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Abstract We reprove the A-Lemma for finite dimensional gradient flows by gen-
eralizing the well-known contraction method proof of the local (un)stable manifold
theorem. This only relies on the forward Cauchy problem. We obtain a rather quanti-
tative description of (un)stable foliations which allows to equip each leaf with a copy
of the flow on the central leaf—the local (un)stable manifold. These dynamical thick-
enings are key tools in our recent work (Weber in Topol Methods Nonlinear Anal, to
appear. arXiv:1410.0995). The present paper provides their construction.
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1 Introduction and main results

Throughout (M", g) denotes a Riemannian manifold of finite dimension n and f is
a function on M of class C"t! with r > 1. We assume further that the downward
gradient equation

i(t) i= Luty = —(Vou (1)

for curves u : [0, 00) — M generates a complete forward flow ¢ = {¢;};>0. This
holds true, for instance, whenever f is exhaustive, that is whenever all sublevel sets
M?* = {f < a} are compact. By x we denote throughout a non-degenerate critical
point of f of Morse index k = ind(x) with 1 < k < n — 1; for k € {0, n} there
is no A-Lemma. In the following we give an overview of the contents of this paper.
Definitions and proofs are given in subsequent sections.

The A-Lemma' was proved by Palis [12,13] in the late 60’s. Its backward version
asserts that, given a hyperbolic singularity x of a C! vector field X on a finite dimen-
sional manifold, the corresponding backward flow applied to any (n — k)-dimensional
disk D transverse to the unstable manifold W*(x) converges in C! and locally near x
to the stable manifold of x; cf. [14, Ch. 2 §7] and Fig. 2. Since the A-Lemma is a local
result we pick convenient coordinates about x.

Definition 1.1 (Local coordinates and notation—Fig. 1)

(H1) Associated to the Hessian operator A = D(V f), there is the spectral splitting
X :=T.M = E~ @ E™ in (7) with spectral projections 77+ and where E~/* =
T W"/5(x). Consider the spectral gap d > 0 of A, see (6), and fix a constant
A € (0, d)—which will become the rate of exponential decay. Consider the
constants 0 < § < u < d defined by Fig. 7.

(H2) Express the downward gradient Eq. (1) via exponential coordinates in the form
of the ODE (12) on aball B,, C X := Ty M whose radius py < 1 satisfies (14).
In these coordinates the origin represents x and the local flow will be denoted
by ¢ = {¢;}. The non-linearity & of this ODE, also shown in (12), satisfies the
Lipschitz estimates of Lemma 2.5.
Notation The notation of coordinate representatives of global objects such as
W¥(x) C M will be the global notation without the x such as W*.

! The naming inclination or A-Lemma is due to the fact that it asserts C 1 convergence of a family of disks
to a given one in the (un)stable manifold, so the inclination of suitable tangent vectors converges. In [13]
these inclinations were denoted by Ag.
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Fig. 1 Local coordinates near non-degenerate critical point

(H3) By Remark 3.9 we take our local model of the form V = D~ x DV where
V C By, and D=/t = ng/s C ET represent de/a/scending disks, see (18) and
Remark 3.6, whose parameter 2¢ is determined by the inclusions (25). In this

local model the graph maps (20) and (23) of the local un/stable manifolds take
on the rather simple form

F*® =(d,0): D" > D" xD", G®=(0,id): D" —- D™ x D",

(H4) Suppose ¢ € (0, ¢) and consider the descending sphere S¥ = dW/ contained
in Wy_ = D~. Pick a constant x € (0, 1] such that the radius x ball Bf CE"

lies in the ascending disk WZ C w5 c = D*. Consequently the hypersurface

D := S“ x B is contained in the interior of V. The fiber Dy := {a} x B;}
over a € S} is a translated ball of codimension k.

Theorem 1.2 (Backward A-Lemma) Given the local model on V- = W o X w3 e

E~ @ ET = T M provided by Definition 1.1 nearby a non-degenerate critical point
x of afunction f : M — R, pick e € (0, ¢). Then the following is true. There is a ball
Bt C E™* about the origin of some radius § > 0, a constant Ty > 0, and a Lipschitz
continuous map

G:[Ty,0) xS x BT - VCE @ET
(T,z—,z4) — (GZT_(Z+),Z+) =G (z4)
defined by (36) below which is of class C" in z_ and z4. It satisfies the identity

QZT_ 0) = ¢_7(z-) and the graph of GZT_ consists of those z € V which satisfy
74z € BT and reach the fiber D, = {z_} x B} at time T, that is

G B =¢r 'D._n(E” x BY).
Moreover, the graph map QZTf converges uniformly in C', as T — oo, to the local
stable manifold graph map G* as illustrated by Fig. 2. More precisely,
Tk
167 () = 6% @] = |G| <75,

1467 (z+)v — dG® (2| = [dGT (z2)v] < cxe™ 5 IIvl, )
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Q‘X’(B+) — Bt

Bt 2> 4:71D. n(E- x Bt)

Fig. 2 Backward A-Lemma

forall T > Ty, z— € S*, z4 € BT, and v € E™ where c, > 0 is a constant. Estimate
two requires f € C>! near x in which case T diTg(T, Z—, 24) is also Lipschitz

continuous.?

Remark 1.3 (Contraction method proof of A-Lemma) The contraction method proof
presented below has its own dis/advantages. On the worrying side, for f € C2, that
is X = —Vf e C!, we only obtain C° convergence so far, whereas we do get C!
convergence if f is of class C>! near x, e.g. if f € C3. On the bright side, we get
rather useful quantitative control on each of the involved variables such as time ¢,
the variable describing the dislocated disks, and their dependence on the base point;
for details see Theorem 1.2. Most importantly, this quantitative control lends itself
to construct foliations around critical points, foliations associated to global objects,
namely sublevel sets, and to equip each leaf with its own semi-flow; see [22,26] for
first applications.

Remark 1.4 Theorem 1.2 is a family backward A-Lemma, namely for the family of
disks D = S" x B; . Given a general hypersurface D’ whose intersection with the
unstable manifold is transverse and equal to S¥, one needs to change coordinates to
bring D’ into the required normal form S¥ x B;}". To achieve this apply the parametrized
Implicit Function Theorem to constructa C” diffeomorphism of V which is the identity
outside a small neighborhood U of the compact intersection locus S¥ and maps the
part of D’ near S to S* x B;} for some x.

We substituted the backward flow of the disk D, by its pre-image ¢7~'D,_,
because there are interesting situations, cf. [7], with only a forward semi-flow. For
instance, the heat flow on the loop space of a closed Riemannian manifold [20] is
just a forward semi-flow. Surprisingly, although there is no backward flow, there is a
backward A-Lemma [25] under which the hypersurface D moves backward in time
and foliates an open set. Furthermore, it is even still possible to construct a non-trivial
Morse complex [24,26]. Consequently the—in finite dimensions—common situation
of a genuine forward and backward flow with stable and unstable manifolds, all being
finite dimensional, allows for (too) many choices. In order to emphasize the necessary

2 The condition feC 2.1 near x (satisfied for r > 2) hinges on the Lipschitz Lemma 2.5.
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elements and, at the same time, to introduce the reader tacitly to the infinite dimensional
heat flow scenario, we subject ourselves to the following convention.

Convention 1.5 (No backward Cauchy problem) We shall use existence of a solution
to the Cauchy problem only in forward time and ignore the backward Cauchy prob-
lem alltogether. However, on the unstable manifold there is still a natural procedure to
define a backward flow; see Definition 3.3. Since there is no Cauchy problem involved,
we will (and need to) use this so-called algebraic backward flow; this is coherent with
the infinite dimensional case cited above. In finite dimensions the algebraic backward
Sflow coincides with the one obtained via the Cauchy problem. So we do use a backward
Sflow, but without solving the backward Cauchy problem and only along the unstable
manifold. To put things positively, our self-imposed lack of mathematical structure
eliminates the possibility of choices and therefore reveals those elements which are
essential to define a Morse complex—or even just an unstable manifold.

The simple but far reaching idea, see [25,26], which avoids any backward Cauchy
problem is to look at the pre-image under the time-7-map of a given disk D, (x)
transverse at ¢ to the unstable manifold W*(x). The obvious but non-trivial problem
is then to show that these sets are in fact submanifolds of M. To show this we shall write
them locally near x as graphs over the stable tangent space E* = T, W*(x) using the
contraction method which in this case consists of interpreting the backward Cauchy
problem as a “mixed Cauchy problem”. The latter can be reformulated in terms of
the fixed point of a contraction, both depending on parameters. Thereby we obtain a
new proof of the A-Lemma in finite dimensions; see [25] for the infinite dimensional
semi-flow case of a parabolic PDE where this program has been carried out first. A
key point of interest will be to control how the pre-images depend on time 7.

Stable foliations

Borrowing from [18] we define for each choice of constants €, T > 0 a pair

N =Ni(e,1):={peM]| f(p) <c+e, flp:p) > c—s},, 3

where {. ..}, denotes the path connected component that contains x, and
Ly =L(s,7) :={p € Ny | f(p2cp) =c—¢}. “

Figure 3 shows a typical such pair, illustrates what is called the exit set property of
L7, and indicates hypersurfaces which are characterized by the fact that each point
reaches the level set { f = ¢ — ¢} in the same time. The points on the stable manifold
never reach level ¢ — ¢, so they are assigned the time label co. By the backward A-
Lemma, Theorem 1.2, these hypersurfaces foliate some neighborhood of x. However,
the neighborhood and so the leaves have no global meaning so far. It is the content
of Theorem 5.1 that the pairs (N, L) which are defined in terms of level sets are

X
foliations; for a first application see [22].
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{f=c+e}, c:= f(x)

time to reach

(f=c—0

Fig. 3 Conley pair (N¥, L$) associated to critical point x

Remark 1.6 (Forward A-Lemma and unstable foliations) Since the backward A-
Lemma as well as the stable foliations (N3, L3) with respect to f are of local nature
at x one can simply obtain the forward version of Theorem 1.2 and the unstable foli-
ations (N}, L%) with respect to f by taking the former ones with respect to — f. (If
necessary, cut off — f to obtain a complete forward flow.)

2 Preliminaries

Throughout we denote by V = V¢ the Levi-Civita connection associated to the Rie-
mannian metric g on M which we also denote by (-, -). Given a singularity p of a
vector field X on M we denote by DX, linearization dX, : T,M — TxnTM =
T,M & T, M followed by projection onto the second component. The isomorphism
is natural, because X (p) = 0. There is the identity DX, = (V.X).

2.1 Hessian and spectrum

By Crit f we denote the set of critical point of f. Given p € Crit f, in other words a
singularity of X = V f, then there is a linear symmetric operator A = A, : T,M —
T, M uniquely determined by the identity

Hess, f (v, w) = (Av, w) 5)

for all v, w € T, M. The bilinear form Hess, f is defined in local coordinates in
terms of the (symmetric) matrix with entries (9% f/ axiax)( p). It holds that Av =
D(V f)pv = (V;V f), where ¥ is a vector field on M with v, = v.

By symmetry the spectrum of the Hessian operator A is real. If it does not contain
zero, then p is called a non-degenerate critical point of f.

Suppose x is a non-degenerate critical point of f. Then by the spectral theorem for
symmetric operators the spectrum of A = A, is given by n reals

M SAg <0< M1 - <y ©6)

counting multiplicities. The distance d > 0 between 0 and the spectrum of A is called
the spectral gap of A. The number k of negative eigenvalues is called the Morse
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index of the critical point x and denoted by ind(x). Denote by E~ and E™* the span
of all eigenvectors associated to negative and positive eigenvalues, respectively. Then
there is the orthogonal splitting

T"M=E @®ET @)

with associated orthogonal projections 7_ : M — E~ and ny : T,M — E™T.
Since A preserves E~ and E™ it restricts to linear operators A~ := A o 7w_ and
AT :=Aom, on E” and ET, respectively. If 0 < k < n,then A < 0 < A,,.

2.2 Linearized equation and linearized flow

Linearizing the downward gradient Eq. (1) at a constant solution u(¢) = p € Crit f in
direction of a vector field & : R — T, M along u leads to the linear autonomous ODE

E(t) = —AE(1) ®)

for & where A = A, is the Hessian operator determined by (5).

Interpreting —A : T,M — T,M in (8) as a vector field on the manifold 7, M it
is easy to see that the flow generated by —A is the 1-parameter family {®;};cr of
invertible linear operators on 7, M given by

e¢]

_ 1A ._ (=)’ J
o =M= 7 Al 9)
=0
If the spectrum of A is given by {A1, ..., A,} C R, then {e7™1, ... e ) C (0, 00)

is the spectrum of e~'4. We will use &, = ¢4 = ¢4~ @ ¢~'A" only for t > 0.
However, the part e’4" will be needed for all # € R. Since this part acts on the
(linear) unstable manifold £~ and is defined by a matrix exponential—thus without
employing any backward Cauchy problem—there is no conflict with Convention 1.5.

Lemma 2.1 (Linearized flow satisfies linearized equation) Given p € Crit f, then
the family of linearizations {dy; (p)}i>0 coincides with the time-t-maps {®;};>0 asso-
ciated to the linearized vector field —A = —D(V f), on T, M.

Proof See e.g. [23, Le. 2.5]. O

Proposition 2.2 (Exponential estimates) Consider the Hessian operator A = A~ &
AT associated to a non-degenerate critical point x of Morse index k and with induced
splitting TeM = E~ & E provided by (7). Fix a constant i in the spectral gap [0, d]
of A. In this case there are the estimates

||e—zA+ ” < o ther < ek, ”e—tA*“ < e—m’
foreveryt > 0 and
—tAt

R R P
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for every t < 0. Thus |le”"4|| < max{e ™+ ¢~} < max{e ", e "*1} whenever
t > 0and |le” || < max{e ™, e~} < max{e ", e'*} whenevert < 0.

Proof Eigenvectors associated to A ; and e~"* can be chosen equal. O

2.3 Exponential map

Given any point g of our Riemannian manifold M, we denote by exp, : T,M D
O,, — M the associated exponential map. Here O, is the open ball whose radius
tg > 0 is the injectivity radius of exp at the point ¢. The infimum ¢ > 0 of ¢, over M
is called the injectivity radius of M. The map

exp: TM >0, - M

is called the exponential map of the Riemannian manifold. It is a piece of mathemat-
ical folklore that one can introduce global maps E; and E» which can be viewed as
partial derivatives of the exponential map in the direction of M and in the fiber direc-
tion, respectively. Also derivatives E;; of second and higher order can be introduced;
see e.g. [25, §2.1].

Theorem 2.3 Givenu € M and§ € O,
Eiu,8) : T,M — Toyp,eM, Eijj(u, &) :T,M xT,M — Top,eM,

C T, M, then there are linear maps

fori, j € {1, 2} such that the following is true. If u : R — M is a smooth curve and
&, n are smooth vector fields along u such that §(s) € O, for every s, then the maps

E; and E;; are characterized? by the identities

d
75 XPu(&) = Er(u, £)dsu + Ex(u, £)Vi&

Vs (Er(u,§)n) = En(u, §) (n, 0su) + Er2(u, §) (n, Vs§) + Er(u, §)Vsn
Vs (E2(u, §)n) = E21(u, §) (0, su) + En(u, &) (0, Vs§) + E2(u, §)Vsn.  (10)

These maps satisfy the identities
Ei(x,0) = Ex(x,0) =1, En(x,0) = Ez(x,0) = Exn(x,0) =0. (11

2.4 Tangent coordinates near critical point

Lemma 2.4 Pick p € Crit f and let 1, > 0 be its injectivity radius. Then in the
neighborhood exp,, O,, of p in M the solutions to it = —(V f) ou correspond via the
identity u(t) = exp » 5@ precisely to the solutions of the ODE

EN) + AED) = h(E(),  h(E) = —E2(p, &) (V)exp, & + AE,  (12)

3 Uniquely determined.
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where & takes values in the open ball O, , CTpyM and h(&) abbreviates h(E(t)).

Proof Given any smooth curve & in O, , set u(t) = exp » &(t). Take the derivative to

get that it = E»(p, £)& pointwise in 7. Thus we obtain that

lp>

Ex(p, ) =it = —(Vf) ou = —Ea(p, §)A§ — ((V)exp, ¢ — Ea(p. £)AE)

pointwise in ¢ and where the last step is by adding zero. O

2.5 Lipschitz continuity of the non-linearity

Lemma 2.5 (Lipschitz near p € Crit f) Recall that f € C"*'(M,R) for r > 1.
Fix p € Crit f and let 1), be its injectivity radius. Set py := tp/4. Then there is a
continuous and non-decreasing function k : [0, po] — [0, 00) vanishing at O such
that the following is true. The non-linearity h : By, — T, M given by (12) is of class
C’". It satisfies h(0) = 0 and dh(0) = 0 and the Lipschitz estimate

17(&) —h(mI < «(p) IIE — nll

and its consequence
ldh(E)vll < k(p) (vl (13)

whenever ||E|l, Inll < p < poandv € T,M. If f is of class C%! locally near p, then
there is a constant k. > 0 such that dh satisfies the Lipschitz estimate

ldh(E)v —dh(mvll <k« 1€ =l vl

whenever &, lInll < p < poandv € T,M.

Proof of the Lipschitz Lemma 2.5 That f € C"t! implies h € C” follows immedi-
ately from the definition of /; see (12). Pick &, n € By, and set X := n —&. Itis useful
to view & as being fixed and n(X) = & + X as depending on X. Consider the map
defined by

1(X) :=h(€) —h() = —E2(p, &) (V flexp, ¢ + AE
+Ex(p & + X7 (V exp,e+x) — AG + X)

and note that / (0) = 0. Moreover, for any v € T), M it holds that

dI(X)v = 2|, (X +1v)
=~ Ex(p. & + X7 En(p.§ + X0 [(V ey, 010 E2(p & + X070
+Ex(p. &+ X) 7' D(V fexp, &+ x)E2(p, & + X)v — Av
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where brackets [. .. ] indicate (multi)linearity. Thus we obtain that

lh(E) = h(pll = T Xl = 1(X) = 1O)] = |dI (@ X)X]|
< B2 ey, | E22ll (B3 [V Denp Lo 83,0 I X
+I1E2 ™' D(V fexp, E2 — All (B3, I1X |
=: k(P& —nll

where for instance E; abbreviates E>(p, -) and L*° denotes the sup-norm. Moreover,
existence of some constanto € [0, 1]is asserted by Taylor’s theorem. That the function
k (p) is non-decreasing is due to the fact that the supremum is taken over the closed
ball of radius 3p. Indeed the supremum is obviously non-decreasing if it is taken
over larger balls, that is if p grows. For p = 0 all maps are evaluated at the origin
of TyM, thus k(0) = 0 since? Ex»(p,0) = 0and E2(p,0) = 1 by (11) and since
D(V f)p, — A = 0. This proves the Lipschitz estimate. Concerning its consequence
recall that dh(§)v = lim;_, w and apply the Lipschitz estimate.
Concerning the Lipschitz estimate for dh note that by (12) we get that

dh(Ew = 2 |0h($ +1v)
= E2(p &) En(p.©) [ (V Denp, 01, E2(p, €)' ]
— E2(p, &) D(V fexp, &) E2(p, €)v + Av.

Since by assumption D(V f )expp(.) is locally Lipschitz near the origin, soisdh. 0O

2.6 Cauchy problem and integral equation

Proposition 2.6 Given a non-degenerate critical point x € Crit f, let 1, be its injec-
tivity radius and consider the ODE (12) in T, M with non-linearity h. Fix a radius

po € (0, min{1, ¢, /4}] (14)

sufficiently small such that the image exp, By, C M of the closed ball B,, C T,M
contains no critical point of f other than x. Pick T > 0 and assume that& : [0, T] —
T« M is a map bounded by po. Then the following are equivalent.

(a) The map & : [0, T] — TeM of class C' is the (unique) solution of the Cauchy
problem given by the localized downward gradient flow Eq. (12) with initial value
£(0).

(b) The map & : [0, T] — TM is continuous and satisfies the integral equation or
representation formula

t
£() = e A £0) + / ~U=DA 7 h(E(0)) do
0

4 In fact, we don’t even need to use the identity E2»(p, 0) = 0 since anyway (V f), = 0.
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T
e DA g (T) — / TN k(@) do (15)

t
foreveryt € [0, T). In the limit T — o0 term three in the sum disappears.

Proof Essentially variation of constants; cf. [21, §9.2] or [9, §7.3]. ]

3 Invariant manifolds

Suppose x € M is a hyperbolic singularity of the vector field X = —V f, that is a
non-degenerate critical point of f. The stable manifold of the flow-invariant set {x}
is defined by

W*(x) :={q € M| lim ¢,q exists and is equal to x}. (16)
11— 00

In case of a genuine complete flow one simply considers the limit # — —oo to define
the unstable manifold W* (x). Note that—despite the naming—these sets are, at this
stage, nothing but sets. They are invariant under the flow though. A common strategy
to endow them with a differentiable structure is to represent them locally near x as
graphs of differentiable maps and then use the flow and flow invariance to transport
the resulting coordinate charts to any location on the un/stable manifold. To carry
out the graph construction one introduces in an intermediate step what is called local
un/stable manifolds.

3.1 Unstable manifold theorem

In view of our Convention 1.5 to ignore the backward Cauchy problem, already defin-
ing W*(x) by the analogue of (16) is not possible. A way out is to consider an
asymptotic boundary value problem instead: Consider the set of all forward semi-
flow lines that emanate at time —oo from the non-degenerate critical point x, then
evaluate each such solution at time zero and define W*(x) to be the set of all these
evaluations. In symbols, the unstable manifold of x is defined by

W (x) == {u(0) |u : (—00,0] = M, (1), im u(r) = x}. (17)

It is non-empty since the constant trajectory # = x contributes the element x.

Theorem 3.1 (Unstable manifold theorem) Non-degeneracy of x together with ¢
being a gradient flow implies that the unstable manifold W"(x) is an embedded sub-
manifold of M of class C" tangent at x to the vector subspace E~ C Ty M of dimension
k = ind(x) and diffeomorphic to E™.

Corollary 3.2 (Descending disks) Given x € Crit f non-degenerate, then there is a
constant €, > 0 such that the following is true.

(a) Each descending disk defined by
Wix) = W) N{f = f(x) —e}, &€ (0, el (18)
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is C” diffeomorphic, as a manifold-with-boundary, to the closed unit disk D c R*
where k = ind(x). The boundary

Se(x) = W) N{f = f(x) —¢}

of a descending disk is called a descending sphere.
(b) Each open neighborhood of x in M, thus each open neighborhood of x in W"(x),
contains a descending disk.

Suggestion for proof Apply Theorem 3.1 and the version of the Transversality Theo-
rem for manifolds-with-boundary, see [8, Ch. 1 §4], to obtain the C” manifold structure
of the descending disk. Use the Morse Lemma [8], which causes loss of regularity,
only to control the locus. O

The proof of the unstable manifold Theorem 3.1 is a Corollary of the local unstable
manifold Theorem 3.4 below. The standard argument is to use the forward flow to move
the coordinate charts provided by Theorem 3.4 near x to any point of W*(x). This
shows that W*(x) is injectively immersed. Now exploit the gradient flow property.
To prove Theorem 3.4 we need a backward flow, but only on the unstable manifold,
which is coherent with Convention 1.5.

Definition 3.3 (Algebraic’ backward flow on unstable manifold) Given u(0) €
W"(x), set ¢ := u(0) and define ¥_;q := u(—t) for t+ > 0. Note that Y_,¢_; =
Y_;_s and that ¥_,q solves the backward time Cauchy problem (1) with initial value
q. Therefore it doesn’t violate Convention 1.5 if, for any ¢ € W*(x), we use the
notation ¢;q for any time ¢, positive or negative.

While W¥(x) is obviously backward and forward flow invariant, a descending disk
still is backward invariant since its boundary lies in a level set.

Local unstable manifold theorem

We wish to prove that W*(x) carries locally near x the structure of a manifold.

Theorem 3.4 (Local unstable manifold, Hadamard—Perron [6,15]) Assuming (HI1-
H2) in Definition 1.1 there is a constant p = p(X) € (0, L) such that the following
is true. A neighborhood of 0 in the local unstable manifold

WH(0, B,y) = {n(O) |72 (=00,01 > By, (12), lim_5(t) = o} (19)

is a graph over the radius R = g ball B C E~ and this graph is tangent to E~ at
0. More precisely, there is a C" map

F® =(id,F®): By > E-®E", F®0)=0, dF™(0)=0, (20)

5 The wording “algebraic” backward flow is only meant to indicate that no backward Cauchy problem is
involved in its definition. It arises naturally along the unstable manifold each of whose points has a past by
definition. Thus along W (x) it turns into a genuine flow.
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Fig. 4 Graph map E+
FX:Bg - TtM

whose image is a neighborhood of 0 in W*(0, By, ). Moreover, it holds that || 1ol <
pe'* for every t < 0 and uniformly in no € F°(Bg); see Fig. 4.6

We sketch the proof of the theorem by the contraction method. Pick an element
z— € E™ near the origin. Our object of interest is a backward flow line n : (—o0, 0] —
B, whose value at time zero projects to z_ under w_ and which emanates from the

origin asymptotically at time 1 = —oo. For any sufficiently small constant p € (0, 2)
the complete metric space
z7 =177, = {ne =00, 0L TiM) | Inllgy :=supe™ () < p}
<0
carries the contraction given by
— O —
(G2 n) (5) o= e™A 2 — / DA 1 h(n(o))do
s S
+ / e~ A h(n(o))do. (21)
—00

Its (unique) fixed point 71,  is the desired flow line. Define the graph map by
F®(z-) := m(n;_(0)) as illustrated by Fig. 4 and denote by B, C E~ the ball

of radius R = % < % about 0.

3.2 Stable manifold theorem

Whereas the stable manifold is easier to define—given only a forward flow—than
the unstable manifold, the step from local to global is not obvious any more, given
Convention 1.5. We shall use this oportunity to promote Henry’s [7], widely unkown
as it seems, argument to pull back the local coordinate charts near x in the backward
time direction utilizing only the forward flow.

Theorem 3.5 (Stable manifold theorem) Non-degeneracy of x together with ¢ being
a gradient flow implies that the stable manifold W* (x) defined by (16) is an embedded
submanifold of M" of class C" tangent at x to the vector subspace ET C TyM. Thus
dim W* (x) is equal to the Morse co-index n — k of x.

6 Uniform exponential decay: The theorem shows that all backward trajectories which remain forever
in backward time in a certain neighborhood of the fixed point 0 not only converge to 0, but they do so
exponentially—even uniformly at the same rate of decay.
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Remark 3.6 The ascending disk W (x) and the ascending sphere S} (x) are defined
as in Corollary 3.2, just replace the superlevel set { f > f(x) — ¢} by the sublevel set
{f < f(x) + ¢}. They also have analogous properties, in the assertions just replace k
by n — k where n = dim M.

Theorem 3.7 (Local stable manifold, Hadamard—Perron [6, 15]) Assuming (HI-H2)
in Definition 1.1 there is a constant p = p(X) € (0, 22) such that a neighborhood of
0 in the local stable manifold

W50, Bpy) = {z € By | ¢z € By Vi > 0and lim ¢z = 0} (22)

is a graph over the radius R = g ball B; C E™ and this graph is tangent to E™ at
0. More precisely, there is a C" map

G® = (G®,id): Bf > ET®EY, G™(0)=0, dG™(0)=0, (23)
whose image is a neighborhood of 0 in W*(0, B, ). Moreover, it holds that || ¢ &0l <
pe~ ™ for every forward time t > 0 and uniformly in & € QOO(B;Q).

The proof of Theorem 3.7 is by the contraction method. In fact, our proof of
the Backward A-Lemma, Theorem 1.2, presented below generalizes the contraction
method proof from invariant manifolds, which is well known, to invariant foliations.
The details missing in the following sketch of proof can be easily recovered by formally
setting 7 = oo in the proof of Theorem 1.2.

Pick z4 € E near 0. Our object of interest is a flow line & : [0, 00) — B, whose
initial value projects to z4 under 7 and which converges to 0, as t — oo. For any
sufficiently small constant p € (0, 22) the complete metric space

Z=7,, =& €CO10.00). TiM) | Il :=supe™ €I < ), @4
t>0
carries a contraction defined by

t oo
(W, 6)(t) = e 2y + / e " h(E(0))do — / e n_h(&(0))do.

0 t

Moreover, by the representation formula (15) for T = oo the (unique) fixed point &,
is our object of interest. For R = % < % the map

G®:Bf — E, By :={z4 € ET : |lz4] < p/2},
24 > - (£,(0))

has the properties asserted by Theorem 3.7; see also [5, Sec. 3.6].

Remark 3.8 Further methods to prove the local (un)stable manifold theorems:
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e Graph transform method: A geometrically appealing method, nicely sketched
in [14, p. 80]; for details see [19].

e Irwin’s space of sequences: See former two references. Another excellent reference
for those who care about details is Zehnder’s recent book [27].

Proof of the stable manifold Theorem 3.5 (Henry [7, Thm. 6.1.9]) By Theorem 3.7
the stable manifold is locally near x a C" submanifold of M of dimension n — k where
k is the Morse index of x and n = dim M. Thus there is a neighborhood ¥ of x in
W (x) which is represented as a zero set {y € U | h(y) = 0} where U is an open set
inMandh: U — R¥isa C” map such that dhy : TyM — RF is surjective at each
point

yeh '(0)=UNT =UNW ).

Note that here only the first identity is part of the submanifold property of X. To obtain
the second identity choose U smaller, if necessary, and use the fact that a flow line of
a gradient flow cannot come back to itself asymptotically.

Nearby arbitrary elements go of W*(x) one obtains local submanifold charts as
follows. Pick T > 0 such that ¢7go € ¥ and consider the C” map

ho@TIUTﬂ)Ui)Rky Ur = (pTil(U),

whose zero set is Ur N W¥(x); see Fig. 5. The pre-image U7 is an open neighborhood
of go in M since U is open and @7 is continuous. By the regular value theorem it
remains to show that the map

dtpr) dhy
dhogr)y : TyM 250 1y M 25 RE

is surjective whenever g € (ho <pT)_1 (0) = Ur N W¥(x). Since dhyy is surjective it
suffices to show that d(¢r), is surjective.” The following argument avoids backward
flows. In finite dimensions surjectivity of d(¢r), is equivalent to dense range which
itself is equivalent, even in the general Banach space case, to injectivity of the adjoint
(or transposed) operator (de¢7|,)*. But the latter is equivalent to backward uniqueness
of the (forward Cauchy problem associated to the) adjoint equation. In our case A =
A* so the adjoint equation is just the linearized equation itself. But an ODE associated
to a Lipschitz continuous vector field exhibits forward and backward uniqueness; see
e.g. [1]. O

3.3 Convenient coordinates

Suppose the local setup of (H1-H2) in Definition 1.1. Namely fix a constant X in the
spectral gap (0, d) and recall that the local flow ¢ actingontheball B,y in T, M = X =

7 In infinite dimensions [7] the operator deT |q is not surjective in general, but still admits dense image.
This suffices to show surjectivity of the composition since k is finite.
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W (z)

- - - (howr)~1(0) = Ur N W*(x)

Up := QDTilU
pT
Y1790 h 0
o U —_— = RF —m8M o———
ChTH0) = UNW3(x) k = ind(z) = codimW?*(z)

Fig. 5 Henry’s proof: pull back coordinate charts by forward time-T -map

E~ @& E is generated by the ODE ¢ + A¢ = h(¢) where the non-linearity / is given
by (12). Consider the balls B, C E~ and B C ET of radius R(x, po, ) = £<g
with B, x B;{ C By 2 and the C” graphmaps F™ : By — Etand G : B;{ — E~
provided by the local (un)stable manifold Theorems 3.4 and 3.7. Use the fact that the
graph F°(B},) is tangent to E~ at 0, similarly for QOO(B;), to see that choosing the
radius R > 0 smaller, if necessary, one can arrange that both graphs simultaneously
satisfy inclusions

F®(Bg) C (Bg x BY), G®(B}) C (B x BR).

On the other hand, by Corollary 3.2 and Remark 3.6 there is a (small) constant 2¢ > 0
such that there are inclusions of descending and ascending disks

Wi, CF¥(Bg), Wi CG®(Bp). (25)

Set
D™ :=n_Wy, Dt = W5, V=D x DT. (26)

Then by the graph property of F°° and G*° it holds that F*°(D~) = qug and
ge(MDdhH =W, . as illustrated by the left part of Fig. 6. Consequently D7 is a disk,
that is a set diffeomorphic to a closed ball. Note that

Wy = W0, V) =V N W0, By),
Wie = W0, V) = VAW (0, By, @7

by negative and positive invariance under ¢ of Wé‘g and W3 P respectively. Following
Palis and de Melo [14, Ch. 2 §7] observe that the C" map

P(x,y) = (x = G®(),y — F®(x))

defined on B, x B;{ satisfies ¥ (0) = 0 and dv(0) = 1. In particular, it is a diffeo-
morphism locally near the fixed point 0. Choosing R and 2¢ smaller, if necessary, we
assume without loss of generality that ) is a diffeomorphism onto its image. Note that
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D+ (V,6) (V,9-9) X
//WS D
// 2¢ 9
B 0 Y Vi - 0 D~
S~ = D-

Fig. 6 Local (un)stable manifolds get flattened out

?Hx,0) = (x, —F*(x)) and 9 (0, y) = (—=G*(y), y). Consequently the map ¥ dif-
feomorphically maps F*°(D ™) = qug to the disk D~ and similarly for W3 - and DT;
see Fig. 6. Our new local model will be the product of disks V := D~ x DT acted upon
by the new local flow ¥.,.¢p; = ¢y 0¥ oy -1 (denoted again by ¢, in Remark 3.9) whose
local unstable and stable manifolds are D~ and D, respectively. Note that the latter
represent the descending disk Wy c (x) and the ascending disk W3 c (x) in this new local
model. The ODE which generates the flow ¥,.¢;, arises by re-doing Lemma 2.4 starting
from the “Ansatz” u(t) = exp, (ﬁ_lg(t)) for &. Obviously the new ODE is similar
to (12) involving, in addition, the diffeomorphism ¢ and its linearization. Since ¥ is
of class C” and defined on the compact set V it admits uniform C”-bounds. Therefore
relevant estimates for the new and the old ODE are equivalent up to constants. This
justifies to simplify notation as follows.

Remark 3.9 (Coordinates with flattened local manifolds) By the discussion above and
in order to simplify notation we will, without loss of generality, continue to work with
the ODE (12), that is we omit ¢ in our formulas, and assume that the local (un)stable
manifolds qug and W3 c for the (new) local flow ¢ on V are disks D~ C E~ and

Dt ¢ ET. To summarize we assume that
V=D xD"CcB,xB,cB), D =W:, D'=W; (28)
R R ’ 26> 2¢>

as illustrated by Fig. 1 and where ¢ > 0 has been fixed according to (25).

4 Proof of backward A-Lemma

Suppose ind(x) = k € {1,...,n — 1}, so the smallest and largest eigenvalue of the
Hessian operator A = A, satisfy A; < 0 < A,. Consider the continuous function
k (p) with k (0) = 0 and the Lipschitz constant k, > 0 of the non-linearity 4 provided
by Lemma 2.5. Pick an exponential decay rate A € (0, d) for the elements of the
complete metric space Z” to be defined below and consider the two constants § €
(O, min{1, d%}) and u € (A, d%’\) C (X, d) defined in Fig. 7. To ensure the second
of the two endpoint conditions in (32) set

1
T] = T] ()\., J{) = —T > 0. (29)
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Fig. 7 Spectral gap d 5= Qi;)\)\
ni=A+4
0
i
0 A " d

Fix p = p(}) € (0, 1) sufficiently small such that

(30)

oo | —

4_" l 1 <
K(p)(/\+5+ )_

and such that the closed p-neighborhood U,(W¢) in X of the descending disk is
contained in V = D~ x D* C By; see (28). Observe that in this case the radius 5
ball BT ¢ E7 is contained in DT. Fix T» = T>(u) > 0 such that e~ 724/4 < 1/8;
this will be used in Step 5. Set

To = To(A, u(2), ) := max{Ty, T2, 1} > 1. €1V

Remark 4.1 (Mixed Cauchy problem) The key observation to represent the pre-image
¢7 D, under the time-T-map ¢7 as a graph over the stable tangent space E™ is the
fact that there is a well posed mixed Cauchy problem. Namely, instead of prescribing
precisely the endpoint, by the representation formula (15) it makes sense to prescribe
only the (T4 )-part of the initial point, but in addition the (;r_ )-part of the endpoint. This
way one circumvents using a general backward flow—only the (by Convention 1.5
legal) algebraic one on the unstable manifold is used; cf. [25, Rmk. 3].

We prove below that for each z, € E* with ||z, || < p/2 there is precisely one
flow line & = Ei .z, with initial condition 7,§(0) = z4 and endpoint condition
&(T) € D,_. The latter is equivalent to

n§T) =z AN [IET) =z =» (32)

The key step to determine the unique semi-flow line & associated to the triple
(T, z_, z4) is to set up a strict contraction W’ on a complete metric space Z” whose
(unique) fixed point is £. More precisely, define

A [s e 10,71, %) : [ - ¢.zZHeXp < p] : (33)
where z” 1= ¢_7(z_) and

— - A
”é”exp - ”E“exp,T = tgg(i);] et “‘i:(t)” s (34)
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and consider the operator W7 = \IJZT_ .z, defined for § € Z T by

t
(\PZT,,ZJ) t) = e—”‘z,++/0 e = A h(E(0)) do
T
fem DA, / e 7 hE@))do  (35)
t

forevery t € [0, T]. The fixed points of W correspond to the desired flow trajectories
by Proposition 2.6. In Step 1 and Step 2 below we show that W7 is a strict contraction
on ZT. Hence by the Banach-Cacciopoli Fixed Point Theorem, see e.g. [5, §2.2], it
admits the unique fixed point éZT_’ -, and we define the map

G':S¢xBT—>E", (.zp)— g O=Gl @y 36

For latter use we calculate for ¢ € [0, T'] and o > O the integrals

t _ T _ ,(t=T)
/ e~ U= g £7 / U0 g5 — L‘ (37)
0 o t o

The proof takes six steps. Fix z_ € S¥ and z4+ € BT. Abbreviate wl = Wi,z+.

Step 1. For T > 0 the set ZT equipped with the exp norm metric is a complete metric
space, any £ € Z" takes values in V- C By, and W' acts on Z7 .

Proof For the compactdomain [0, T] the space CcY(0, T1, X)is complete with respect
to the sup norm, hence with respect to the exp norm as both norms are equivalent by
compactness of [0, T]. By its definition the subset Z7 of C ([0, T1, X) is closed with
respect to the exp norm. Since U,(W}) C U p(W;‘) C V by our choice of p, the
elements of Z7 take values in V C Bj.

To see that W7 acts on Z7 we need to verify that W7 £ is continuous and satisfies
the exponential decay condition whenever £ € Z”. By definition W is a sum of
four terms each of which is continuous as a map [0, 7] — X. For terms one and three
continuity, in fact smoothness, follows from definition (9) of the exponential as a power
series. Continuity of both integral terms, terms two and four, uses the same argument.
Denote term two by F(¢) from now on. Continuity of F : [0, T] — X and the fact
that F(0) = 0 (used in Step 3 below) both follow from continuity and boundedness
of the mapfz :=m,o0hof :[0,T] — ET which holds true since & : [0, T] — X
is continuous and bounded by definition of Z” and so is the non-linearity & by the
Lipschitz Lemma 2.5.

We prove exponential decay. For ¢ € [0, T'] consider the flow trajectory given by
¢,zz where 71 = ¢_71(z—). By the representation formula (15) it satisfies

t
¢,2" = /0 DA h(gyz)do

T
4TI, / eI 7 (2T do (38)
t
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Here we used that z_ € S} = 9W/, thus I = ¢_77_, lies in the (backward flow
invariant) descending disk W C D~.Hence .zl = Oandw_¢rzl =7 z_ =7_.
By (35) and (38) we get for ¢ € [0, T'] the estimate

et)»

() 007 < e e [/ o o o

Lot / = |hE (@) — higoeT)| do
t

12
[
exp 0

T
/ S=0)010) g
exp Jy

1 1
’5+K<p>( +ﬁ)p§p (39)

< e W 2yl + K (p) & — @2

+x(p) HE —¢.zr

,o

[\)

where we used the exponential decay estimates in Proposition 2.2. To the non-linearity
h we applied the Lipschitz Lemma 2.5 to bring in the constant k (p). We also used
the fact that the norm of a projection is bounded by 1. Moreover, we multiplied both
integrands by e~®*¢?* to obtain the exp norms which are bounded by p by definition
of ZT . Inequality three uses that z, € BY and the integral estimates in (37). The final
step is by smallness (30) of p. O

Step 2. For T > 0 the map W' is a contraction on ZT. Each image point W&
satisfies the initial condition (\IIT&‘ ) (0) = z4 and for T > Ty also the endpoint
conditions (32), i.e. it hits D, = {z_} x B, attime T.

Proof Pick &1, & € ZT. Then similarly to (39) we obtain that

t
e (vTa) 0 - (V&) 0] < / e~ || () — h(&2 (o) do
0
T
+eﬂ/ "= h(& 1 (0)) — h(E2(0)) | do
t

1 1
<k(p) (5 + m) 151 — &2llexp

for every t € [0, T']. Use smallness (30) of p and take the maximum over ¢ € [0, T']
to get that [|W7 & — W & lexp < 311€1 — &2 lexp-

To obtain the identities 71 (V7€) (0) = z4 and w— (V7€) (T) = z_ justsets =0
in the definition (35) of W7 and use the identities 7, 7_ = 7_7, = 0, continuity of the
exponential series (9), and continuity and boundedness of both integrands. Concerning
the second endpoint condition in (32) assume 7 > T and evaluate estimate (39) at
t = T to get that

||(\IJ§) (T) _Z—||X < pe*T)‘ < eme —

where the last step is by p < pp/2 < 1 and definition (29) of T. O
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Step 3. For T > 0 For the map G' : S" x BY — E~ For defined by (36) For is of
class C" For and, for each z_ € S}, For the map Gsz =Gl (z_,): Bt - E™ For
satisfies

GT (0)=¢ 7(z)=:z". gaphG’ = {gT ©0) ]z € B+}.

2,24

Proof By Step 2 and its proof the map

wistx Bt x 2T > 2", Gz o) !k

2,2+

is a uniform contraction on Z” with contraction factor % (Strictly speaking Z7
depends on z_, but the complete metric spaces associated to different z_’s are natu-
rally isomorphic.) Observe that W7 is linear, hence smooth, in z_ and in z and of
class C" in &, because & is of class C” by the Lipschitz Lemma 2.5. Hence by the
uniform contraction principle, see e.g. [5, §2.2], the map

0 =0":5"xB" - z"
(zoozp) > &L (40)

T
1,24+

its composition with the (linear) evaluation map evg : Z — X, & > £(0), and the
(linear) projection 7_ : X — E~. But the composition of these maps is G by its
definition (36). So GT, thus G, is of class C" in z_ and 4.

Consider the flow trajectory n : [0, T] — X, t — d),zf, which runs from z? to
z— inside the (backward invariant) descending disk WY C D~ . Hence m4n(0) = 0
and 7_n(T) = n. Thus n = SZT,,O by uniqueness of the fixed point. Hence GZ,T, 0) :=

which assigns to (z—, z4+) the unique fixed point of ¥ is of class C” and so is

n_ézT_’O(O) =7_n(0) = n_zL = zT. To get the desired representation of graph GZT_
observe that

07 (2= (6L () ze) = (w6l O, w8l L ) =6L . © @)

by Definition (36). The first identity also uses the fixed point property and the initial
condition from Step 2. The final identity is by 7_ & 74 = 1. O

Step 4. The map T — G(T, z_, z) is Lipschitz continuous. If f is of class C*' near
X, then the derivative T +— %Q(T, z—, 24) is also Lipschitz continuous.

Proof We prove that G is Lipschitz continuous in T. Fix T > Ty > 0, z_ € S¥, and

74 € BT. Consider the fixed point £7 = 55,@ of the strict contraction W7 = q"i,@

defined by (35). The fixed point of W77 is given by
t
$T+T(t) — e*IAZ+ +/ e*(!*U)An_Fh(éT*FT(O,)) do
0

B T+t _
e t-T-DAT / A pE T () do.  (42)
t
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Fort € [0, T] and T > 0 we obtain, similarly to (39), the estimate
t
e - €T < [ e e o — @ | do
0
et 1)t

+ e [T o) — 6T (o) do
t

T+t
+ / = Hh(g”f(a))n do
T

T+t T‘
< K —
< k(o) |67 & o

t T
(/ e 1= gy +/ ef=om do)
0 t

T+t
L o(t=THp (t—o)u
+zlril-e |Iz—||+K(p)/T e do

<1

—Ti

sx(p)%”s”f—sT\ +r|xl|+x<p>l+

C0([0,71,X)

+T (Al +1).

< l HgTJrr _ST‘
-8 CO([0,T1.X)

Inequality two uses the Lipschitz Lemma 2.5 for f and the exponential estimates in
Proposition 2.2. Moreover, we used the fact that e 7*# < 1 to obtain

1 — e 1T T
1=e™ / e ds < 1. (43)
2 0
The identity
T
A=A / N do (44)
0

follows by definition (9) of the exponential as a series. Together with the exponential
estimates in Proposition 2.2 we get that

T
A — ]l” = HA_/ Y do
0

T
sw/ ehdo <. (45)
0

Coming back to inequality two, it remains to explain the estimate for term four. Here
we used that E7+7 € ZT+7 takes values in B by Step 1.

Inequality three uses (37) for the integrals and the fact that ||z_| < 1. Inequality
four uses estimate (43) and the smallness assumption (30) on p by which k(p) < 1.
Now take the supremum over ¢t € [0, T'] to obtain that

HETJrr _ET‘

<Cc1T 46
co([0,71,X) — ! (46)
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with constant ¢ = 2(|A1| 4+ 1). By (41) this shows that

forall T > Ty and t > 0. In other words, the map T +— G(T, z—,z4) = ng, (z4) is

Lipschitz. The difference £7 7% — &7 is illustrated by [25, Fig. 5].
We prove that the map T +— %Q (T, z—, z+) is Lipschitz continuous. Set

G+ @) — gl )| = |0 -] =ar )

o' =0r _1:=4 R 0] (48)

Z—,24 dt lt=0 %-Z—,

for every ¢ € [0, T']. Calculation shows that this derivative is given by

t
CHOE /0 e U= Ag, (dhlgr(g) o @T(G)) do+ A-e U=DA 7

T
. e_(t_T)A_JT_h(ET(T)) _ / e—(l—U)A_n_ (dh|§T(a) ° @T(g)) do.

t

Since diTQ(T, 7_,z4) = OT(0) by (41), it remains to show that the map 7 >
©7(0) e X is Lipschitz continuous. By definition of ®” we get the identity

t
0T+ (1) — 0T (1) =/ ™A dhrie () 0 (@T'”(a) _ @T(a)) do
0

+ /Ot e (dhlerie (o) — dhler(0)) 0 O (0) do
(e — AT A

_ (etA’ _ ]l)e_(’_T)Afn_h(éT”(T 1))

—e™ A (T + 1) — hET (7))

T
— / 6_(I_U)A_7T_dh|%~T+r(0) o (®T+T(G) - ®T(U)) do

t

T
—/ e N g (dhirie oy — dhler (0)) 0 O (0) do

t

T+t _
— / e N g _dh|irin i) 0 O (0) do
T

forall € [0, T] and T > 0. To obtain lines one and two add zero; similarly for lines
four and five and lines six and seven. Abbreviate the C°([0, 7], X) norm by ”'”C? .
Combine line one with line six and line two with line seven to obtain, similarly as
above and again abbreviating ¢; = 2(]A{| 4 1), the estimate
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o @ -e"w],

®T+T _ @T

<«(p)

t T
0 (/ o= g +/ R dU)
CT 0 t
t T
) (/ o0 4o +/ R da)
Cr 0 t

7T 40|+ k(o) [T+ 0 — 67T

T+t
/ 1M g
T+t J T

+K* “ST+T _%-T‘

|

0
Cr

+ P lz=ll + T lrlk(p)

+K(,0) H®T+t

9

S K(,O) ”@T-FT _ @T

2 2
o =t rxlcim)er— + Tlal (Al + D)
Cr 122

1] —e ™
+r(p)t(c1 +20, + 1)+ K(p)C]T

1
< =
-8

®T+T _ @T

Cr

( 2ucc1? 2 )
+ 1 +—+ €1+ + D+
Iz 4
forall # € [0, T] and T > 0. Inequality one uses the exponential estimates in Propo-
sition 2.2 and the Lipschitz Lemma 2.5 for dh. To obtain line three we used (45) and
we added zero in the form of /2(0), thus bringing in x (p).
Inequality two uses the following arguments. Estimate the first pair of integrals by
% using (37); similarly for the second pair. Apply estimate (46) and recall thatz_ € B
by our local setup. Use again (46) to conclude that

o] = [ 0] - OO

=0 T

(49)

whenever ¢ € [0, T]. Thus ||©T ||C¥ < ¢ and, of course, the same is true when T is

replaced by T + 7. By Step 1 the elements of the complete metric spaces Z7 (and
ZT+7) take values in Bj. We also used that x (p) < 1 by (30) and that e“~T* < 1.
The estimate for the difference ET Y7 (T +1) —&T(T) € X in line four will be carried
out separately below; see (51) for the result.

Inequality three uses the smallness assumptions (30) on p and estimate (43).

Now take the supremum over ¢ € [0, T] to get the estimate

”@T-‘rf _ @T‘

<Crt (50)
C0([0,71,X)

forall T > Ty and v > 0 and where C = C(A1, An, ks, 4~ 1) is a constant. So
|6 + 7.2 200 = 0Tz 20| = |67 — 07O < €o
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which means that the map T +— %Q (T, z—, z4) is Lipschitz continuous.
As mentioned above it remains to estimate the norm of the difference:

T T — (1) = (e = 1) e Az
T
+ [T (b o) — b€ ) do
OT
w [ (1) T T oo

T+t
+ / e~ T+1=D A7 n(E™ (0)) do.
T

Note that we added zero to obtain terms II and III in this sum I+II+III+IV of four. We
proceed by estimating each of the four terms individually.
I. Concerning term one the identity for AT corresponding to (44) shows that

|t 1) ez ] < |

T
< Atz [ e s
0

T
/ _ATeGHDIAT L g
0

— T TH
I—e —Tu

= )\ne_T# < TAze

"w

where the last step uses (43) and A,, is the largest eigenvalue of A; see (6). It might be
interesting to see how the in infinite dimensions infinite quantity || A™ || can be avoided,

also in IIT) below; cf. [25, p. 954].
II. For term two we get the estimate

/0 e T, (b6 @) - 06T o)) | do

T
§c1rfc(p)e_(T+r)“/ et do
0

< clreft“&p) (1 - eiT“) <9
7 8

where we used (46) and smallness (30) of p.
III. Term three requires similar techniques as term one and we obtain that

/OT H (e*rA _ ]1) e*(T—a)An_‘rh(%.T(o,))H Jo

T T
< / / HA+e_(T+S_")A+Jr+h(§T(o))H ds do
0 0
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<Xn/<(p)/ / ~(T+s=0 g5 do

l—e ™ 1 —¢T An
= Ak (0) - : S —7T
2 7 8

where we used once more that ||& To)x <1 by Step 1. We also applied (43).
IV. For term four we get the estimate

T+t 1 — e TH
/ e T+ h@ ™ (0))| do < k(o) —— =
T 1%

where we used once more the estimates k (p) < 1 and (43).
To summarize, the above estimates show that

[s7 T+ 06" M| s @+ 20+ 1) (5

for every t > 0. This concludes the proof of (50) and therefore of Step 4. O

Step 5. (Exponential C° convergence) Given z_ € S" and z4 € BT, then it holds
that |G (24) — G7 ()|l < 775 forevery T > T

Proof Assumption T > T, will be used in (52). Fix z; € B and z_ € S" and
consider the fixed point &7 = L ., of W' onZ” and the fixed point § = &, of
W, on Z; cf. proof of Theorem 3.7. Since ng, (z1) = £T(0) by (41) and G®(z4) =
£(0) it remains to estimate the difference £(0) — & T (0). Motivated by [25, Fig. 6] the
key idea is to suitably decompose the interval [0, 7']. The decomposition is illustrated

by [25, Fig. 5] which is surrounded by ample explication. Set

e —€

= s Jew—€"w).

CPpn 1e]0,7/2]

Pick ¢+ € [O, %], use the representation formulae for £ and & T the Lipschitz
Lemma 2.5, and add several times zero to get that

ORI o)
5/ ~(t=o) Hhog(a)—hog (a)H do

(/ / / ) (i W ‘ho"g‘(a) hok (a)H do

F eI + / ¢4 o £(0)]| do
T

t Z
/ o= gy 1 /2 S0 g
Cr/z 0 t

<Dt i) e -6,
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ot}

+(p) / O |67 (@) do + 1(p) € exp / 1= do

+(p) / = (|67 (@) — g2 | +

The domain of integration |. ;72 in the last line is not a misprint.

To continue the estimate consider the last three lines. Now we explain how to
get to the corresponding three lines in (53) below. Concerning line one note that
=D < ¢=T1/2 gince ¢t € [0, T/2]. Now use the choice of 7> and for the two
integrals use (37). In line two use that e =% < 1, that |£7 (o) — ¢o (zL)|| < pe™*
by definition of Z7, and that

T

/T |po—7(z2)| do = /T lo__z o] dr < /T e ™ dt. (52)
2 8 8

Here the identity is by the change of variables t := —o + %T. Set z* = zz/g. To
see the inequality consider the trajectory n(t) := ¢r_71/8(z-) = ¢ (%) defined for
T € (—o0, 0]. Observe that n(r) — 0,as T — —o0, because z_ lies in the descending
sphere S = 0W} by assumption, thus z* lies in the backward flow invariant set
¢_1/3W}. Consequently the whole image of 7 is contained in ¢_7,3W) C W} C
D~ C E~. Note that 7_n(0) = z* and consider the unique fixed point n,+ of
the contraction ®,+ on Z~ defined by (21). Backward uniqueness then implies that
n=nx.Thusn € Z7,s0 |[n(7)| < pe™ < ™ for every T < 0 and this proves the
inequality (52). To summarize, line two is bounded from above by

Kk (p) - p(/ ‘”doJr/i “a’t)<i<(p) %(

Concerning line three note that ||£7 ()| < 1 since the elements of Z” take values in
B and that ||€ ||exp < p < 1 by definition (24) of Z. Now calculate both integrals (in
the second one use e =% < 1).

Overall we get that

N\>
ml
P\]
oo >
N—

s 7] < gt w00 (5 +5) e -]

T/2
2%(p) 13
+ . e
+K(p)67T% i K(P)efT"%
nw A
1 T 1 _Tﬁ
<-\&- — 8 53
_8HS g ‘cg,2+4e 43
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for every ¢t € [0, T /2]. Here the last inequality uses the estimate u = » + 6 > X and
smallness (30) of p. Take the supremum over ¢ € [0, T/2] to obtain that

e -&7] , =2eTh (54)

0
Crp

Since [G®(z+) =G (z) = [1E0) =T (O)]| < IIE - ‘;ETIIcg/2 this proves Step 5. O

Step 6. (Exponential C! convergence) Pickz— € S,z € BY,v € ET, then
s
d67 v~ dg> @] < e TH o

for some constant cy(kx, 1/8,1/1) and every T > Ty whenever f is of class C*!
near x.

Proof One would expect that the proof of convergence of the linearized graph maps
should use convergence of the graph maps themselves. Indeed estimate (54) above is
a key ingredient. Fix T > Ty, z— € S¥, z4 € BT, and v € E™. We proceed in three
steps. Step I and Step II are preliminary.

L For 7 > 0 small consider the unique fixed point &/ := &' .. € ZT of the

defined by (35). Set £7 := &1 = &I _ . By (35)

contraction W1 e
74

Z—,2++TV

t
el() = e (z4 4 Tv) +/O e Ar n(& !l (o)) do

T
=A™, _/ e—(t—o)A‘ﬂ_h(gTT(g))dg (55)

t
for every t € [0, T']. By the proof of Step 3 the composition of maps

T T
T ‘i:z_,z++rv = ‘i:z_,z++rv(t)

is of class C!. Therefore the linearization

X;o=xI_ 0=

£ ® (56)

d
dt|,_o

is well defined. For every ¢ € [0, T'] it satisfies the integral equation

t
XT (1) = e~y +/ e, (dhlgr gy 0 X[ (@) do
0

T
- / e A 7 (dhlgr((,) onT(a)) do (57)

t
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and therefore by straighforward calculation the estimate

e xIw| < |xT| =2m00 (58)
exp
for every ¢ € [0, T']. Use (41) to see that
Xy 0 = fE| g & 4@ = dG] (zi)v. (59)

II. Concerning the local stable manifold observe the following. For T > 0 small
consider the unique fixed point &, 1, of W, 11, on Z defined by (24). It satisfies the
integral equation

t
Eorrn(t) = e (2h + T0) + /0 e DA% (&, 1 ro(0)) do

- / ” e DA 7 h(E, 400(0)) do (60)

t

for every t > 0. Hence the linearization

d
Xy(t) = XZ+;v(t) = E

§z++rv(t)
0

T=

satisfies for every ¢ > 0 the integral equation

t
X, (1) = ey +/ e U Ag, (dh|5z+((,) o Xv(o)) do
0
© —
— / e~ =4 (7th|5z+(a) o Xv(o)) do (61)
t

and therefore by straightforward calculation the estimate
XN < 1 Xullexp < 2101 (62)
for every t > 0. Since G*°(z1) = &;, (0) we get that

Xy(0) = 2| _ & 40(0) = dG®(z)v. (63)

IIL. Abbreviate £ := £ | and & := &, . To estimate the difference X! — X,

consider the correspondingzi_r{'tzggral equations (57) and (61). Add zero and apply the
Lipschitz Lemma 2.5 for dh to obtain that
| dhler o) XT @) = dhle) X))
= | (@hlerio) = dhleio)) XT (@) + dhlsio) (XT (@) = X,(@))|
£ — @) - |XT@| +x0 [XT@) - x| 64

< Kx
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for every o € [0, T']. Here we applied estimate (13) to get that
|dhle) o Xu(@) | < x(p) X)) (65)

Pick r € [0, %] and apply estimates (54), (58), and (62) to obtain
[xI0 - x,0]

=/ (e 67 @) - e@) | [XT @) +1 ) [XT @) - X))o
0 [ ——

<Ze T8 <2e=*|v|

~

. / Fen (e 670 — e |XT @] + €0 [XT @) - X))o

T 00
+x(p) / 1= |XT (@) do + k(o) / X, ()| do
z z —_———

<2

T
4 A t 7
< —kye T8 || / e~ U= s +/ 1Mo
7 0 '
' 5
) /e—(t—a)ud0+/ S0 g
Cr/z 0 t

o0
4o o] / M
7

e~th eTth 4k (p) _A 1 1 -
(K*( —+5 )+ - )||v||e 8+K(,O)(X+X)HXU—XUC

G -T§ leT_X
2||vI|e + 16 1% v

+p) | XT -,

IA

T/2

A

0
Crp

where ¢, 1= 2k, (% + %) + 1/4. In inequality three we calculated the integrals and esti-

mated l% < % The final inequality is by smallness (30) of p. Now take the supremum
over t € [0, T /2] and use the resulting estimate to continue

467 @y —dg* @ = |XT 0 - x,0)

-,

hp
This concludes the proof of Step 6 and Theorem 1.2. O
5 Invariant stable foliations and induced flow

Given x € Crit f non-degenerate, set ¢ := f(x). Consider the local model on V =
qug x Wj cC T, M provided by (H3) in Definition 1.1 and recall that the assertions
of the backward A-Lemma, Theorem 1.2, hold true for each ¢ € (0, ¢).
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5.1 Invariant stable foliations

Theorem 5.1 (Invariant stable foliation) Given x € Crit f non-degenerate, set k =
ind(x) and ¢ = f(x). Then for every sufficiently small ¢ > 0 the following is true.
Pick a tubular neighborhood D (x) (associated to a radius x normal disk bundle) over
the descending sphere S (x) in the level hypersurface {f = ¢ — ¢}. Denote the fiber
over q € S{(x) by Dy(x); see Fig. 3. Then the following holds for every sufficiently
large T > 1.

(Foliation) The subset Ny of M is compact and contains no critical points except x.
Moreover, it carries the structure of a continuous codimension k foliation® whose
leaves are parametrized by the k disk o_ WY (x) = Ni N W"(x). The leaf N (x)
over x is the ascending disk W (x). The other leaves are the codimension k disks
given by

Nﬁq5==@v”DﬂﬂFHf§c+80 q" = ¢-rq,

q"’
whenever T > t and q € S¥(x).
(Invariance) Leaves and semi-flow are compatible in the sense that

peN@) = ¢opeN(psq") Yo el0, T —1).

(Contraction onto ascending disk) The leaves converge uniformly to the ascending
disk in the sense that N
mm(Nﬁqﬁ,Wyw)§e4% (66)

forallT > v and g € S} (x).° If U is a neighborhood of Wi(x) in M, then
N3 (e, tv) C U for some constant ts.

(Shrink to critical point) Assume U is a neighborhood of x in M. Then there are
constants &, and T, such that N} (es, t,) C U.

Theorem 5.1 is illustrated by Fig. 8. Theorem 1.2 asserts that some neighborhood of
x is the union of images of (n — k)-disks. The first step (Corollary 5.3) is to show that
these images are disjoint and compatible with the flow. The actual proof of Theorem 5.1
coincides word by word with the infinite dimensional version [26, Thm. C]. To see
this coincidence set R = 4 and impose on & > 0 the condition W} C B} . Note that
By, =BT C D*.

Local non-intrinsic foliation

Definition 5.2 A set D has the no return property with respect to a forward flow ¢
if DN ¢;~'D = ¢, equivalently ¢, D N D = @, whenever ¢ > 0.

8 For the precise degrees of smoothness away from W} (x) see Theorem 1.2.

9 Here dist denotes the infimum over all Riemannian distances of any two points and the constant A € (0, d)
has been fixed in (H2).
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Clearly any subset of a level set has the no return property with respect to a gradient
semi-flow. Recall that G*° denotes the stable manifold graph map provided by Theo-
rem 3.7 and G is the graph map which appears in the backward A-Lemma, Theorem 1.2.

Corollary 5.3 (to the Backward A-Lemma) Under the assumptions of Theorem 1.2
and with the additional assumption that (D, ¢) has the no return property the following
is true. The subset

F=F"":=(imGuimG®)c D" x BT CV

of X = Ty M carries the structure of a continuous foliation of codimension k =
ind(x).'0 The leaf over the singularity O is given by the subset F(0) := G®(B%) of
the ascending disk W, ¢ = D™ and the leaf over the points

o' =¢_ra=G0)., T=Ty ocS:,

are given by the graphs F(aT) := g,f (B). Leaves and flow are compatible in the
sense that

zeF@') = ¢oz€ Flgoa’)

whenever the flow trajectory from z to ¢4z remains inside F.

Proof of Corollary 5.3 By Theorem 1.2 it remains to check that the sets F(a!) and
F(BS) are disjoint whenever o’ # B5, that is (T, @) # (S, B). Assume by contra-
diction that Qg (z4) = gg(er) =: z for some z; € B™. Then by (41) the point z
is the initial value of a flow trajectory £7 ending at time T on the fiber D, and also
of a flow trajectory &5 ending at time S on Dg. By uniqueness of the solution to the
Cauchy problem with initial value z the two trajectories coincide until time min{7, S}.
If T = S, then « = B and we are done. Now assume without loss of generality that
T < S, otherwise rename. Hence és meets Dy, at time T and Dy at the later time S.
But this contradicts the no return property of D.

We prove compatibility of leaves and flow. The fixed point O is flow invariant. Its
neighborhood F(0) in the ascending disk is trivially flow invariant in the required
sense, namely up to leaving F(0). Pick z € F(al) := gaT(BJF). By (41) the point z
is the initial value of a flow trajectory &7 ending at time 7 on the fiber D,. Assume
the image £7([0, T]) = ¢10.77z is contained in F := im G U im G* and pick o €
[0, T — Tp]. This implies that z, := 7w, ¢sz € BT. The flow line @10, T—01P5 2 TUNS
from ¢z to ¢7z € D,. Thus by uniqueness this flow line coincides with the fixed
point &, 27 of the strict contraction Wl 0. Butgyz =§] 27(0) is equal to GTo(z4)
again by (41). Thus

boz € GIT(BT) = F(a' ™) = F(¢poa”)

by definition of F and o’ 7. O

10 For the definition of foliation see e.g. [10] or [16, Sec. 4.1] and for the precise degrees of smoothness
away from W (x) see Theorem 1.2.
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{f=c+¢e}

{f=c-a

[T = time to reach
\\\“

N@T) — WginC'as T —
=g6r(we)

Fig. 8 Dynamical thickening (N, 0) = (N¥, 0) of ascending disk W (x)

5.2 Induced flow—dynamical thickening

Theorem 5.4 (Strong deformation retract) Consider a pair of spaces (N3, L) as
defined by (3—4). Then the following is true for all pair parameters ¢ > 0O sufficiently
small and © > 1 sufficiently large. Firstly, the pair strongly deformation retracts onto

its part in the unstable manifold, that is onto
(D, A) = (D3, AY) == (N; N W"(x), L, N W"(x)).

Moreover, this pair consists of the closed disk D = ¢_ WY (x) whose dimension k is
the Morse index of x and an annulus A which arises by removing from D the smaller
open disk int p_» W (x); see Fig. 3.

Corollary 5.5 For any pair of spaces in Theorem 5.4 it holds that

Z £ =k :=ind(x),
HoVS, L) = 1 i (67)
0, otherwise.

To construct a deformation to prove Theorem 5.4 there is the immediate temptation
to use the already present forward flow ¢;. Unfortunately and obviously, this only
works along the stable manifold where indeed the flow moves any point into the
unstable manifold, as time t — oo. Along the complement of the stable manifold this
does not work at all.!! However, given the foliation in Theorem 5.1 of N} in terms of
graphs, it is then a natural idea to turn this foliation into a dynamical foliation in the
sense that each leaf will be endowed with its own flow. The natural candidate for these
flows is our given flow ¢; on the ascending disk W} (x) = N§ N W*(x) transported to
any leaf via conjugation by the corresponding graph map; see Figs. 8! and 9. This way
the set N7 turns into a disjoint union of copies of the dynamical system (W} (x), ¢). So

1 This is known as discontinuity of the flow end point map on unstable manifolds and obstructs simple
geometric proofs of a number of desirable results such as the one that the unstable manifolds of a Morse-
Smale gradient flow on a closed manifold naturally provide a CW decomposition; see e.g. [2—4,11,17].

121y Fig. 8 we use simultaneously global and local coordinate notation for illustration.
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ON {f=c+et
2y e - — — —=< — — — z
T+
o N ON
Gx
Z4(t) o— — — — — >— — — —¢ Oz
0
W‘U.
'N(0) = W2 CimG> N(aT) C imGT

Fig. 9 Leaf preserving semi-flow 6;

one could call this procedure a dynamical thickening of the stable manifold; see [22]
for an application to a classical theorem.

Proof of Theorem 5.4 Throughout we work in the local model provided by Defini-
tion 1.1. In particular, we will use these notation conventions in our construction of
a strong deformation retraction 6 of N onto its part D in the unstable manifold. As
pointed out above on the stable manifold the forward flow {¢;};c[0,00] itself does the
job. Indeed ¢ pushes the whole leaf N (0), that is the ascending disk W} by Theo-
rem 5.1, into the origin—which lies in the unstable manifold. Since ¢, restricted to the
origin is the identity, the origin is a strong deformation retract of N (0). If the Morse
index k is zero, then N = N (0) and we are done; similarly for k = n. Assume from
now on 1 < k < n — 1. The main idea is to use the graph maps G* and G provided
by Theorems 3.7 and 1.2, respectively, and their left inverse 7 to extend the good
retraction properties of ¢; on the ascending disk N (0) to all the other leaves N (D)
provided by Theorem 5.1.

Definition 5.6 (Induced semi-flow—dynamical thickening) By Theorem 5.1 each z €
N = N7 lies on a leaf N(a) for some 7 > 7 and some « in the ascending disk Sy
and where a” := ¢_ra. Then the continuous map 6 : [0, o] x N — X defined by

6rz:=Gy omyod 0GP omy(x) =G o omi(2), (68)

is called the induced semi-flow on N; see Fig. 9. It is of class C” away from the stable
manifold. Here (68) simplifies as G*° = (0, id) and w4 |+ = 1.

Observe that while 0 apriori only takes values in the image F' O N of the graph
maps, it does preserve the leaves of F'; see Corollary 5.3. Now continuity on [0, 00) x N
follows from continuity of the maps involved. Given z € N (a”), set 74 := mz. Since
z4 lies in the stable manifold by construction of our “flat” coordinates, we obtain that
24+(t) := ¢rz4+ — 0, as t — o0. So firstly the limit

00z := lim 6,z = GI lim 7, (1) = GL(0) = T
—00 —00

exists and lies in the unstable manifold indeed. Here we used continuity of g({ and the
final identity holds by Theorem 1.2. Secondly 6,z — 6z, as t — oo. This shows,
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firstly, that the map
b :N—> D, D=¢_W!=Z{0}U([r,00) x S), (69)

is a retraction and, secondly, that the map 0 extends continuously to [0, co] x N. The
fact that the origin is a fixed point of 7 and ¢; implies that

b’ =Gl oo (0) =GL(0) =al.

Hence 6;|p = idp, for every t € [0, oo]. It remains to show that 6; actually
preserves N. It suffices to show that 6; preserves each leaf of the foliation

N=NOU [J Ne").

T>t
aesy

In contrast to the infinite dimensional case [26] a simple compactness argument will
do. Note that any leaf, other than N(0) = W, is of the form

N =glBHN{f<c+el, IN@H=GIBHN{f=c+el),

whereas N(0) = G®(BT) N{f < c+¢} = W and IN(0) = S:. Now since the
boundary of N(a) lies in a level set of f and 6, preserves the graph of g,{ we only
need to show that there is a constant —u < 0 such that

d
o f;z) <—pn <0, VzedN@!), Val €D. (70)
t=0

This means that the 6 flow is inward pointing along the boundary of each leaf and then
we are done. But (70) holds true for some constant, call it —2u, along the (compact)
boundary S} of the leaf N(0), just because 6; = ¢; on N(0) and f strictly decreases
along its downward gradient flow—unless there is a critical point which it isn’t on
S7. Compactness of the leaf space D and of the boundary of each leaf, together with
continuity of the maps whose composition is %«9,, then implies that (70) holds true
for all nearby leaves. To restrict to nearby leaves just fix € > 0 sufficiently small and
T > 1 sufficiently large. O

Global foliation

To extend the foliation of the neighborhood N} of x all along the stable manifold
WS (x), that is in the backward time direction, according to Convention 1.5, that is
without using the backward flow, is an interesting open problem—even more so in
heat flow situations such as [26].
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