denotes a partial derivative with respect to the i-th argument.

Formula|(A.2)|for the derivative of the implicit function g will be crucial for the extension of the implicit
function theorem to many classes of regularity, extending C* smoothness. We use the Lipschitz estimate
for the inversion map and require that the regularity conditions are preserved under composition, addi-
tion, multiplication and localization of functions. By Proposition|C.3] the derivatives of g are expressed
in terms of D; f(g(y),y) ! acting on a polynomial expression of same or lower order derivatives of f
and strictly lower order derivatives of g.

As an example, let us take Cl]f’“ functions. Using Lemma and induction over k, this function class is
preserved under products. For composition, we check Holder continuity,

1 f(g(x2)) — F(gx)ll = Cf (Cg lx2 — x11%)* < (Cp C) 122 — 311

for 0 < a =1, when [ x; — x1]| = 1. In case || x2 — x| > 1 however, we can directly use the boundedness
of f:
I £(gx2) — FgI = I f gL+ (gDl <21 fllgllxz—x1 1%
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Thus, Holder continuity is preserved with some new Hélder constant, while boundedness is trivially
preserved as well. We conclude that if f € Ck’“, and (D; f)~! is globally bounded, then we can read off
from formulathat g€ Ck . The same results hold for the class of Ck functions, or any other class
of functions whose propertles are preserved when inserted into[(A.2)] Together interpreting @ = 0 as an
empty condition, these lead to

Corollary A.4. Let in the Implicit Function Theorem@, fe C’g’z withk=1and0 < a < 1. Assume

moreover that | D1 f (x, y)‘1 | = M is bounded on U x V for some constant M < oco. Then g € C’;’Z‘, and the
boundedness and continuity estimates depend in an explicit way on those of f.

Remark A.5. Formula|(A.2)|only provides control on the derivatives of the implicit function, but the size
of g itself can be controlled by choice of the neighborhood U. In our applications, this will match up
with choosing coordinate charts around the origin in R”. O

Let us now consider an ordinary differential equation
X = f(t’ x)) x(tO) = Xo, (A-?’)

where x takes values in a Banach space B and f € Cb (Rx B;B)with k=1,0 < a < 1. We consider
solutions x € X = C°(I; B) equipped with the supremum norm, which turns X into a Banach spaceﬂ We

choose I to be a closed interval I = [a, b] c R. The Picard integral operator

t
T: X=X x()—~TxX)(O=x0+| f(r,x(r)) dr (A.4)
4}

has exactly the solution curves of|( as fixed points. It also implicitly depends on f € Cb (R x B; B)
and (g, xp) € I x B. From now on we denote by D, a partial derivative with respect to the argument that
is typically described by the variable x.

This T is a contraction for |I| = b — a small enough:

t
IT(x) =Tl =supll| f,x1(7)) = f(z, %) dr|

tel to

t
ssup | IDxf(@,E@Nx1(z) —x2(0)|l dv

tel to

<sup |t —1ollIDx fllllx1 — x2]
tel

< 1DxfIllx1 = x2l.

We restrict T to a bounded subset of argument functions f,

FcCP®RxB;B),  suplfliasR
’ feF

Thus, choosing |I| < 2R turns T intoa g = 5 contractlon which shows that there is a unique x € X
satisfying T'(x) = x and therefore[(A.3)]

INote that any actual solution x will be C 1 atleast, but only x € CY is required. This makes X a complete space without the
need to introduce norms more complicated than the supremum norm.
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Next, we consider small perturbations of both (fy, x¢) and f. To apply the implicit function theorem, we
define F(x) = x — T'(x). This function has a unique zero and DF(x) is invertible, as

Fx+6x)(t)—F(x)(1)

t
=6x(t)—f D, f(7,é(1))-6x(z) dr
11

t
=6x(t)—f Dy f(7,x(0)-6x() + O(lIE(x) — x(D) )16 x (D) || dT
To

= (DF(x)-6x)(1) + o(16xI) (A5)

The neglected terms are 0(||6x||) since D, f is uniformly continuous on I, so DF(x) exists. From
the expression above, we can also easily read off continuity of DF(x) as a linear operator, by writing
DF(x) =1+ A(x) and noticing that

JAG)I < 1D f1l < 3,

thus DF(x) is a bounded, invertible linear operator such that [DF(x)~!|| < 2.

By similar estimates, the derivatives of F with respect to the parameters #, X9, and f can be calculated
as
Dy, F(x) = f(to, x(%0)),

Dy, F(x) = -1, A6

t
(DFF(x)-6f) ()=~ | 6f(z,x(1) dr.
fo
Note that these are all bounded linear operators; D, F(x) is because || f|| < R. Hence, F € C}] as a
function of x, ty, xo, f, so by the implicit function theorem, the solution x(f; ty, xo, f) depends C}J on

t()) x(),f-

Next, we establish C ffj dependence on the initial conditions fy, xo and Cg dependence on f and ty, xo

together. Uniform and Hélder dependence on f are lost because the variations 6 f € C][f"l‘; are not
uniformly equicontinuous. The first derivatives can be differentiated another k — 1 times with respect
to each of the variables, using similar estimates as in[(A.5)] These derivatives are continuous as f is
uniformly continuous on the interval /. Uniform and Hélder continuity with respect to f, xo can be read
off directly from the expressions (A.S)H(A.G) or their higher order derivatives, as f € Clgy’g. The implicit
function theorem only gives an explicit formula|(A.2)|for the derivative. Here, this translates into the
fact that no boundedness follows for the C°-norm of the solution curve, only for the norms on the
derivatives.

We have thus shown that the conditions of Corollary[A.4]of the implicit function theorem have been
satisfied, so there exists a neighborhood of (#, xo, f) in I x B x F such that for each (¢, x;, f') in that
neighborhood there is a unique solution toand the solutions x depend in a Cl’i’s way on #), X, and
C ’g on all of #;, x;, f'. Note that this result is obtained only on the interval I. We can however extend
these results to any bounded interval, by using the composition property of a flow; the estimates may
grow with interval size though. Hence, we have the following result, see also [DK00, App. B].

Theorem A.6 (Uniform dependence on parameters of ODE solutions).

Let an ordinary differential equation|(A.3) be given, where f € F c CZZ([R xB;B) withk=1,0<sa<1,B
a Banach space, and F a bounded subset. Let I c R be a bounded interval and X = C°(I; B) the Banach
space of (solution) curves, endowed with the supremum norm.
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Then the flow ® isa C’g mapping
®: [ x BxF — X: (to, Xo, f) — (£ — x(1)).

The boundedness is understood to hold only for the derivatives. Moreover, ® € CZ'Z‘ holds as a mapping
from I x B for fixed f € F.

Remark A.7. Differentiable dependence on time can be dropped from this theorem. That is, let us
instead assume that f(t, x) and its derivatives D ; f(t,x), 1 < k withrespect to x are bounded continuous
with respect to (t, x). Then the flow is a Cl’j mapping

®: BxF — X: (xg, f) — (t— x(1))

when I c R is a bounded interval. This result follows directly from the proof, since we only used
differentiability with respect to ¢ for differentiable dependence of ® on t.

Remark A.8. Instead of a Banach space B, we can also choose the setting of a Riemannian manifold
(M, g). Solving for the flow of a differential equation is defined in terms of local charts, so by standard
arguments the C¥ smoothness result extends to this setting.

If we assume moreover in the context of Chapter that (M, g) has bounded geometry and that f € C 5’3,
then we can obtain stronger results close to those of Theorem[A.6] In any single normal coordinate chart
the results of Theoremhold. To extend the flow beyond one chart, we use the fact that coordinate
chart transitions are uniformly C*-bounded maps. It follows that ® € C Z’Z‘ on any domain such that all
image curves are covered by a uniformly bounded number of charts. This includes the domain M x I
for any finite interval I c R, since f itself is assumed bounded. The bounds and continuity moduli will
depend on || though.

Alternatively, uniform (Holder) continuity estimates independent of charts can be obtained by using
Proposition to express continuity moduli in terms of parallel transport. See Lemma|C.10} which is
proven via a variation of constants method. %
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Appendix B

The Nemytskii operator

The Nemytskii operator creates a mapping on curves from a simple function between spaces. That is, in
its simplest form, if we have a function f: R” — R, then the associated Nemytskii operator

F: C®RR™ — CRR™),  F(x)(1) = f(x(1),

maps curves x in R” to curves y = F(x) = f o x in R™. See also [Van89, p. 103-109] for a clear presenta-
tion.

We investigate continuity of the Nemytskii operator for certain classes of curves. The following definition
of the Nemytskii operator in a somewhat more abstract context on bundles over R allows e.g. for the
map f to be time-dependent.

Definition B.1 (Nemytskii operator).

LetI c R and let X,Y be normed vector bundles'|over I. Furthermore, let f: X — Y be a bundle map, i.e.
a fiberwise mapping that covers the identity on I, but which is not necessarily linear in the fibers. We
define the corresponding Nemytskii operator

F:T(X)-T(Y): x— fox, (B.1)

mapping continuous sections of X to continuous sections of Y.

In the previous definition as well as in the following lemma, we need not restrict to vector bundles; we
shall also require the case that X is a trivial fiber bundle with a metric space as fiber (e.g. the bundle
Bg (I; X) in the context of Chapter . Recall that the space of sections I'(X) can be endowed with an
exponential growth distance[(1.17)|or norm|(I.16)} respectively. This turns I'(X) into a metric (or normed
linear) space denoted by I'? (X) with exponent p € R. The distance dp(x1, x2) may be infinite for some
x1, xp € TP (X) if X is a trivial metric fiber bundle. This is not a problem, since it is only used to obtain
(Iocal) continuity estimates for sections such that d,, (x1, x2) < co.

Lemma B.2 (Continuity of the Nemytskii operator).

Let X, Y be normed vector bundles over I = Rx, or alternatively let X be a trivial fiber bundle of a metric
space. Let f € CY%X;Y) bea continuous fiberwise mapping and let F: T'(X) — I'(Y) be defined as in
Let p1, p2 € R and assume that one of the following holds:

LFor our purposes, a sufficient definition of a normed vector bundle 7: X — R is that there exist local trivializations
7: 771 (U) — U x F that are isometric with respect to the norms on X and the normed linear space F. Note that we canonically
have such trivializations by parallel transport, see|(3.52)[and Propositionw
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i. p2>0and f is bounded into the normed vector bundle Y ;
ii. p2=apy and f is a-Holder continuous with 0 < a < 1, uniformly with respect to the fibers.

Then F is continuous as a map I'*1(X) — I'P2(Y) and under F is moreover a-Hdlder continuous again.

Proof. We first prove the statement under assumption[i] Fix x; € I'*1(X), let € > 0 be given, and let
X2 € TP1(X) be arbitrary. As f is bounded and p2 > 0, we can choose a T > 0 such that

Vi>T: fx () - flra@)le P <2|fle P! <e.

This leaves only the compact interval [0, T] for which we still have to show that || f(x1 (£))— f (x2(£)) || e~ P2 I <
€. Letus denote g: I — R: r— e P21, then the continuity estimate of f-g: X — Y is uniform on the
compact set x; ([0, T]). Hence, there exists a ¢’ > 0 such that for all £ € [0, T] and &, € l(ncX,

d(x1(1),&2) <6 = e P21 flx1 (D)) - f(é)l <e.

We have that d(x; (1), x2(1)) < e/P1 T dp, (x1,x2), so choosing 6 = el Tlg yields the required estimate for
dp, (x1,x2) < 6. This proves that F is continuous at x;.

Secondly, assumeliiland let C, be the Holder coefficient of f. Then we can estimate
IF(x1) = F(x2)ll g, = sup e 2" || f(x1(0) = f (x2(0)l
20

—p2t na
=sup e P21 Cq (dp1 (x1,x2) €1 ) =Cyq dpl (x1,%2)%,
t=0

which shows that F is a-Ho6lder continuous again with coefficient Cy,. O

Corollary B.3. Let the assumptions of Lemmal[B.2 with condition[i be satisfied. If f is fiberwise uniformly
continuous with continuity modulus independent of the fiber, then also F is uniformly continuous.

Proof. This follows easily: in the proof above, the uniform continuity on the compact set x; ([0, T']) can
be replaced by the uniform continuity modulus of f itself. This does not depend on x;, x» anymore,
only on their distance, so it leads to a uniform continuity modulus of F. O

Remark B.4. The previous results also hold under time inversion. That is, if we consider the interval
I = R<o and invert the inequalities for p1, p, in conditions[i]and|[ii} then LemmaB.2]and Corollary[B.3]
still hold true. We use this time inverted version in Chapter[3] O



Appendix C

Exponential growth estimates

In this appendix we investigate the growth rate of higher order derivatives of a general flow on a
Riemannian manifold. Basically, if the growth of the tangent flow is proportional to exp(p ?), then the
growth of the r-th order derivative is of order exp(r p #). This even extends to ‘fractional’ derivatives, that
is, the Ck%-norm (which includes a-Holder continuity bounds) has this growth behavior for r = k + a.
These results will be used to obtain continuity and higher order smoothness of the persisting NHIM. The
particular exponential growth behavior exp(r p t) will precisely prescribe the spectral gap condition: to
construct a contraction on the r-th derivative, the normal contraction of order exp(p, ) must dominate
the higher order exp(r py t) along the invariant manifold, hence py < r py is require(ﬂ

These results are based on estimating variation of constants integrals and similar in spirit to Gronwall’s
lemma. We work on Riemannian manifolds, however. This complicates matters with a lot of technicali-
ties, but the basic ideas are still the same. We do require uniform bounds and bounded geometry of the
manifold, see Chapter[2} Let us first show the idea for a flow on R” and then introduce some concepts
and notation to finally treat the general case.

Lemma C.1 (Exponential growth estimates for a flow).

Let ®>% € C*=1 pe the flow of a time-dependent vector field v on R™. Let v(t,-) € C’g(lRm) with all
derivatives jointly continuous in (t,x) € R x R™ and uniformly bounded by V < co. Suppose that
[D®H0(x)|| < Cy eP =) for all x € R™, t = ty and fixed C; >0, p # 0. Then for each n,1 < n < k, there
exists a bound C,, > 0 such that

np(t—ty) ;
VxeR™, t> fy: D@0 %)) < Cne ifp>0, (C.1)
Cpel=)  ifp <.

Proof. Let D denote the partial derivative with respect to the spatial variable x € R™. We suppress the
time dependence in the notation of v since we have the bound |D"v|| < V for all 1 < n < k, uniformly in
space and time.

Since ®"% is a flow, we have

DOh(x)=1 and D"®™N(x)=0, 2<n<k. (C.2)

1We formulate all statements in this section with respect to exponentially bounded flows in the (more natural) forward time
direction. That is, we work with ¢ € R>, and typical exponents p > 0. In our applications in Chapterwe use the time-reversed
statements. See also Remark
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For 1 < n < k we can write, suppressing arguments ty, X,

d n
aD"cbf =D"(vo®)=Dvo®"-D"®"+ ) D'vod’.p,,(D'0f,..., D" 1D, (C.3)
=2

where the P; ,, are homogeneous, weighted polynomials as in Definition [C.2|below. In the first equality,
the switching of partial derivatives is well-defined, because the spatial derivative in the middle expres-
sion is well-defined and the resulting function continuous. In the right-hand expression we have already
used Proposition and separated the homogeneous term with D"®! (when [ = 1). The result is a
linear differential equation for D"®’ with the inhomogeneous terms in the sum consisting of lower
order derivatives D'®’, i < n, only.

For n =1, statement|(C.1)|is already true by assumption and in that case we also see that|(C.3)|is a
homogeneous linear differential equation. Denote by W, (¢, #;) the solution operator for this system
with initial point x € R, then

D" (x) = W (1, 1) (DO (1)) = Wx (1, 19) - 1 = W (1, 1y). (C.4)

This solution operator acts by left-composition on linear maps, so we read off that W (¢, ) = D®"% (x)
and find the estimate ||¥(t, )| < C; e®*~%). Now we turn to the induction step. For n > 1, we still
have essentially the same solution operator W .(z, #p) for the homogeneous part, only now acting by
composition on multilinear maps D"®"%(x) € £"(R™): the solution operator is not influenced by
considering multilinear maps, as Dv and ¥ act by linear composition from the left, essentially on
tangent vectors. Therefore, the same growth estimate for W, (¢, #p) still holds.

The inhomogeneous terms in|(C.3){depend only on the D!®?, i < n and by the induction hypothesis we
can estimate |[D'®|| < C; i P!, Using variation of constants, the solution can now be written as

t n

D"’ (x) = f ¥, (t,7)- ) D'vod’- P ,(D'@7,...,D" @7 dr, (C.5)
lo =2

where the homogeneous part of the solution is zero because D"®% % (x) = 0 for n > 1. Given that the

weighted degree of P; ,, is n, we can directly estimate

t n
ID"®" (x) || sf I¥(, D1 Y |D'v|IPyn (D @7,..., D" 07) | dr
To I=

t
sf C1eP" DV R({Ci}icn) P dr
[4)

enp(t—tg) _ ep(t—to)
=C; VR({C;}; . C.6
1 ({ l}l<l’l) (n—l)p ( )

The bound R depends on finite sums and products of finite terms, so is finite again. When p > 0, the
denominator is positive and the numerator can be estimated by e"*” (t=t)s ywhen p <0, the numerator
can be estimated by e?/~%), adding a minus sign to both parts of the fraction. Thus, in both cases
[(C.D|holds. This completes the induction step. O

Before generalizing this lemma to Riemannian manifolds, we first refine some previous notation. Instead
of R, we more generally consider linear spaces V, W and spaces £*(V; W) of (multi)linear maps for the
(higher order) derivatives of maps f: V. — W.
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Definition C.2 (Homogeneous weighted polynomial).

Let P, y(y1,...,¥n) be a polynomial in the variables y, to y,. We call P a homogeneous weighted
polynomial of degree (a, b) if it is a homogeneous polynomial of degree a and moreover, each term
yf ',y has weighted degree

n
Y i-pi=Dh. (C.7)
i=1

As a consequence, such a polynomial cannot have factors y,, for n > b and the factor y; can only occur
as a term on itself when a = 1.

This definition can now be used to denote the higher derivatives of a composition of two functions f, g
on vector spaces.

Proposition C.3 (Higher order derivatives of compositions of functions).

Let the mapping x — f(g(x),x) be given with f: VxU — W and g: U — V two sufficiently differentiable
functions between vector spaces U, V, W. Then the k-th order derivative of this mapping with respect to x
is of the form

d \k
(=) fle@.m=" Y DIDYf (g, 0 Pri-m(D'g(x),.... D" g(x), (€8

I,m=0
l+m=<k
(1,m)#(0,0)
where P ;._, is a homogeneous weighted polynomial of degree (I, k—m) with | higher order derivatives

Dig(x) in each term, and weighted degree k—m.: the total number of derivatives that either produced an
additional Dg(x) term or differentiated an existing one.

Remark C.4. We will shorten the notation P; x(D'g(x), ..., Dkg(x)) =P, (D" g(x)).

Remark C.5. Note that DiDg” f(g(x), x) is actually an element of the tensor product space W ® (V*)®l ®

(U*)®™ and P t_,, an element of the (, k—m)-linear maps V® @ (U*)®* ™"
composition is indeed a mappingin W ® (U*)®k = LX(U; W), as expected. O

, or (I, k—m) tensors, so the

Proof. This is easily proven by induction. For k = 1 we have

d
af(g(x),x) =D, f(g(x),x)-Dg(x) + D2 f(g(x),x),

which satisfies|(C.8)} For the induction step we have

d \k+1 d .
() feww=1" ¥ DIDFfEW, 0 Pri-m(D’s()
I,m=
l+’r7zzs(}c
(I, m)#(0,0)

=y [D{“Dgnf(g(x),x)-Dlg(X)~Pz,k—m(D'g(x))
I, m=0

hem=k -+ DD F(g(x), %) Pr-m (D" g (1)

d
+D{D} f(g(x), x)- apl,k—m(D.g(x))]

= Z [D{HDénf(g(x)yx)'Pl+1,k+1—m(D.g(x))
I,m=0

(Limsk -+ DIDY f(g(x), %) Prem(D"g (1)

+D{DJ" f(g(x), x) -Pz,k+1-m(D'g(x))]
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= Y DIDJf(gx), %) Prrs1-m(Dg)).

1, m=0
l+m<k+1
(1,m)#(0,0)

This is again of the form|(C.8)f k —m = (k+1) — (m + 1), so all terms can be absorbed in the new sum for
k+1. O

Let us make a few remarks on the form of The Py ,,, for m < k are zero, because then we have too
few derivatives with respect to x; we have Py ; = 1 though. After Definition [C.2]it was already noted that
in a polynomial of weighted degree k, the factor y; can only occur as a term on itself, up to a constant
factor. More specifically in this case, Dk g(x) occurs exactly once, in the term

D; f(g(x),x)-D¥g(x).

This can easily be seen by direct calculation or induction. Finally, when the composition mapping is of
the form x — f(g(x)), then we only have terms with m = 0 and all polynomials in|(C.8)|have weighted
degree k in that case.

The next step is to generalize Lemma to a Riemannian manifold (M, g). Here we first need to
define what we mean by higher derivatives of the flow. The tangent flow D® is well-defined as a
mapping on TM, but higher derivatives live on higher order tangent bundles T*M. These abstract
bundles make doing explicit estimates as in the proof of Lemma|C.1|difficult. Instead, we reuse the
idea of Definition[2.9)and introduce a different representation of higher derivatives in terms of normal
coordinate charts.

Definition C.6 (Higher derivative on Riemannian manifolds).
Let M, N be Riemannian manifolds and f: M — N a smooth map. With the notation f, = exp]_v(lx) ofo
exp, of f represented in normal coordinate charts, we define for k = 1 and x € M the higher order
derivative

DF f(x) = DX £(0) = D*[exp}{, o f o exp, ] (0) (C.9)

as an element of Ek(TxM; TrnN).

Remark C.7. Definition|C.6|can be viewed as creating a more explicit representation of the jet bundle of
the trivial fiber bundle 7: M x N — M. Amap f: M — N is a section of this trivial bundle and the k-jet
of f ata point x is fixed in terms of the derivatives in[(C.9)|up to order k, in the normal coordinate chart
centered at x. We shall see below that this representation is still a (global) bundle, while the explicit
choice of normal coordinate charts introduces a convenient norm to measure the jets. O

Let us make a few remarks on this choice of representation of higher derivatives. First of all, for k = 1 this
definition coincides with the ordinary tangent map, as D exp,(0) = 17, s by the natural identification
To(TyM) = Ty M. Furthermore, this representation of derivatives admits operator norms, and all this
behaves nicely under composition of maps by virtue of the property (f o g)x = fg(x) © §x for local
coordinate charts:

ID*(f o)) = [|D*[ feiw 0 8x] )]
= | D? £y (0) (Dgx (0), Dg(0)) + D fg() (0) (D? g (0)) |
=||D?f(g(x))-Dg(x)®* + Df(g(x)) - D*g(x)||
< ID*f(g(x))- IDgX) I + IDf (gDl - ID*g ()1,
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that is, these operator norms as defined via normal coordinate charts are truly norms and satisfy the
usual product rules for compositions of (multi)linear maps.

The operator norms are induced by the norms on the tangent spaces of TM, which in turn are induced
by the metric. These norms depend smoothly on the base point, so they glue together to a smooth
function |- ||: TM — Ry that we will call a ‘bundle norm’ on the tangent bundleE] or sometimes refer to
as just a norm on TM. Higher derivatives can be viewed as partial sections of the vector bundle

LXTM; TN) = TNX (TM*)®. (C.10)

That is, we define £K(TM;TN) as a bundle over M x N with fiber ﬁk(TxM; Ty N) over the point (x, y) €
M x N. This is indicated by the operator X, which differs from the usual tensor product ® in the sense
that the new bundle is constructed on the product of the base spaces instead of one common base.
Now the k-th order derivative (as in Deﬁnition ofamap f: M — N is a section of the bundle|(C.10)
restricted to the base submanifold Graph(f) ¢ M x N and the derivative Dk f(x) is the point in the
section over (x, f(x)). More generally, we can define vector bundles of (/, k)-linear maps

LY M TN = (TN 8 R (TM*) 8% (C.11)

and the disjoint union of all these bundles. The bundle norms on TM and TN together naturally induce
bundle operator norms on these. From here on, we set M = N and assume that f = ®’ is a flow.

To finally generalize Lemma|C.1|to Riemannian manifolds, there is still one issue to tackle. When taking
the time-derivative as in the target base point ®’(x) changes. This suggests that a covariant
derivative is required. The L% (TM; TM) are smooth manifolds in a natural way, however, so both
the tangent vector %Dkq)t(x) and the differential of | - | are well defined in this interpretation and
independent of a connection, and certainly their product % ID¥®!(x)| is. The tangent exponential
maps Dexp at x and ®’(x) together induce a local coordinate chart on LYE(TM; TM) in a neighborhood
of £Vk(T xM; Ty M). We will use these local coordinates for explicit calculations.

The dependence on the base point of the norms and normal coordinate charts in [(C.9)| introduces
additional terms when formulating equations and[(C.5) on a Riemannian manifold. Under the
assumption that (M, g) is of bounded geometry, however, all these additional terms will be globally
bounded. Hence, these will only contribute to the overall constants C;, in Lemma but not influence
the basic result.

Lemma C.8 (Exponential growth estimates on a Riemannian manifold).

Let ®5% € C**1 pe the flow of a time-dependent vector field v on a Riemannian manifold (M, g) of
(k+3)-bounded geometry. Let v(t, -) € .’{’g(M) with all derivatives jointly continuous in (¢t,x) e Rx M and
uniformly bounded by V < oo with respect to Definition|C.6, Suppose that DO (x)|| < Cy e? =) for all
x€ M, t =ty and fixed C, >0, p #0. Then for each n, 1 < n < k there exists a bound C,, > 0 such that

CpePU=0) if 5 >0,
YxeM, t>1t: [D"®0x) <! " fe (C.12)
Cpellt=0)  jfp<o.

Proof. The proof is basically the same as the proof of Lemmal|C.1} with additional technicalities due to
M being a manifold. We will focus on these.

2Note that this is stronger than a Finsler manifold as the Finsler structure F: TM — R is allowed to be asymmetric, that is,
on each tangent space, F need only scale linearly for positive scalars. I did not investigate whether it is possible to generalize
this theory to Finsler manifolds.
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Equation|(C.3)|can be formulated in terms of the tangent normal coordinate chart
DexP;l : TB(y;0) cTM — T(T, M) = (TyM)2

with y = ®(x) fixed. Note that we are finally interested in the growth behavior of ¢ — ||[D"®’(x)||; this is
defined in a coordinate-free way, so it is not influenced by our choice of intermediate coordinates. In
these normal coordinates, both the metric and its derivatives are bounded due to Theorem[2.4} and the
vector field is C* bounded by assumption. We have

d
aDexp;loD"df(x)

d
= —Dexp;,1 oD"| exp(; o®‘oexp, | (0)

dr ()

d 4 & _ . _
=4, Dexp, ! ol:ZIDl[equ,}(x) oexp, ] (0)- Py, (D [exp ' o®' o exp, ] (0)).

This splits the dependence on t in the target base point ®’(x) from that in the derivatives D" ®? itself.
Note that the sum must be interpreted as a sum of terms in the single fiber L" (T, M;T, M) over the base
point (x, y). By using the coordinate map D exp;l, we transferred the problem to fixed linear spaces,
which allows us to make sense of the differentiation with respect to ¢. In other words, Dexp;,l induces
locally trivializing coordinates for £" (T, M; TM) in a neighborhood of y with x fixed. As D exp;1 is linear
on the fibers, we can distribute it over the sum to further obtain

" d
= 3. g [Dexpy D [expy i oexpy |0 P1n(D [expy o0 oexp, (0))]
c? - (C.13)

t[ exp,' oD[expyi ., oexp, | (0)-D"[exp),' o® oexpx](O)] Frit
=2

In the last line, the homogeneous part is separated from the non-homogeneous terms as in|(C.3)
Working out the details of the homogeneous part, we obtairﬁ
d -1 -1 n -1 t
I [Dexpy oD[equ),(x) oexp,, ] 0)-D [expy o®d oepr](O)]
= d [Dexp_1 OD[exp_1 oexp ](0)] D"®! (x)
dt y o (x) y
- d -
+D[Dexp)' | -D"a[expyl 0@’ oexp, | (0)
d -1 -1 nst
=4 [Dexpy OD[equ)[(x) oexp, | (0)] -D"®!(x)

n
+ D[Dexp)—,1 -y DD exp;1 ovoexp, ](0)- Py, (D*®’(x)).
I1=1

Note that again all terms [ = 2 in the sum are inhomogeneous terms that we will add to those already
present in The homogeneous term is some linear vector field acting (from the left) on D"®?(x)
and it is precisely the Vector ﬁeld generating D®’(x), which is the original case n = 1. Hence, we can
again define the operator W% as post-composition with D®?(x) and write the flow of D*®*(x) using a

3The time derivative of D exp;1 oD expé} (v °XPy ](0) actually turns out to be zero in local coordinates. This follows from
an analysis of the exponential map as the time-one geodesic flow in normal coordinates around y. This result is not relevant
for us, so we leave out this tedious calculation.
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variation of constants integral with all the non-homogeneous terms. These terms again contain only
lower order derivative flows D!®?(x), I < n.

We can now take the operator norm of this expression. In principle we should be careful that this
bundle norm depends on the changing target point ®(x). The normal coordinates were chosen around
y = ®!(x), however, and in these coordinates the derivative of the metric at the origin (corresponding
to y) is zero, hence the norm has zero derivative. We can thus simply apply the operator norm to the
variation of constants integral and obtain estimates as in|[(C.6)} The additional factors introduced by
differentiation of normal coordinate transition maps are bounded by Lemma|2.6|under the assumption
that (M, g) is of (k+3)-bounded geometry. The inhomogeneous terms still contain at least one factor
D!®!(x), so the result in case p <0 holds as well. O

These exponential growth results can be extended further to uniform and Hélder continuity in the
highest derivatives. The Holder continuity then is with respect to the growth rate (k + «) p, where k is the
order of the derivative and 0 < @ < 1 the Holder constant. Thus, a-Hélder continuity can be viewed as a
fractional derivative; Lipschitz continuity (when a = 1) can indeed be viewed as almost differentiability
to one higher order. The case a = 0 we shall identify with uniform continuity. Here we have no explicit
modulus of continuity, which requires an arbitrarily small additional i > 0 in the exponent k p + u to
compensate.

Remark C.9 (On using a global continuity maodulys).

In the next lemma, as well as in Corollary [C.12| below, we shall make abuse of notation in writing
expressions such as || s(x2) — s(x1)|l, where s is a section of a vector bundle, cf. that is, we compare
objects that live in different fibers of a vector bundleﬂ This notation should be interpreted according
to Remark[2.12] That s, if x;, x, are M-close in the spirit of Definition[2.8} then this is well-defined in
terms of local charts, and for continuity estimates this is equivalent to an estimate by identification
of the vector bundle over x;, x, via parallel transport, cf. Proposition If x; and x, are not close,
then we can use any choice of isometric identification of the vector bundle over these points, such as
the construction of parallel transport along solutions curves in Section[3.7.4] In this case the notation
can effectively be interpreted as an estimation by the sum of the norms of the separate terms with the
triangle inequality. When applying this lemma, we shall always have such an isometric identification
at hand, hence these arguments can be made rigorous, and the notation provides a sensible heuristic
then. O
Lemma C.10 (Exponential growth estimates with Holder continuity).

Let ®5% € C**! pe the flow of a time-dependent vector field v on a Riemannian manifold (M, g) of
(k+3)-bounded geometry. Let D denote the partial derivative with respect to the spatial variable x € M as
in Deﬁnition andletv(t,-) € %Z’Z(M), 0 < a < 1 with all derivatives jointly continuous in (t,x) € Rx M.
Suppose that | DO (x)|| < C, eP'= forall x € M, t = ty and fixed C, >0, p > 0.

Then in addition to the results of Lemma there exists a bound Cy. o, > 0 such that
V12 fp: [DFOY0 g < Cp g eFF P00, (C.14)

Ifinstead v(t, ) € %Ig (M), i.e. the special case a = 0, then for each 1 > 0 there exists a continuity modulus
€k, Such that
V £ to: [DFO" (xp) - DFOVO (1)) || < £y (d (31, x2)) KPR, (C.15)

4Note that the higher derivatives D¥®!(x) of a flow are actually interpreted as elements of a bundle of type|(C.10)| These
bundles are still naturally induced by the tangent bundles of underlying manifolds, so all bounded geometry techniques, such
as uniformity of normal coordinate charts, unique local trivializations by parallel transport, are induced on these bundles as
well.
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that is, x — (t— DkCIJt'tO(x)) is uniformly continuous in x, in | - |  p+-norm.

Remark C.11. We restricted this lemma to the case p > 0 only. A result similar to that in[C.8|for p <0
could be obtained for completeness sake, but it clutters the already detailed proof, while we do not need
the result. O

Proof. The idea of the proof is essentially the same as that of Lemma|C.8] The additional difficulty
is that (Holder) continuity requires finite, non-differential estimates when comparing any two flows
starting from different initial points x;, x, € M.

Let d(x1,x2) < &) where 8y is M-small as in Definition[2.8] We drop ¢ from the notation and define
&i () =Dl (x;), i = 1,2 as the solution curves with x; as initial conditions. We want to study the growth
behavior of

t— DF®! (xp) — DF®! (x7). (C.16)

Note that this difference is defined with respect to coordinate charts at source and target that contain
x1, X2 and & (1), &2 (1), respectively, but not in general.

We denote by y; the unique shortest geodesic that connects ¢;(¢) to {2 (£) when d(&1(1),&2(%)) < O -
Next, we set

Y =D*®! (xp) - T(y0) ¥ ~ T1(y,) - DX (1) € £L¥(T, M; T, (1) M) (C.17)

to be the difference of the respective k-th order derivative flows, parallel transported to matching spaces
at their source and target. It is easily verified that Y’ satisfies initial conditions Y% = 0 for any k > 1.

Due to Proposition[2.13} the formulation in[(C.17)|with parallel transport to measure variation of the
flows is equivalent to measuringin normal coordinate charts. Hence, if we study || Y?|| in charts,
we may dro the parallel transport terms at the cost of an (unimportant) global factor in the estimates.
We assume that d(&;(2),&,(1)) < 8 and study Y! in a normal coordinate chart covering both points.
Taking the difference of with x1, x; inserted, we see that Y! satisfies the differential equation

%Y‘ =Dvo®!(xp)- Y+ [Dvod!(xp) ~Dvo®’(x;)] - DF®! (xy)
k
+Y D'vod!(x) - Ppi(D* @ (x2)) - (x2 ~ x1).
=2

This equation provides a variation of constants integral for Y’ based on the flow ¥, (, t):

t
Yi=[ W,(t,1)-[Dro® (xp) —Dvod(x1)] - D@7 (x7)
[4)

(C.18)
+\Px2(t,T) :

k
Y D'vod (x) P (D@ (x2)) — (32 ~ x1) | dr.
=2

5We could include the parallel transport terms, repeat similar arguments as in the proof of Lemma and express
everything in (induced) normal coordinate charts, but this would clutter the proof here even more. These terms would all be
bounded and Lipschitz continuous by bounded geometry, hence not essentially alter the result.
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We proceed by induction over k. For k = 1 we only have the first term of the integrand. Using that Dv is
uniformly a-Holder, we have

t
Il < | IW, (5D IDvo® (x2) ~Drod (x1)|| DD (x1) || dz

To

t
< f C1e” "D DVl D7 (x2) = D (x1)[|% C P70 dr
I

0
t
2 _ _ a
< C2|IDv|l4 e’ T’f (C1eP ") |lxy— x111)" dr
12}

) e“P([—fo)
< C2* Do "7 |l xp — x1 1

Next, in the induction step for k > 1, we get the additional terms from in the integrand. These
are (up to constants) a product of the flow ¥, D'v o ®7(x) and D'®(x)’s with weighted degree k. The
terms D! v o @7 (x) are uniformly a-Holder continuous in x analogous to the case k = 1 above. Each of
the D'®(x)’s satisfies the Holder estimate of this lemma by the induction hypothesis and the growth
estimates of Lemma|[C.1} Hence, for each term in the integrand, we obtain Holder continuity with
respect to x with growth behavior at most e?(*~™) e(k+@p(T—1) ntegration then yields the stated result.

Finally, the uniformly continuous case is an extension along the same lines as Corollary[B.3] The map
x— Dlvo®(x)is uniformly continuous when measured in || - | y-norm and by induction the alternative

result[(C.15)|follows. O

Finally, we extend the Holder continuous growth estimates to a parameter dependent version. This is
formulated to exactly fit the context of derivatives of Ty with respectto y € Bf; (I, Y), such as in|(3.43b)
Note that Remark|C.9|applies again.

Corollary C.12 (Exponential gro with Holder continuity and a parameter).
Assume the setting of LemmalC.10, Let the vector field v furthermore depend on a third variabley € Y such
that Div(t, x,-)€Cy , forall0 <1<k, uniformly in t, x and that all original bounds are uniform in y as

well. Letn € BP(R; Y) denote a curvein Y and <I>f7’t° the flow of v(t, - ,n(1)). Assume thatn — (t — <Df]’ fo (x))
is uniformly Lipschitz with respect to the distance function d, on curves C(Rx; X).

Then the mapn — Dk<I>n is Holder continuous in the sense that there exists a bound Cy. q y > 0 such that
V=1, xeX: In— DO (x)lly < Cy g kTP, (C.19)

In case of uniform continuity (i.e. « = 0), then for each p > 0 there exists a continuity modulus €.,y such
that
V£ 21ty x€ X: IDO)0 (x) - DO (1)l < ek, v (d(11,12)) eFPHHUET0), (C.20)

In both cases we interpret the continuity moduli as globally defined using Remark[2.12
Proof. The proof closely follows that of Lemma|C.10; let us indicate the differences.

We define the variation
Y' =D*0} (x)-T(ye)** - T(y,) - D* @} (x) (C.21)
and study it by a variation of constants integral in local charts, similar to|(C.18)| In this case we obtain

t

Y= . W, (t,7)- [Dv(r,d)f,z(x),nz(r))—Dv(T,CD,T,I(x),m(T))]-Dkd>f,2(x)

+ dr. (C.22)

k
z—Zle v(T,®F,(X),m2(1) - Py (D@}, (1)) = (2~ 1)
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Asin Lemma the factors ¥y, (¢, 7) and D! q)flz (x) satisfy appropriate exponential growth conditions.
By induction over [ < k the maps 1 — D/ CD,? (x) are a-Holder continuous, while all D! v are uniformly
a-Hélder in x, y, and n — Dld),t] (x) is uniformly Lipschitz by assumption, so n — D!(z, @5 (x),n(1))
is also a-Holder when measured in |- || p-norm (or in || - | ,-norm in case of uniform continuity, see
Appendix[B).

In each term of the integrand, we can estimate the variation with respect to 1 as a sum of the variations
with respect to each factor (a product rule). The factor that is being varied adds e*?"~%) (or eH(7~%)
in case a = 0) to the overall growth estimate. The proof is completed by inserting all these estimates
into and again using the fact that we have a finite number of globally bounded terms. O



Appendix D

The fiber contraction theorem

In this appendix, we give a proof of the fiber contraction theorem. This result is originally due to Hirsch
and Pugh [HP70]; the proof presented here is taken from Vanderbauwhede [Van89, p. 105]. The fiber
contraction theorem is a convenient general tool to obtain convergence of functions in C¥-norm when
a direct contraction in CF-norm is not available. Instead, one inductively constructs contractions for the
k-th derivative with all lower order derivatives assumed fixed. If this contraction depends continuously
on the lower order derivatives, then the fiber contraction theorem can be applied to conclude that the
sequence of the function together with its derivatives converges to a fixed point. With the additional
theorem on the differentiability of limit functions, it can then be concluded that the sequence converges
in CF-norm.

Theorem D.1 (Fiber contraction theorem).
Let X be a topological space, (Y, d) a complete metric space and let F: X x Y — X x Y be a fiber mapping,
that is, F(x,y) = (F1(x), F2(x, y)), with the following properties:

i. Fy has a unique, globally attracting fixed point x* € X, that is,

VxeX: lim Fl'(x) = x*;
n—o0

ii. thereis a neighborhood U c X of x*, such that F, :U x Y — Y is a uniform contraction on Y with
contraction factor g < 1; let y* € Y denote the unique fixed point of F,(x*,-): Y — Y, as given by the
Banach fixed point theorem;

iii. the mapping F>(-,y*): X — Y is continuous.

Ifonly properties and are assumed, then (x*,y*) is the unique fixed point of F. If moreover holds,
then this fixed point is globally attractive.

Proof. The point (x*, y*) is clearly the unique fixed point of F, where propertyimplies uniqueness of
x* as fixed point of F; and|ifuniqueness of y* under F(x*, -).

The point x* is by assumption attractive under Fj, thus for the final conclusion of global attractivity, it
remains to show that y — y* under F.

Let (x,y) € X x Y be arbitrary and consider the sequence (x5, y,) = F"(x, y) for n = 0. Since x, — x* € U,
there exists an N € N such that x, € U for all n = N. By shifting the sequence (x,, y,), we can assume
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without loss of generality that x,, € U for all n > 0 and use property[ii|to estimate

AYn+1,¥") = d(Fa2(xp, yn), F2(x*,y)
= d(FZ(xn;yn);FZ(xn,y*)) + d(FZ(xnvy*)sz(x*)y*))
<qd(yn,y*)+an. (D.1)

On the other hand, a, = d(F2(x,, y*), F2(x*,y*)) — 0 as n — oo from propertiesand Let @y =
sup,,» &n, then we also have a; — 0.

For each k € N, let 5y x = d(yx, y*) and recursively define §,,.1 ¢ = 6,k + @k. From|(D.1)|we see that
d(Yn, ¥*) < 8,k when n = k. Now the map f: § — qd + & is a contraction for any @ € R, so it has a
unique, attractive fixed point §* (@) and solving the equation f(6*) = §* yields

5* = i
1-qg

Let € > 0 be given and choose k large enough that & < %(1 —q)e. Aslim; .00,k = 62 we see that there
exists some N such that

25

Vn=N: 6n,k<26*:1 <e.

From this we conclude that d(y,, y*) < e forall n > N. O

The following theorem is quite standard. We shall extend it to smooth manifolds and higher derivatives,
though.

Theorem D.2 (Differentiability of limit functions).

Let Y be a Banach space and let C*(R";Y) denote the space of C* functions R" — Y equipped with
the weak Whitney topology. Let{fy} -, be a sequence in CLR";Y) that convergesto f € COR™: Y) with
respect to the C° topology, and assume that there is a function g € C°(R"; L(R"; Y)) such thatDf, — g.

ThenDf = g, or in other words, f,, — f in C'(R";Y) with respect to the weak Whitney topology.

Proof. By the fundamental theorem of calculus we have

t

t
falx+ th)=fn(x)+[ dirf"(erTh) dT=fn(x)+f Dfa(x+7h)-hdr.
0 0

Uniform convergence of D f;, — g on the compactset {x+1h |7 € [0, t]} allows us to take the limit n — oo
inside the integral to obtain

t
fx+th) =f(x)+f gx+1h) hdr,
0

and by differentiation with respect to t we conclude that g(x) - h is the directional derivative of f at x
along h.

Note that g(x): R" — Y is a bounded linear operator by assumption, so let us verify that it is the total
derivative, D f(x) = g(x), that is,

lim If(x+h)—f(x)—glx)-hl _

0.
h—0 IRl

Using the mean value theorem, we have

If(x+h) - f(x)—gx)-hll < sup |[glx+ER) —g@)|lAl
¢el0,1]

and g is continuous, so indeed differentiability holds and D f (x) = g(x). O
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Remark D.3. The statement that f is differentiable at x is local, so this result immediately translates to
maps C!(X;Y) with X a smooth manifold by considering a local coordinate chart around x € X.

This theorem could probably be generalized even further such that X, Y are allowed to be Banach
manifolds. The fact that g is continuous linear by assumption mitigates possible convergence problems
when having to consider infinitely many independent partial derivatives. We should be careful though,
since the weak Whitney (or compact-open) topology is not clearly defined anymore when X is infinite-
dimensional. O

Corollary D.4. Assume the setting of Theorem Let{fu},=o be a sequence in C*=2(R";Y) that con-
vergesto f in CkY®R"; V) and let Dkfn — g converge in COR™; £¥(R™; Y)). Then fn — f converges in
CFR™; V).

This is a trivial extension of Theoremwhen using the natural identification £(R"; L1 R"; v)) =
LER™Y).
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Appendix E

Nonlinear variation of flows

In this appendix we collect two results on variation of nonlinear flows. The first is a generalization of
Lagrange’s variation of constants formula and the second is an application of it to calculate the derivative
of a flow with respect to parameters. Both results are formulated for fully nonlinear flows.

The classical variation of constants integral due to Lagrange is well known. Although Lagrange applied
this method to the nonlinear problem of orbital mechanics, a less known result of Alekseev |[Ale61] (see
also [LL69, p. 78]) generalizes the variation of constants integral to the full nonlinear case.

Theorem E.1 (Nonlinear variation of constants).

Let X be a smooth manifold and let ®"% (x) be the flow generated by the time-dependent vector field
v(t, x), locally Lipschitz in x. Let r(t,x) be an arbitrary (not necessarily small) perturbation, locally
Lipschitz in x as well. Then ®2" (x) is the flow generated by v + r if and only if it satisfies the nonlinear
variation of constants formula

t
DL (x) = b0 (x) + f DO (@1 (x)) (7, D (x)) dr. (E.1)
fo

Proof. Using uniqueness of solutions, it is sufficient to show that|(E.1)|satisfies the differential equation
and initial conditions ®%‘(x) = x. The latter follows automatically from ®*‘(x) = x. For the first part, we

differentiate
Llproornm|=Lomp)| . +DOMT@F ) Lorh
dr ot =0, ) dr
=D (DO (%)) - v(T, DL (x))
+ DO (@) (x)) - (v + 1) (T, DV (x))
=DO (D) (x) - (T, DV (x)).
This expression yields[(E.1)]when integrated from t to ¢. O

Notice thatlooks ill-defined on a manifold, but should be read as integration from the point Db (x)
along the vector field defined by the integrand, which is indeed, for each 7 € [#, t], exactly defined to
be the tangent vector to the curve 7 — ®*7 o ®~'?(x), making the equation self-consistent. If (X, g) is a
Riemannian manifold, then this formula yields the distance estimate

t
d(®; " (x), @0 (x) = f [DO5T (@7 (X)) r(z, @} (x)) | dr. (E-2)
14}

As a differential variant of the previous result, we state the following.
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Theorem E.2 (Differentiation of a flow).

Let L™ (xo) be a flow on a manifold X, defined by a vector field vs(t, x) that also depends on time and an
external parameter s € R. Let (s, x) — vg(t,x) € C}) with derivative jointly continuous in (s, t, x). Then the
derivative of the flow with respect to s is given by

d i1 ! t,T d
— oy °(xo)=f D®y" (x(1)) —vs(7, x(7)) dr, (E.3)
ds f ds

for any fixed t, ty, and where x(1) = <I)§’t° (x0).

See [DKO0O, Thm. B.3] for a proof of the formula for differentiation of a flow with respect to a parameter.
This is a slightly modified case where the vector field is time-dependent. Theorem|[A.6|and Remark[A.7]
show that the result can be generalized to the non-autonomous case and differentiable time-dependence
of v is not required.



Appendix F

Riemannian geometry

In this appendix we recall standard facts from Riemannian geometry and establish some notational
conventions. This appendix is targeted at the reader who has basic knowledge of Riemannian manifolds,
but wants to have a quick refresh. For more detailed expositions see for example [Jos08; GHLO04],
or [Lan95] for a more abstract presentation in the context of Banach manifolds. We shall not try to be
exhaustive or as general as possible in this overview.

A Riemannian manifold (M, g) is a pair of a smooth (or at least C!, respectively C? for defining curvature)
manifold together with a metric g: a family of positive-definite bilinear forms g, on each tangent space
T, M. The metric is a generalization of the Euclidean inner product on R” and g, depends in a smooth
way on the point x € M in the manifold. The metric can be used to measure angles and lengths of
tangent vectors, so we can define the length of a piecewise C! curve y: [a, b] — M as

b
ly)= f \/gy(t)(Y’(l‘),Y’(t)) dt.
a
This length functional induces the distance function

dx,y) = iI)}f Iy (FD

on M, where the infimum is taken over all piecewise C! curves y connecting the points x and y. This
turns M into a metric space.

Simple examples of Riemannian manifolds are R” with the standard Euclidean inner product and the
sphere $"~! c R” with the induced metric on its tangent bundle. Due to the Nash embedding theorem,
any C*=3 Riemannian manifold can actually be realized as a submanifold of R” equipped with the
induced metric.

Each Riemannian manifold (M, g) has an associated linear connection, or, covariant derivative V on the
tangent bundle TM. This so-called Levi-Civita connection is uniquely defined by the requirements that
it is torsion-free and compatible with the metric, i.e.

VxY-VyX=[X,Y] and Xg(V,2)=g(VxY,2)+g(Y,VxZ)

for all smooth vector fields X,Y,Z on M. The connection is given in local coordinates x’ by the
Christoffel symbols T ; »

Va,0k =T 0,
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where we used the Einstein summation convention for the repeated index i. The connection can be
extended to the tensor bundle of M so that it satisfies the Leibniz rule.

A connection, more generally on a vector bundle 7: E — M, can also be viewed as a choice of a horizontal
subbundle in TE. There is a naturally defined vertical subbundle Vert(E) ¢ TE where Vert(E)s = T¢Ey
for ¢ € E; = 71 (x). A horizontal bundle Hor(E) is any subbundle complementary to the vertical bundle,
S0

TE = Hor(E) & Vert(E).

This definition of a connection is related to the definition via the covariant derivative. The horizontal
bundle precisely corresponds to the tangent plane to a section s of E that is flat at a given point
x € M:

Hor(E)sxp =Im(Ds(x)) <  (V.§)(x)=0.

The Levi-Civita connection induces two important concepts: the geodesic flow and parallel transport.
Intuitively, the geodesic flow says how to follow a straight line from an initial point along a given
direction, while parallel transport defines how to keep a tangent vector fixed while carrying it along a
patlﬂ Both maps are defined in local coordinates as solutions of (subtly different) differential equations
involving the Christoffel symbols.

The geodesic flow Y is a flow on the tangent bundle TM and defined in local coordinates x’ by

il=v R
. . . (E2)
T —F;k(x) vl vk,

Here, the v’ denote the induced additional coordinates on the tangent bundle. This geodesic flow need
not be complete, that is, defined for all times. However, by the Hopf~-Rinow theorem, the geodesic flow
is complete if and only if M is complete as a metric space with respect to In the following we shall
assume that M is complete to simplify the exposition.

If we restrict the geodesic flow map to the tangent space T;, M at a fixed point p € M and to time ¢ =1,
and finally project onto M, then we obtain the exponential map

exp, :nOYIITnM: TpyM— M.

We have Dexp,(0p) = 1t,m, so by the inverse function theorem, exp,, is a local diffeomorphism at
0p. The local inverse ¢, = exp, ! of the exponential map can be viewed as a coordinate chart since
T, M = R" isometrically. An explicit identification would require a choice of orthonormal basis in T}, M,
which we shall refrain from.

Such coordinates are called normal coordinates, and locally around the point p these coordinates
make M resemble R” as close as possible, in the sense that the metric at p in these coordinates is
equal to the Euclidean metric and the Christoffel symbols are zero. The exponential map is only a local
diffeomorphism, and generally there is a maximum radius r > 0 such thatexp,: B(0;r) < T,M — M is
a diffeomorphism onto its image. This is called the injectivity radius rinj(p) of M at the point p. The
global injectivity radius of M is then defined as

rinj(M) = plg]\f/l Finj(p)-

11f the path is a geodesic, then parallel transport carries the initial velocity vector to the velocity vector along the entire path.
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If M is noncompact then this global injectivity radius need not be positive. The shortest path from p € M
to any point x within distance rinj(p) is uniquely realized by one geodesic curve. In normal coordinates
these curves are rays emanating from the origin. That is, let v = exp,‘,l(x) and y(1) = exp,, (t v) with
te[0,1], thend(p,x) = l(y) = lvI.

Lety: [a,b] — M be a C! curve, then parallel transport is a linear isometry (i.e. it preserves the metric g)

1w : TywM —TymM (E3)

between the tangent spaces at the endpoints. We use the notation I1(y|%) for parallel transport along a
part of the curve. Parallel transport is defined in local coordinates x’ by the differential equation

d ; ; .
S0 =T @y 0Nyl with  Ny1p=1. (E4)

In the x’ are local coordinates around the point () with additional induced coordinates ; on
the tangent bundle. The representation I1(y|%)? is defined by I1(y|%) = I1(y|})! 8;. Put more abstractly,
parallel transport defines a horizontal extension of a vector v € T, ;) M to a section of the pullback
bundle y* (TM), that is, a vector field v(¢) defined along y(¢), which has covariant derivative zero.

On a Riemannian manifold there is the concept of curvature. A manifold is flat, i.e. it has zero curvature,
if it is (locally) isometric to R”. The Riemann curvature R measures non-flatness on an infinitesimal
level. It is given by

R(X,Y)Z=VxVyZ-VyVxZ-Vx,v|Z,

which measures how much the direction of a vector Z changes when parallel transporting it around
an infinitesimal loop spanned by the directions X, Y. There is a relation between the curvature and
parallel transport that is important to us. If we consider holonomy, that is, parallel transport along a
closed loop v, then the deficit IT1(y) — 1 is (heuristically put) equal to the curvature form R integrated
over any surface enclosed by y. This relation can be seen as an application of Stokes’ theorem and the
differential statement is that the curvature R is the generator of the infinitesimal holonomy group [AS53;
RWOg].
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D,[90} see also formal derivative
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B (approximate solution distance),
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Ef, @ see also continuity modulus
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0, see also exponential growth rate
pa (restriction operator),

pX ’ P Yy @

o (approximation parameter),[50}
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r,[18}[62} see also r-normal hyperbolicity
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- 2882

ambient manifold, 2}

approximate solution,

bounded geometry,
definition for manifold,

definition for vector bundle,
submanifold of, [44]
bundle norm, [135|
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Christoffel symbols,
comparison

of methods,

of results,
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continuity modulus,

in bounded geometry,
contraction operator,
convolution smoothing,
coordinate transition map,

graph change under,
on a Banach manifold,

curvature,[30}[38} [149]

dynamical system
continuous,[I]
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discrete,

exponential growth numbers,
exponential growth rate,

fiber contraction theorem,|141
fixed point,

forced smoothness,
formal tangent bundle,

topology,

geodesic flow,
graph transform,

Hélder continuity,
higher order derivative,

chain rule,
on a Riemannian manifold,
holonomy,

hyperbolic fixed point,

immersed submanifold,
implicit function theorem, (124

injectivity radius,

invariant fibration, see stable (unstable) fibration

Lyapunov exponent, see also exponential
growth rate
Lyapunov-Perron method, see Perron method

mollifier function,

Nemytskii operator, (129

NHIM, [2} see also normally hyperbolic invariant
manifold

non-autonomous system, [20}[TT5]

noncompactness, 8} [16} 20} [67]

nonholonomic system,

normal coordinates,

normal hyperbolicity,

history,

r-normal hyperbolicity,
normally hyperbolic invariant manifold,

definition,
parameter dependence, 116

persistence,
overflow invariance,
a priori,

persistence, 118

parallel transport,

differential equation,
of a frame,

partition of unity (uniform),

Perron method,

persistence, see normally hyperbolic invariant
manifold

non-, [8}[70]
quasi-isometry,
Riemannian manifold,

Shil'nikov bifurcation,
smoothness, 3] [6}
forced, see forced smoothness
loss of,
non-C®,
of a flow,
spectral gap condition,
stable (unstable) fibration,
stable (unstable) manifold,

trivial bundle,

uniform tubular neighborhood,
uniformly embedded submanifold,
uniformly immersed submanifold,
uniformly locally finite cover,

of a submanifold,
unstable manifold, see stable manifold
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