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MEASURES OF LAGRANGIAN SYSTEMS AND ARNOLD DIFFUSION
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ABSTRACT. We develop a variational method for constructing positive entropy invariant measures of La-
grangian systems without assuming transversal intersections of stable and unstable manifolds, and without
restrictions to the size of non-integrable perturbations. We apply it to a family of two and a half degrees of
freedom a-priori unstable Lagrangians, and show that if we assume that there is no topological obstruction
to diffusion (precisely formulated in terms of topological non-degeneracy of minima of the Peierl’s barrier
function), then there exists a vast family of ”horsheshoes”, such as ”shadowing” ergodic positive entropy
measures having precisely any closed set of invariant tori in its support. Furthermore, we give bounds on
the topological entropy and the ”drift acceleration” in any part of a region of instability in terms of a certain
extremal value of the Fréchet derivative of the action functional, generalizing the angle of splitting of sepa-
ratrices. The method of construction is new, and relies on study of formally gradient dynamics of the action
(coupled parabolic semilinear partial differential equations on unbounded domains). We apply recently de-
veloped techniques of precise control of the local evolution of energy (in this case the Lagrangian action),
energy dissipation and flux. In Part II of the paper we will apply the theory to obtain sharp bounds for
topological entropy and drift acceleration for the same class of equations in the case of small perturbations.
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1. INTRODUCTION

Consider a C?, Tonelli Lagrangian L : TV x RY x T — R (see [44] for definitions). The deep motivation
for the paper is the Birkhoff ergodicity hypothesis on equivalence of space and time averages for Hamiltonian
systems (see [3] for an overview and recent results). Related to that, it is important to know if the ”size”
(i.e. the natural measure) of the ”chaotic”, or "unstable” part of the phase space for a typical Hamiltonian
is non-zero, which is essentially open even in the simplest case of area-preserving twist diffeomorphisms [25].

A more focused approach to investigate instability of Hamiltonian systems is to consider existence of
orbits which ”drift” in phase space, or in other words the existence of Arnold diffusion, following Arnold’s
construction [2] in the case of a weakly coupled rotator and pendulum with a weak periodic forcing. Typical
considered questions are on existence of such orbits in specific examples [2, [4] [5 [IT] [15], on genericity of
existence of such orbits [7], 12] 13| T4} 27, 24] B34, 35 [45] [46], and on the fastest possible drift [8] [10] [48]
(the references include only a small sample of the relevant results). Two typical approaches to construction
of Arnold diffusion orbits are ”geometric” and ”variational” (see [6 [29] for an introduction and further
references). The geometric approach essentially relies on finding a normally hyperbolic ”scaffolding” of
a perturbed integrable (”a-priori stable”), or integrable weakly coupled with an ”a-priori unstable” (e.g.
a pendulum, or a kicked pendulum) Hamiltonian. Futhermore, the geometric method typically relies on
transversal intersections of stable and unstable manifolds of the ”scaffolding” (e.g. the remaining KAM tori,
or a normally hyperbolic cylinder), and construct an orbit which shadows it typically by an application of
the implicit function theorem. On the other hand, the variational approach typically relies on minimizing
the action under carefully constructed constraints. The variational approach is frequently complemented
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by leveraging the weak-KAM theory [I7], or the description of the action-minimizing Mather’s sets and
invariant measures and their extensions [34] [44], which can result with insightful descriptions of the regions
of instability [5] [13].

Our aim is to propose an alternative technique for construction of Arnold diffusion, enabling in addition
to construction of individual orbits, also a construction of ”shadowing” invariant measures in an a-priori
specified region of the phase space. Specifically, we construct a rich family of positive entropy ergodic
measures, and are able to estimate their metric entropy. As a result, we can relate the speed of drift in
the phase space to the average of locally the largest Lyapunov exponents along a drift trajectory. We thus
describe dynamics in a significant region of the phase space (though still most likely of the measure zero
with respect to the natural measure of the manifold). Importantly, for our construction to hold, it suffices
that there is no topological obstacle to diffusion, and we require no transversal intersections of stable and
unstable manifolds. Even though our construction is essentially variational, it is precise enough to incorporate
”geometric” information if available.

To introduce the method, we recall an alternative construction of shadowing orbits constructed by Mather
[33] in the case of area-preserving twist diffeomorphisms on the cylinder, or equivalently of 1 1/2 degrees of
freedom Tonelli Lagrangians on the torus. In [40], we considered formally gradient dynamics of the action
(see Section [ and the equations (21) for details) for that system. This is an extension of the variational
approach, where we consider evolution of approximate orbits along the gradient of the action, until they
"relax” to an equilibrium, which is by LaSalle principle the actual solution of the Euler-Lagrange equations.
One of the novelties in [40] is that the evolution dynamics is considered on an unbounded domain, i.e. for all
times t € R, when the dynamics is not gradient-like any more (see Remark Bl for details). The construction
in [40] is simple: heteroclinic orbits are constructed whenever there is no obstruction to diffusion (in that
case homotopically non-trivial invariant circles, or KAM-circles). We simply let any function ¢(t) asymptotic
to two Mather’s sets at ¢ — —oo, respectively t — oo, in the same region of instability evolve (or relax)
along the formal gradient of the action, denoting the relaxation time by s. As there are no invariant KAM
circles between these two Mather’s sets, we show that the s-evolution of ¢ must asymptotically stop after a
finite distance (we show that otherwise there would be a KAM-circle in the limit set - a contradiction), so
the ”tails” must remain asymptotic to either Mather’s sets. The configuration lim,_, ¢(s) is the required
heteroclinic orbit crossing an arbitrarily large part of a region of instability.

The main tool in [40] - the order-preserving property of the dynamics - does not extend to higher di-
mensions. The techniques of study of formally gradient systems (called also extended gradient systems),
introduced in [19], have recently matured enough [20, 21} 22], so that we can extend the approach to more
degrees of freedom. We are now able to replace the monotonicity techniques by ”energy methods”, or specif-
ically, by considering local interplay of energy, energy dissipation and energy flux, energy being in this case
the Lagrangian action.

To explain it, we compare the approach with the variational method introduced by Bessi [I1] in the
Arnold’s example. Bessi somewhat implicitly considered gradient dynamics of the action on a large, but
still finite domain. He was then able to ”control” evolution of an approximate shadowing orbit, by showing
that the total available action along the entire constructed (finite, but very long) orbit is less than what is
needed for every single section between two ”jumps” (corresponding to one heteroclinic orbit in a diffusion
”chain”) to significantly move and ”escape” from the desired region of the phase space. With this method it
is difficult to construct orbits with ”infinitely many jumps” (as the total ”available action” is infinite), and
the ”control” decays proportionally to the length of the considered orbit.

Thierry Gallay and the author recently developed techniques establishing stability results for dissipative
partial differential equations independent of the size of the domain. For example, in [21], 22], we established
a-priori bounds for relaxation of unforced Navier-Stokes equations on a strip, independent of the domain size,
thus holding for the equations on the unbounded domain. Applying and extending these ideas to formally
gradient dynamics of the action, we are thus able to construct orbits of infinite length and invariant measures.
We are also able to obtain sharp estimates on the drift acceleration, matching (the case of non-degenerate
Melnikov function and small perturbation), or improving (the case of degenerate Melnikov function) the
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results obtained by the geometric or an alternative approach (further details will be reported in the Part 1T
[43]).

After introducing the general method of constructing shadowing invariant measures, we apply it here to
a family of 2 1/2-degrees of freedom a-priori unstable Lagrangians. We, however, believe that the approach
can eventually be extended to more general Tonelli Lagrangians, as long as there is a rich family of partially
hyperbolic Mather’s sets (not necessarily invariant tori), and as long as there is no topological barrier to
diffusion, expressed as a certain topological non-degeneracy of the Peierl’s barrier function, or of weak KAM
solutions.

1.1. Statements of the main results. We first develop new tools for construction of orbits and invariant
measures for Lagrangians of the type L(q,q,t) = 3¢7 + V(g,t) (in Remark 1] we explain how the tools
can be applied to the entire class of Tonelli Lagrangians). We then apply the general theory to a family of
a-priori unstable Lagrangians with 2 1/2 degrees of freedom, already considered in e.g. [2] 4] 8] 10, [45], given
with

L(u, v, ug, v, t) = lu2+lv2+V(u v, t)
(1.1) T D N

V(u,v,t) =e (1 —cosu) (1 — pf(u,v,t)),

where (u,v,us,ve,t) € T2 x R?2 x T, T is parametrized with [0,27), €, > 0 are parameters, and f is
27-periodic in all the variables. Our standing assumptions are as follows:

(A1): fis C*(R3), v >0and |f| <1, |fo] <1,

(A2): 0<16p<e<l.
Note that the bounds on f in (Al) are not an essential restriction, as we can always scale f and adjust p
for this to hold. The restricted range of parameters is also used mainly for convenience in the calculations.
In any case, (A2) allows the case of ”a-priori unstable” small perturbations in p, as well as other physically
relevant cases such as those considered in [39].

The main tool, but also an object of study, is the formally gradient dynamics associated to (), given
by the equations

(12&) Usg = Ut — 8uV(u,v,t),
(12b) Us = Vit — 8’0‘/(“5 v, t)v
u(0,t) = u(t).

The techniques we develop here can also be interpreted as new results on uniformly local stability of the
equation (L2) and similar equations on unbounded domains. We hope to make it more explicit in future
research.

Consider solutions of the Euler-Lagrange flow induced by the Lagrangian (L))

(1.3a) uge = Vo, = esinu(l — pf(u,v,t))) + en(l — cosu) fu(u, v, t),
(1.3b) vy = Vi = ep(1 — cosu) foy (u, v, t).

Let ¢ be the non-autonomous flow induced by ([L3) on T? x R? x T. We use the notation (u,v,us,vs,t) €
T? x R? x T, and always parametrize tori with [0,27). We denote by o = ¢*>™ the time-27 map, and then
o is a diffeomorphism of T? x R2. As in the classical Arnold’s example [2], for each ¢, € R, and for each
”speed of the rotator” w € R, the invariant tori T, := {(0,v,0,w),v € R} are o-invariant (and the sets
(0,v,0,w,t), (v,t) € R x T) are ¢-invariant), i.e. these invariant tori persist for all perturbations.

We define regions of instability, generalizing an analogous notion for area-preserving twist maps [33] as
follows. Given w € R, let S, be the Peierl’s barrier function (closely related to weak-KAM solutions of
Hamilton-Jacobi equations [I7, 44]), defined on R? with

Sw(to,vo) = inf {/ Lo (q,qi, t)dt, ¢ = (u,v) € HE(R)?, q(to) = (7, v0), tiir}l u(t) =0, tlim u(t) = 27r} ,

— 00
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where L, (q,qi,t) = u?/2 + (v; — w)?/2 + V(u(t),v(t),t) is the adjusted Lagrangian. It is well-known, and
recalled in Section [ that S, is continuous and 27-periodic in each variable, that for each (to,vp) there
exist ¢ € H'(R)? for which the infimum is attained, and that for (to,v9) which are critical points of S,,,
these ¢ correspond to solutions of (I3]) homoclinic to T,,. We say that w € R is non-degenerate, if each
connected component of its set of global minima of S, is bounded. We interpret it as "no topological
obstacle to diffusion”!. The set of non-degenerate w is open (see Remark [6.1]), and we call each its connected
component a region of instability. We frequently restrict attention to a closed subset [w™,w™] of a single
region of instability. We will require an additional, technical assumption that the bounded components of
the global minima of S,, are not too large, i.e. we assume the following:

(S1) Foreachw € [w™,w™] and for each global minimum (g, vg) of S,,, there exists a closed neighbourhood

N of (tg,vp) such that for each (t1,v1) € ON,

(1.4) Sw(t1,v1) = Su(to,vo) > 3Ao,
where Ag > 0 is an uniform constant over [w™,w™], and the diametar of A/ is not greater than R,
such that

(1.5) R\ <1/144.

Apart from the technical restriction? (LH), the condition (S1) is equivalent to the definition of the region
of instability (see Remark [6.1]). Our definition of the region of instability is closely related to the results of
Cheng? [12, [13, [14] and Bernard* [5,[6]. We note that the quantity 3A¢ in (I4) is analogous to the quantity
AW quantifying transport in the case of area-preserving twist maps® [32].

Importantly, we do not require any non-degeneracy of the minima of S, for example we do not require
that the second derivative of S,, at these minima is positive definite. As perhaps noted first by Angenent [1],
such non-degeneracy would be equivalent to requiring that the stable and unstable manifolds (the ” whiskers”)
of T, intersect transversally, and would lead to the ”geometric” approach to diffusion phenomena ([29] and
references therein). On the contrary, we allow the whiskers to intersect non-transversally, and construct
possibly non-uniformly hyperbolic invariant sets. The main result is now a construction of a large number of
”horsheshoes”, i.e. of ergodic positive entropy measures roughly contained in an arbitrary part of a region
of instability:

Theorem 1.1. Assume [w™,w™] satisfies (S1). Then for each closed subset O of [w™,w™], there exist an
ergodic, ¢-invariant, positive entropy Borel probability measure u on T? x R? x R, such that

(1.6) Uweo Ty Csupppt, Uper—0Tw C (supp p)°.

We call the invariant measures described by (L)) the shadowing measures, as they indeed ”shadow” an
arbitrary closed set of invariant tori. A direct corollary of the Theorem [[1] is that we can find a single,
”dense” orbit whose closure contains the entire Uy, e(w, w,Tw (we choose O = [w™,w™], and by ergodicity
we find an orbit which is dense in the support of the measure p). We actually by our method also give a
direct proof of existence of such and more elaborated shadowing orbits in Theorem One can apply it to
construct other complex structures in a vicinity of a chosen T,, for non-degenerate w, such as an analogoue
of the Mather’s construction in the case of twist maps® [31].

Importantly, we are also able to obtain estimates of the metric entropy of constructed measures, topo-
logical entropy of o and ¢ (by the variational principle for metric and topological entropy), and of the drift
acceleration (or, using a less precise term, the speed of diffusion). Specifically, we can associate to each closed
interval [w™,w™] a value Ay, expressed as a certain extremal value of the norm of the Fréchet derivative of
the action, and defined precisely in Proposition [[0.]] The value A; can be understood as a generalization
of the lower bound on the angle of splitting of separatrices”. Importantly, A; > 0 whenever (S1) holds.
Let @ = max{|w™|,|w™],1}. To avoid repetition in the statements, we say that the topological entropy on
[w™,wT] is O(h), if there exists an absolute constant 1 > ¢y > 0 such that the the topological entropy of ¢
and o restricted to an invariant subset of

lut| < cowv/e,

1.7
(L.7) v € [wT — comve, wT + com/e]
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is at least coh. We say that the drift acceleration on [w™,w™] is O(d), if for each § > 0 there exists an
absolute constant 1 > ¢(d) > 0 (depending only on ), a solution ¢ = (u,v) of (IL3) satisfying (L7) for all
t € R, and the times ¢t~ < t* such that |v,(t7) —w™| <4, |v(tT) —w™| < 4, and such that

w* —w”|

et =]

Theorem 1.2. Assume w™ < w't such that [w™,w™]| satisfies (S1), and let Ay > 0 be as is defined in
Proposition [I0.1. Then:

(i) The topological entropy of ¢ and o on [w™,w™] is

Aq
0<w5|logA1|)’

(i) The drift acceleration on [w™,w™] is

0 AgAq
@O (RV p)|log Aq] )

Our estimates are consistent with upper bounds on the drift acceleration in the cases considered by
Nekhoroshev® [37], as well as on upper bounds in [10] (see below).

The emerging picture of the Arnold diffusion is actually more subtle. We can set w™ = w™, in Theorem
2 and find A; = A;(w) and an ergodic positive entropy measure p,, in a neighborhood of T,, with the
locally maximal metric entropy as in Theorem [[2] (ii). By the Margulis-Ruelle inequality, there is a positive
Lyapunov exponent with respect to p,,, which is at least ~ Aj(w)/|log A1(w)|. The drift acceleration seems
to be proportional to the integral of these Lyapunov exponents with respect to w along a diffusion path.
This picture somewhat explains, and provides tools to study the dynamics of various ”time-scales”, i.e. the
observed diffusion in Hamiltonian systems with transport speed substantially varying in different regions of
the phase space (see e.g. [9, 23] and references therein).

Consider now the case of small perturbations (i.e. small g > 0). Recall the definition of the Melnikov
primitive M, : R? — R,

d > ¢(0)

oo

(1.8) M (to, v) = —5/ (1 = cos(us (¢ — to))f (u(t — to), vo + w(t — to), t)dt,
— 00

where u® = 4 arctg eVel is the separatrix of the unperturbed system, i.e. the case @ =0 when (3] reduces
to an uncoupled pendulum and a rotator. It is well-known that for sufficiently small p and fixed w, the
oscillations of M, approximate well the oscillations of S, the minima of M, approximate the minima of
Sw, and non-degeneracy of the minima of M, implies non-degeneracy of minima of S, (i.e. transversal
intersection of ”whiskers”). To get the conclusions of Theorems [l and [[L2] it thus suffices to assume an
analogue of (S1) for M,,:

(S2) For each w € [w™,w™], and for each global minimum (g, vg) of M, there exists a closed neighbour-

hood A of (tg,vo) such that for each (¢1,v1) € ON,

(1.9) M, (t1,v1) — My, (to,v0) > 44,

where Ay > 0 is an uniform constant over [w™,w"], and the diametar of N is not greater than R,
where R satisfies (L3]).

Theorem 1.3. Assume that (S2) holds. Then there exists fio > 0, such that for for each 0 < p < pg, the
conclusions of Theorem [I1l and .2 hold, with Ag = ulg.

In the Part IT of the paper [43], we will explicitly estimate Ay, Aj, the topological entropy and drift
acceleration for small p under different assumptions on the Melnikov primitive. We will show that the
approach seems to give optimal estimates as compared to known results for (). For example, we will
obtain the drift acceleration O(u/|logp|) and topological entropy O(1/|logp|) which is optimal®, in the
case of Melnikov primitive with non-degenerate minima and small . We will strengthen known results, and
also show that for such fast drift acceleration, it suffices that || D?M,,(to(w),vo(w)||~t (where (to(w), vo(w))
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minimize M,,) is integrable along a diffusion path (equivalently, that the inverse of the splitting angles of
separatrices is integrable), as long as (S2) holds. Furthermore, we will show that for small p < po, (L3) is
not needed (however, po is then inverse proportional to R), and will obtain new estimates for topological
entropy and drift acceleration for M, with degenerate minima as a function of the leading term in the Taylor
expansion of M, at the minimum.

Finally, we remark that all the results hold in the classical Arnold’s example [2] with f(u,v,t) = cosv +
cost. In that case, the Melnikov primitive M, can be explicitly calculated [2] [IT], and it satisfies (S2) with
the regions of instability (—oo,0) and (0,00). We can thus obtain diffusion orbits and shadowing measures
in the Arnold’s example for ¢ < 1 and sufficiently small'® y > 0, without restrictions to w, as long as the
sign of w does not change. One can tailor the argument to also obtain accelerating orbits, i.e. orbits with
unbounded w in that case (and any case when f does not depend on u).

Remarks 1.1. (1) Consider the stable and unstable manifolds of Te, of the time-27 map o. Then an unbounded family of global
minima of S, corresponds to an unbounded, connected family of homoclinic orbits of o, which can not be ”crossed” by other
orbits on 2-dimensional stable and unstable manifolds of o. This would prevent drift and the complex dynamics we describe in
Theorem [I Tl in that region of the phase space.

(2) The restriction on R is used only in the proof of Proposition [2I] at the end of Section [[2] to assist in the cases of
topologically complex N in (S1). We will show in [43] that this is not needed in the case of small perturbations (sufficiently
small p1). Alternatively, one can instead assume that N is convex, and bound the interval [w™,w™] away from zero. Note that
Bernard in [4] considered the same equation for sufficiently small p with an assumption analogous to Theorem [[3} but assuming
N to be rectangular. Bernard used the method of Bessi [I1] (see the earlier discussion on the Bessi method for a comparison),
and constructed diffusion orbits of finite length in a restricted range of w.

(8) The definition of the region of instability by Cheng and Yan [12} [I3] [I4] seems to be essentially equivalent to ours (they give
it in a more general and abstract setting). Our understanding is that the method in these papers does not result with diffusion
orbits of infinite length, thus does not imply existence of invariant measures, and that it does not immediately give estimates
of the drift acceleration, topological entropy and Lyapunov exponents.

(4) Our results in Theorem can be interpreted in the sense of Bernard’s forcing relation of cohomology classes [5]: if w and
@ are in the same region of instability, then (0,w), (0,&) € H'(T?,R) are related.

(5) Assume we take w~ = w™, and find the largest 3Ag such that (S1) holds. Then 34 is the difference of actions of a
minimizing and a ”minimax” (in this case a "saddle”) homoclinic orbit. In the case of area-preserving twist maps, one would
analogously obtain exactly the quantity AW quantifying transport through gaps in Cantori [32].

(6) Mather in [3I] constructed uncountably many minimal sets of twist maps with the same irrational angular rotation w. One
can adapt our construction in the proof of Theorem to construct uncountably many minimal sets for irrational w, supported
on the set limy 00 (v(T) — v(—T))/2 = w, by essentially constructing orbits shadowing a couple of orbits homoclinic to T,
(jumping ”forward” and ”backward”) with the time between ”jumps” in the set nL, n in a fixed subset of N. We intend to
provide details separately.

(7) We explain it by analogy. Consider a sufficiently smooth function S : R™ — R with a local minimum z = 0. If the minimum
is nondegenerate and (D2S(0)z,z) > A||z||?, for small enough & > 0 on the level sets S(z) = Ad? in a neighborhood of 0 we
trivially have that ||[DS(z)|| > 2A8 + O(62). If, however, we merely assume that the set of local minima of S is bounded, we
can by Morse-Sard theorem find level sets of S arbitrarily close to the set of minima, such that ||[DS(z)|| # 0 on that level
set, and by compactness of level sets close enough to the bounded set of minima and smoothness of S, we can find a lower
bound ||DS(z)|] > A1 > 0 on any such level set. Now we take S, instead of S, acting on a suitable Banach space (see [1] or
Section [M). If the stable and unstable manifolds of T,, intersect transversally, D2S,, is in a certain sense non-degenerate [1],
the constant A can be interpreted as the angle of splitting, and A; ~ the lower bound on the norm of the Fréchet derivative
of S, on a level set of S, is proportional to A (we actually take the square of the norm and find a level set which maximizes
Aq). If, however, we only assume that the set of minima of S, is bounded, we analogously to the finite-dimensional case obtain
A1 > 0 by an application of an infinite dimensional analogoue of the Morse-Sard theorem (see the proof of Proposition [[0.1}
and Part II for further discussion and examples [43]).

(8) In the cases considered by Nekhoroshev such as the Arnold’s example [2], both Ag and A; are exponentially small in €,
which is consistent with [37]. They are, however, polynomial in p - see below.

(9) The ”fast diffusion” (with respect to the perturbation ) for sufficiently small p has the drift acceleration O(u/|log p|), as
conjectured by Lochak, and proved for a class of a-priori unstable systems similar to (L)) (also allowing the dimension of the
rotator variable v to be > 1) with non-transveral intersection of whiskers by Berti, Biasco, Bolle, and Treschev [10} [45] [46]. In
[10], it was established that this is under certain assumptions the largest possible drift acceleration. If we only assume (S2),
then the drift acceleration is O(u?), as shown in [4} [IT].
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(10) Onme could extend the results in the Arnold’s example to arbitrary u (and other cases of (L)), by developing a computer-
assisted proof verifying (S1) in the spirit of [39], by using all the a-priori bounds we develop here.

1.2. The structure of the proof and notation. In Sections 2-4, we consider the Lagrangian of the
type L(q, qt,t) = %qf +V(g,t) on TV x RN x T, and develop general tools for constructing solutions and
”shadowing” invariant measures of Euler-Lagrange equations. Specifically, in Section [2] we prove existence
of solutions of the formally gradient dynamics of the action on unbounded domains, on function spaces large
enough to contain solutions of Euler-Lagrange equations with merely a bounded momentum. We then in
Section B show that invariant sets with respect to the formally gradient dynamics bounded in norm contain
in its closure the Euler-Lagrange equations. The key tool is then developed in Section @l where we extend
these ideas to construction of shadowing invariant measures.

In Sections B2l we then focus on the a-priori unstable Lagrangian (II)), and construct invariant sets
of the formally gradient flow as required by the general setting. The construction is based on the following
simple idea. Assume for the moment that £ is an abstract continuous semiflow on a separable metric space
X, and let A, B be subsets of X. Assume they satisfy the following:

(B1): Bis A-relatively £ —invariant set. That means if q(so) € B, and if there exists s1 > so such that
for all s € [sg, 1], £575°(q) € A, then for all s € [sg, s1], £57%°(q) € B.
(B2): There exists A > 0 such that, if g(so) € AN B, then for all s € [so, 50 + A], ¢(s) € A.

Lemma 1.4. Assume A, B are subsets of a separable metric space X satisfying (B1), (B2) with respect to
a continuous semiflow & on X. Then B = AN B is £-invariant.

Proof. Assume the contrary and find a semi-orbit ¢(s) of &, s > so, q(so) € AN B which violates the
conclusion of the Lemma. Let

S92 :sup{sl >0, q(s) € ANBforall s € [0,51]}.

Then if s3 = max{so, sy — A/2}, by construction ¢(s3) € AN B. Now by (B2), for all s € [s3,53 + Al
we have ¢(s) € A, and by (B1), for all s € [s3,s3 + A] we obtain ¢(s) € B. But s3 + A > sz, which is a
contradiction. O

We construct the sets A, B as follows. Let & be the ”formally gradient semiflow” introduced in Section
We define the set A in Section [ by very roughly fixing the times of ”jumps” between invariant tori
T.. The set B satisfying the conditions (B1), (B2) is then built using the ”Russian doll” approach. We
construct a decreasing sequence of sets By D B2 D ... D Bg, showing inductively in each step that they are
A-relatively &-invariant. Finally, in Bg we establish sufficient control to also prove by an energy method
the condition (B2), as required by Lemma [[4l Specifically, in Sections [ [ we recall the known results on
homoclinic, heteroclinic orbits and the Peierl’s barrier, and prove a-priori bounds on minimizing homoclinics
and heteroclinics. In Section [ we fix a sequence of tori Ty, , k¥ € Z, and construct a rough approximation
of a shadowing orbit. In our method, it is not required that this approximation is very precise. We then in
Sections [{ and [ construct sets By, Ba, Bs, Ba, by establishing L>®-bounds, as well as weighted L?-bounds
on the first, second and third derivatives. The core of the argument is then in Sections [I0 and 1] where
we establish local control of the dynamics £ between two ”jumps” roughly independently of the behavior
away from these jumps. The argument relies on precise control of the local ”energy”, ”energy dissipation”
and ”energy flux” with respect to &, where ”energy” is in this case the Lagrangian action. The approach
is inspired by the results from [19, 20, 21], 22]. One of the novelties is the use of an infinite-dimensional
version of the Morse-Sard Theorem, enabling us to establish lower > 0 bounds on the dissipation on certain
”action” levels arbitrarily close to the minimal action along a heteroclinic orbit. We then show that these
action levels can not be crossed by &, as the action dissipation is larger than the action flux through the
boundary of the considered interval ¢t € [Tk — L, T+ L], where Ty is the approximate time of a ”jump” and
L the minimal time between jumps, for L large enough.

We thus establish uniformly local control of the dynamics £, enabling us to construct invariant sets
independently of the number of ”jumps” between invariant tori. This allows the number of jumps to be
infinite, and establishes ”variational” control for all t € R. We complete the construction of an invariant set
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B, as a function of a given sequence of tori to be shadowed, in Section The last step of the construction
is somewhat subtle (the set Bg), and uses in a topological way the existence of the semiflow &.

In Sections 13 and 14, we then focus on proving Theorems [LIHT.3l Several technical results needed
throughout the paper are given in Appendices A-D at the end of the paper.

Main notation. We denote by X the phase space on which we consider the formally gradient semiflow &,
introduced in Section[2l The elements of X are always denoted by ¢, and in the case N = 2 consistently with
q = (u,v). By & we denote the set of equilibria of &, which by correspondences m; and 7 specified in Section
Bl are the solutions of the Euler-Lagrange equations. The fixed velocities v; specifying the invariant tori T,
are denoted by w. The sequence of ”jump” times is given with Ty, and Ty, = T}, mod 27, Tj, € [0, 27).
An approximate shadowing orbit is denoted by ¢°, and defined in Section [l Various constants are fixed
throughout the proof: the constants L (minimal length of time ¢ between the ”jumps”), M (maximal
oscillations of the "rotator” variable v) depend on the particular choices of f, and the sequence of tori to
be shadowed. The constants R (introduced in (S1)) and @ = max{|w~|, |w™|,1} depend on the choice of f
and the segment [w™,w™] in a region of instability. We denote by c1, ca, ... fixed absolute constants, though
they may change within the proof when introduced. The symbol g < h always means g < ¢ - h for some
absolute constant c. If the constant depends on € or f, we write ¢ <. h or g <¢ h. We use g A h instead
of min{g, h} and g Vv h instead of max{g, h}. Given two measurable spaces (21, F1) and (g, F2), where F;
and JF; are o-algebras, if u is a probability measure on (21, F1) and g : Q1 — 3 measurable, we denote by
f*p the pulled measure on (Qq, F2) given with f*u(C) = u(f~1(C)).

I: VARIATIONAL CONSTRUCTION OF ORBITS AND INVARIANT MEASURES

2. EXISTENCE OF SOLUTIONS AND THE FUNCTION SPACES

In this and the next two sections, we consider the Lagrangian L(q, ¢¢, t) = 3¢7+V (q,t), L : TN xRN xT —
R, where T is always parametrized with [0,27), and V is C?2, 2r-periodic in all coordinates. Here we prove
existence of solutions of the formally gradient dynamics of the action, given with:

0
2.1 = — —Vi(q,1).
(2.1) qs = qtt g (g,1)
We consider (2.I) on the Banach space X of all ¢ = (u,v) € HZ _(R)Y, such that ¢ € H},(R)" (in Appendix
A we recall the definition of the uniformly local spaces H¥(R)", the associated norms and their properties).
The norm on X is given with

1/2
lallx = (900)% + llael s ey )

We will frequently require an alternative, weaker, localized topology on X, induced by the HL (R)M
topology on X. We use the notation Xy and Aj,. respectively to distinguish the topologies on the same set
X. Now Xl is a normed (but not complete) space with the norm

Hm&c</Ze“W@+ﬁmem.

Denote by ¢¥q(t) = q(y + t) the translation (corresponding to the time evolution of the Euler-Lagrange
equations, as discussed in detail in the next section). By definition of uniformly local spaces, ¢ is a continuous
flow on Xy, and by definition of the topology, also on Xj.. The existence of solutions of ([2.1)) is given with:

Theorem 2.1. Assume ¢° € X at sq is the initial condition. Then:
(i) There exists unique q(s) € X for all s € [sp,0), q(s0) = ¢°, so that
q— qO € CO([507 OO) ’ Hﬁl(R)N) n Cl((‘sOv OO) ’ Hﬁl(R)N)a
and so that for all s > so, q is a solution of (21).
(i) The system (21) generates a continuous semiflow & on X and Xy



VARIATIONAL CONSTRUCTION OF POSITIVE ENTROPY MEASURES 9

(iii) The semiflow & and the flow ¢ commute.
(iv) If V€ H¥(TN*Y), k > 1, then for all s > so we have that q(s) € HE(R)V.

The proof of Theorem 2.1] follows the standard approach for semilinear parabolic equations [26], only on
a larger space than usual, and is given in the Appendix A.

Remark 2.1. All the results of the Part I hold if we consider a more general, C? Tonelli Lagrangian L(q, g, )
on TN x RN x T (see e.g. [34] 44] for background and definitions). In that case, instead of (1)), we consider

02 Lo 0> 0
2.2 = —L — L —L ——L .
( ) qs qtt + (aqtg (qa qt, t)) (aqaqt (qa qt, t) + 8taqt (qa qt, t) 8(] (qa qt, t))

For example, stationary points of (Z2]) are indeed solutions of the Euler-Lagrange equations. One can in
particular verify that (Z2]) on X is an extended gradient system in the sense of [19, 20], and that the proofs
of Theorems [3.1] and [£.4] can be generalized to hold. We develop the theory in a simpler case for clarity of
the introduced ideas.

3. EXISTENCE OF EULER-LAGRANGE ORBITS IN INVARIANT SETS

Consider equilibria (or stationary solutions) of ([21J), i.e. the solutions of

0
(3.1) it = 8—qV(q,t)-

We denote by £ the set of all ¢ € X satisfying B.1). Let m; : £ — TN xRN x T, m(q) = (¢(t) mod 27, qs(t),t
mod 27). Then by the continuous dependence on initial conditions of (B.1]), m; is continuous in both of the
topologies X1, Xioc induced on €. Furthermore, we have that for any t1,ts € R, 7y, 14, 0 o' = @2 o7y, e
& correspond to the solutions of [2.]]), and the ¢-translation on £ corresponds to the t-evolution of a solution
of @.J)). Similarly, if 7 : £ — TV x R¥ is the projection in the zero-coordinate, 7(q) = (¢(0) mod 27, ¢;(0)),
and S = ¢®" is the t-translation for one period, then 708 = oo .

The space X is large enough so that the projection of £ to TV x R contains a rich set of orbits.
Specifically, we show in Lemma, in the Appendix A that if a solution of (1)) satisfies ||g¢|| - m)~» < oo,
then g € X, thus ¢ € £.

The result of this section is that, to construct elements of £, i.e. to find solutions of (Bl), it suffices to
find an invariant set of (2.I)):

Theorem 3.1. Assume B is a non-empty, &-invariant subset of X, bounded in the X,;-norm. Then there
is a q € £ in the closure of B in Xjy.

Remark 3.1. We comment why Theorem B.1]is not entirely straightforward. The system (2.1]) belongs to a
class of extended gradient systems (or formally gradient systems), introduced in a general setting in [19] 20].
These are dynamical systems which, when considered on bounded domains, are gradient-like; but on an
unbounded domain may behave differently. For example, for the system of equations g = Ag — 9,V (q),
if we require that ¢ decays fast enough at oo, the system is gradient-like, and w-limit sets (considered in
a sufficiently weak topology so that orbits uniformly bounded in norm are relatively compact) by LaSalle
principle consist of equilibria. If g is merely bounded, and we consider solutions ¢ : R — R¥_ then for
M = 1,2, w-limit sets may contain non-equilibria, but always contain at least one equilibrium, and for M > 3,
there are examples of w-limit sets without equilibria at all [I9, 20]. As in 1)), M = 1 (the dimension of
the variable t), Theorem 3] holds. We adapt the proof from [19, [20] to our setting.

In the first lemma below, we establish a bound on the action dissipation, then we establish relative
compactness of the required set, and finally construct g € £ by a variational argument.

Lemma 3.2. Assume q(s) € B, s > sg is an orbit of §&. There exists an absolute constant ¢; > 0 and a
sequence of relaxation times s, n € Z, so that

n c
|t < 2 (ool +1).

—n
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Proof. Let 6 > 0, and denote by Ej5, Ds the weighted action and action dissipation,

Es(q) = /_OO e M L(g(t), qu(t), t)dt, Ds(q) = /_OO e Mg, ()2 dt.

It is straightforward to verify that Ejs, Ds are well-defined on X (the integrals are absolutely integrable).
Furthermore, we can differentiate with respect to s, by calculating on a dense subset and then extending
the final result to the entire X by continuity. We partially integrate and apply the Young’s inequality in the
second line below:

d

oo _ a o _ oo B
EE(S(q(S)) :/ e ol (qtqts + 8—qV(q,t)qs) dt < 5/ e 5‘t||qtqs|dt —/ e 6|t‘q§dt

< g/o:o el g2at + %Ds((J(S)) — Ds(q(s))

< 8 Es(4(s)) ~ 3 Dslals).

Now by the Gronwall Lemma, integrating it over [sq, so + 1/62], we have

so+1/62 R
(3.2) e 'Es(q(so +1/6%)) + 5/ e~ (57209 Ds(q(s))ds < Es(q(s0)).

S0

It is easy to see that Es(¢) can be bounded by O ((| |ge]]3 ®2 T 1) /5), thus by definition of the Xy-norm,
ul

1
Es(q) < 5 (lall%, +1)-

Also by definition, L(q, ¢:,t) > 0, thus Es(q) > 0. Inserting it in (32]) we otain

so+1/6> 1
[ Datateas < 5 (laso)l B, +1).

So

thus by definition of Dy,

s0+1/8> 1/68
(3.3) / (/ QS(t)2dt> ds < % (lla(so)lf2,, +1) -

—1/5
Now set § = 1/n. From (33) it follows immediately that there exists the required s, so < s, < s9 + n?, s0
that the claim holds with ¢; being the absolute constant in (33). O
Lemma 3.3. If B is bounded in X, then it is relatively compact in the closure Xjoe of Xjoe in H} (R)N.

loc

Proof. Tt is easy to check from the definition of the X,-norm, that boundedness of B in X,; implies bound-
edness of g|[_y, , in H2([-n,n])", uniformly for ¢ € B, for any n > 0. Thus for any sequence ¢\%) in B,
by compact embedding we can find a subsequence (again denoted by ¢/)) so that q(j)|[_n,n} converges in
H'([=n,n])Y; and by diagonalization a further subsequence converging in H{, (R)" (which induces the Xjoc
topology by definition). O

Lemma 3.4. Assume s, — 00 as n — o0 is a sequence of times such that

n

lim qs(t, sp)%dt — 0.

n—oo [

Then any limit point of q(s,) in Xioe is in E.
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Proof. Fix m € Z, and choose a test function g € Hg([—m,m])? (that is, vanishing at ¢ = —m, m). Now by
partial integration and Cauchy-Schwartz,

/m <qt<t,sn>gt<t>+%—Z@(t,sn),t)g(w) dt = /m (—a(t, sn)g(8)) dt

—m —m

m 1/2
(/ qs<t,sn>2dt) [P

—m

IN

Now if q(sy,.) converges to some ¢° in Xjoc, their restrictions to [—m,m] converge in H'([—m,m])?. We
deduce that . 5
v
| (#0mo+ 5@ w090t =0,
“m 0q
As it holds for an arbitrary test function g, we conclude that the variation of the action at ¢° is 0, so ¢” is a
solution of (3.1)). By construction, ¢; € L% (R)", thus by Lemma [[5.5 we have that q € £. |

Theorem BT follows by combining Lemmas [3.2] and 341

4. CONSTRUCTION OF SHADOWING INVARIANT MEASURES

In Section Bl we showed how to construct a solution of (B.]), given an invariant set with respect to the
semiflow £. In this section we develop a measure-theoretical analogue to that. In the first subsection, we
propose an abstract notion of a shadowing measure and derive its properties. In the second subsection, we
prove existence of such measures, if a certain sub-algebra of Borel sets with certain invariance property with
respect to the semiflow £ is given.

4.1. Shadowing of invariant measures in an abstract setting. We propose an abstract definition of
a shadowing invariant measure as follows. In this subsection we will always consider a measurable space
(Q, F), where Q is a compact metric space and F the Borel o-algebra. Let S be a homeomorphism on 2
and p a S-invariant probability measure on (€, F). Recall that p is a factor of a S-invariant probability
measure v on the same space (€2, F), if there exist two Borel-measurable sets M1, Ms such that p(M;) =1,
v(Ms) =1, and a measurable map 6 : My — M, such that 6 o S|y, = S 06|, , and such that 6 pulls the
measure v into y, i.e. for any set D € F, v(0~1(D)) = u(D)) (where we extended 6 to a measurable function
on the entire Q in an arbitrary way).

Definition 4.1. Let G be a o-subalgebra of F. We say that a S-invariant Borel-probability measure v
G-shadows a S-invariant probability measure p on (2, F), if p is a factor of v, and if for each D € G, we
have u(D) = v(D).

We now in several lemmas show relation of the shadowing property to the support of a measure, ergodicity
and entropy. To control certain topological properties of the shadowing measure, we introduce the notion of
the conditional support of a probability measure p with respect to a o-subalgebra of Borel sets G. We denote
it by supp(u|G), and define it as the set of all = € Q such that there exists a sequence of closed sets D; € G,
j €N, pu(Dj) > 0 such that N;jenD; = {z}. Furthermore, let supp®(u|G) be the complement-conditional
support, defined as the set of all € Q for which there exists an open D € G such that u(D) = 0 and = € D.
Clearly, if G = F, we have supp(u|F) = supp(p), and supp®(u|F) = supp(u)©. In general, it is easy to
deduce from the definition of the support of a measure that we have

(4.1) supp(p|G) € supp(u) € supp®(p|G)°.

The following Lemma follows directly from the definitions:
Lemma 4.1. Assume that v G-shadows p. Then supp(v|G) = supp(u|G) and supp®(v|G) = supp®(u|G).
The relation of shadowing to ergodicity is important and somewhat more involved:

Lemma 4.2. Assume that v G-shadows u, that v is S-ergodic, and that G satisfies the following: for each
DegG, 0~ (M;ND) CD. Then almost every measure in the ergodic decomposition of v G-shadows .
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Proof. Consider the ergodic decomposition of v, i.e. a Borel-probability measure y on the compact, metriz-
able space of probability measures M(2) (equipped with the weak*-topology), such that x-a.e. measure
is S-invariant and ergodic, and such that the usual representation formula for v in terms of y holds [47].
Then it is straightforward to check by verifying the definition of the ergodic decomposition [47] that (6*)*y
is the ergodic decomposition of p, where (6*)* is the double pull defined in a natural way. However, the
ergodic decomposition is unique, and as p is ergodic, (6*)*x must be concetrated on p. That means that
for x-a.e. measure ¥ (i.e. almost every measure in the ergodic decomposition of v), we have 8*(?) = u. By
construction, p is then a factor of ».
It remains to show the shadowing property. As u(M;j) = 1, we have

(42) 7(D) > (0= (M, N D)) = u(M; ND) = (D),
and analogously 7(D°) > u(D°). However, 1 = u(D) + u(D°) = v(D) + (D) = 1. We conclude that the
equality in (€2]) must hold. O

Finally, we establish relation of shadowing to the metric (or Kolmogorov-Sinai) entropy h,(S) of a measure
e
Lemma 4.3. If v G-shadows p, then h,(S) > h,(S).

Proof. This holds, as entropy is always non-increasing under factor maps and p is a factor of v [47]. O

4.2. Variational construction of shadowing measures. In this subsection X will always be equipped
with the topology Xjoc. Prior to the variational construction of measures, we introduce the required spaces
and projections. Recall the projections 7 : X — TV x RV, given with m(¢) = (¢ mod 27, ¢;). Let X be the
quotient space induced by the relation of equwalence q ~ ¢ whenever there is k € Z, such that ¢ — ¢ = 2km,
and with the induced topology Let ¢ : X — X be the canonical projection, and let § ) ¢ be the mduced
semi-flow ¢ and flow ¢ on X. By (I2) and by definition, ¢ and ¢ are well-defined. If € = 1(€), S = @*7

S = @*" are the 27-shifts in the variable ¢, and 7 : X — TV x RY is defined with #(¢) = (¢,d;), then the
following commutative diagrams hold:

X L x E L& T L TN xRN
kb bk
X . x E L3 & T L TN xRN

By the continuous dependence on initial conditions of (L3)), 7|¢ and 7|z are continuous. As for notation,
we will always denote the functions on the quotient set X by -. To simplify the notation, the subsets and
elements of X and X will be denoted by the same symbol, as the meaning will always be clear from the
context.

We now focus on constructing ¢-, or equivalently o-invariant measures of ([3]) (we always implicitly
assume that the measures are Borel probability measures). We denote by M(X), M(X) and M(TN x RY)
the spaces of S-, S—, respectively o-invariant measures on these spaces, equipped with the weak*-topology.
Analogously we define M(E), /\/l(ff ). We always denote by .* the functions, flows and semi-flows pulled to
these spaces of measures. By all the commutative relations established so far, it is straightforward to check
that the objects below are well-defined, and that the following commutative diagrams hold:

MX) — M(X) M(E) —2 M(E) —— M(TN x RV)

N

-

M) — M) ME) —"s M(E) — M(TN x RN)
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(by definition, S*, S* and o* are identities). Thus constructing invariant measures of ([3)), i.e. elements
of M(TN x RYN), is equivalent to finding required objects in M(€), i.e. fixed points of £* on M(X), or
fixed points of £* on M(X). The approach to constructing such measures is as follows: we will construct an
element p € M(X) A(typically not supported on €), e.g. by embedding a Bernoulli shift. We will then find an
element of v € M(E) which shadows p, as an element of the w-limit set of u with respect to £*. To achieve
the shadowing property, given a fixed u € M()\A’ ), we will require that a o-subalgebra G of the o-algebra of
Borel sets on X satisfies the following conditions:

(M1) The separation property. There exists a Borel-measurable set My C X such that pw(My) =1,
and such that {D N My, D € G} generates all Borel-measurable sets on M;j. Specifically, for each
q € My, there exists Dy € G such that if ¢,§ € M1, g # ¢, then Dy N Dy = (). Furthermore, for any
q € My, Dg(q) = S(Dq)

(M2) The ¢-invariance. For each ¢ € My and each D € G, if ¢ € D, then for all s > 0, £5(¢) € D.

(M3) Measurability. If My = Ugerr, Dy, then the map 0 : My — My given with é(Dq) = ¢ is Borel-
measurable. Specifically, M3 is Borel-measurable.

(M4) The closed-sets property. There exists a family D; € G of closed sets, ¢ € Z, such that G is
generated by this family (i.e. G is the smallest o-algebra containing all (D;);cz). Furthermore, for
each i1 € 7 there exists a sequence i, € Z, n € N such that D;, are pairwise disjoint, and such that
n(UntiDi,) =1

In applications, (M1), (M3) and (M4) will follow relatively easily from the construction of u, and the focus
will be on ensuring the &-invariance of the constructed o-algebra G. An important tool in the construction
of the shadowing measure, already suggested in [41], is that £* and é* are gradient-like semiflows with the
Lyapunov function (given below for §

(4.3) //% ¢(t), t)dt du(q)

(see Lemma 5 below). We fix 1 € M(X) and denote by pu(s) = £*(u, s) for s > 0, i.e. p(0) =, and pu(s)
is the pulled measure p with respect to the map &£°.

Theorem 4.4. Variational construction of shadowing measures. Assume u € /\/l(/'%) such that
g (s )||H1 (R)N 18 bounded on the support of u(s), uniformly in s > 0. Assume G is a o-subalgebra of Borel

sets on X satisfying (M]) (M/). Then there exists v € ./\/l( ) which G-shadows .
Furthermore, if u is S- ergodic, we can choose v to be S- ergodic.

To prove the theorem, we first construct a measure v € M(& ) in two Lemmas, and then show that it is
indeed the shadowing measure by using (M1)-(M4).

Lemma 4.5. The function s — L*(u(s)) is strictly decreasing, unless p(0) € M(E), in which case it is
constant. Furthermore,

(4.4) @g* //%qs )2dt dp(s)(q)-

Proof. We first note that by the uniform bound on ||g:(s)|[z1 (ry~, We have that L*(u(s)) < oo for all s > 0.
By the smoothening property Theorem 2] (iv), for any s > 0 and any ¢ € supp pu(s), such ¢ is smooth
enough so that we can differentiate as follows:

d 2m 27 d 27 )
2L t)dt = L t)) dt = o —V(q,t)gs ) dtd
& saana= [T (fr@an)a= [ (an+ 5Vt ) aas

= /0 ™ (tIttqs + %V(Q,t)qs) dt + q:(27)qs(27) — :(0)qs(0)

A”gﬁ+%@m%QMmmmw>
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Now for 0 < 59 < 81, we have

/027r L(Q(So)v%(so),t)dt/jﬂ L(g(s1), gi(s1), /s0 /27r 0o(5.1)2dtds

(4.5) 4 / (ge(5, 27)5(5,27) — gu(5. 0)qs(s,0)) ds.

By the dominated convergence theorem, we can extend () also to 0 < sy < s1. By the assumptions we
have for any q € supp u,

1/2

27
/ / / gt (s,t)gs(s,t)|dtdsdu(q <</ / (/ (q:(s,1)? +qtt(s,t)2dt> dsdp(q)
< [ ] Nl dsiuta) < A-s1,
X Jo

where A is the uniform bound [|g:(s)|[g1 myv. Thus without loss of generality, we can assume that the
function fosl qt(s,0)gs(s,0)ds is absolutely integrable with respect to p (otherwise we choose some other

T € [0,27) instead of T = 0 and repeat the argument over the interval [T',T + 2x]). By the S-invariance of
1, we now have for any sg, 0 < s¢ < s1,

// qt(5,0)qs(s,0)dsdu(q // qt(8,2m)qs (s, 2m)dsdu(q).

Integrating (@A) with respect to p, we now get for any 0 < sg < s1,

£ (u(s0)) — £ (u(s1) = — /X / / " gu(s. 12 dtdsdp(q).

By the Fubini theorem, we can swap integrals over ds and du, which completes the proof. O

Lemma 4.6. There exists v € M(E) which is a weak*-limit of a subsequence of yu(s), s > 0.

Proof. As X equipped with the localized topology is not complete, to establish compactness required for the
construction of v, we need to consider its closure in HL _(R)Y, denoted by Y. Let Y be the quotient set
with the same relation of equivalence ~ and the induced topology, and X < Y the natural embeddlng It
is straightforward to check that the closure of the set of all ¢ satisfying [|g:||z1r) < A is compact in Y (we
choose representatives in ) such that ¢(0) € [0,27]" and find a convergent subsequence by diagonalization).
Thus by the Banach-Alaoglu theorem, 1(s), s > 0 has a convergent subsequence p(s,) which converges to
some measure v on ) in the weak* topology induced by the induced 1OC(R)N topology.

It suffices to show that v € M(E). Choose h € H*(R)N with compact support, say in [—2nm, 2n7], n € N.
Then by the S-invariance of w1 in the third row below, we obtain

/)2 |0L(q, g, t)h|dp(sn)(q) = /

X

2w 1/2
<l ([ [ @oatiaanta)
o 1/2
= @04+ 1) 2|l ey (/X / q§<sn,t>dtdu<q>) ,

which by Lemma converges to zero. We thus have that for any h € H'(R)Y with compact support,
fj} |0L(q, q:,t)h|dv(q) = 0. By choosing such a countable, dense set of h, and by continuity, we conclude

/m (qe(sn,t)he(t) + DV (q(sn, ),t)h(t))dt’du(q)

—2nm

that v is supported on the solutions of (L3)). By construction, v is supported on ¢ such that ¢, € L% (R)",
thus by Lemma [I55 v € M(E). O
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Proof of Theorem[{-4] Take v constructed in Lemma [0l We apply results from subsection LI with Q = Y,
Y as in Lemma [£6 thus compact and metrizable. As v is a weak*-limit of S-invariant measures and S
is continuous, v is S-invariant. It suffices to show that v shadows 1. We take as the factor the function
0 : My — M, from the property (M3). Let s > 0 be the sequence from Lemma such that v is the
weak™ limit of u(sg).

First we show that for each D € G, v(D) = u(D). It suffices to show it for the generator D;, i € T,
from (M4). Choose i1 € Z, and find i, € Z, n € N so that (M4) holds. Now by (M2) and (M3), we have
w(D;,)) = w(D;, NM1) < u(sk)(D;,) for all n € N. However, by (M4) and o-aditivity of u and u(s,), we get

L= pw(D;,) <Y wlsi)(Di,) = ulsi) (U, D) < 1,

thus equality must hold in all the terms. As v is the weak*-limit of p(sx) and D;, are closed, we have that
for all n € N, v(D;,,) > limsup,,_, o #(sk)(Ds,) = 1(D;,). As D;, , we analogously as above have

1—Zu Msi (Ui Ds,) <1,

thus again equality must hold in all the terms.
By (M1) and the definition of 8, § and S commute. As v(D) = pu(D) = p(DNM;), and DN M; generate
all Borel-measurable sets on M, to show that 6 is measure-preserving, it suffices to show that for all ¢ € Z,

(4.6) v(D;) = v~ (D; N My)).

Choose i, € Z, and find a sequence i, € Z so that (M4) holds. By definition of § in (M3), we have that
D;, C 0-1(D;, NM,), thus v(D;,) < v(0~1(D;, N M;)). By (M1) and (M3), the sets 6~1(D;, N"\M;), n € N
are pairwise disjoint. Analogously as above, from all of this and Y >, ¥(D;,) = 1 we conclude that (6]
must hold.

If 11 is S-ergodic, we can find a S-ergodic v by Lemma 2 O

IT: INVARIANT SETS IN THE A-PRIORI UNSTABLE CASE

5. THE HOMOCLINIC ORBITS

As of this section, we focus on the a-priori unstable case with the Lagrangian (II) and N = 2. In this
section we recall the key properties of the Peierl’s barrier function and stable and unstable manifolds of the
invariant tori T,,. The results of this section are standard (see [17, [44] and references therein). As we were
unable to find in the literature the a-priori bounds we require later, we give self-contained proofs.

For a fixed w € R, let S, S} : R? — oo be the Peierl’s barrier functions defined with

S, (to,vg) = inf {/_0 L,(q(t),q:(t),t)dt, ¢ = (u,v) € Hlloc((foo,to])aq(to) = (7‘(,’[)0) hm u(t) = 0},

— 00

o0

S (to,vo) = inf {/t Lo, (q(t),q:(t),t)dt, q¢ = (u,v) € HE ([to,0))?, q(to) = (ﬂ,vo),tlirgo u(t) = 2#} .
0

The functions for which the minima S (t9,vo), SZ (to,vo) are attained are the solutions of (L3 and lie on

unstable, respectively stable manifolds of T, (see Proposition .4 (i) below). We call them one-sided (left-,

respectively right-hand) sided minimizers at (w, to, vg).

We first obtain a-priori bounds on S, SI. We then introduce the notion and construct specific super-
and sub-solutions of (L2]) required in this section and later, and finally construct one-sided minimizers and
prove explicit a-priori bounds. In particular, we prove that there exists an absolute constant ca > 0 so that,
if g7 = (u",v7) : (—oo,tg] = R?, ¢" = (u™,vT) : [to,00) — R? are any one-sided minimizers, then

(5.1)  JuT ()] < cae2VEIERl for all ¢ < ¢, lut(t) — 27| < coe2VEIRTMl for all t > t,.
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Lastly, we prove continuity of $~, ST in w, tg, vp and estimate the Lipschitz constant in w.
Lemma 5.1. For all w,tg,vg € R, we have

(5.2) 4y/e(1 — p) < S5 (to,v0), ST (to, vo) < 4y/e(1 + p).

Proof. By definition,

(5.3) | rwacnas [

to to

(%uf + %(’Ut o)+ (e(1+p)( - cosu(t))) dt.

It is well-known [2} [II] that the right-hand side of (53) attains minimum for the separatrix solution of the
pendulum equation u®(t) = 4 arctg eV (t=to) 0(4) — (t — ty) + vy, and that the value of the integral

on the right-hand side of (53) is then by direct calculation 44/e(1 + p). Analogously we deduce that for any
q€ Hl}:)c((toﬂ OO))27

WETm < [ (Gut gl 0 4 0= )1 - cosute) ) dr < [ Ll

to

which completes the proof for S} (to,vo). The bounds for S (tg,vg) are analogous. O

In order to obtain a-priori bounds on one-sided minimizers, we require the notion of super-, respectively
sub-solutions of (L2a)) or (L.2DL). We say that ¢ = (u,v) is a super-solution of (L2al) on U = (to, t1) X (S0, s1),
where —oo < tg < t1 < 00, —00 < §9 < s1 < o0, if it is continuous on U and for any (s,t) € U,
s — Ut + 0,V (u,v,t) < 0. Analogously we say that ¢ = (u,v) is a sub-solution of (L2a]) on U, if us — us +
0,V (u,v,t) > 0. We say that ¢ is a strict super-, respectively sub-solution, if strict inequalities hold.

We say that a z : R — R is a stationary super-solution on I = (tg,t1), —00 < tg < #1 < oo, if it is

continuous on [tg,#1] and C? on (tg,t1), and such that for any v € C%(R?), and for any t € (o, 1),
zer — OV (2,v,t) <0.

We see that then for any v € C?(R), (z,v) is a super-solution of (L2al) on (tg,t1) x R, where z is considered
as a fixed function in s. Analogously we define the notions of strict stationary super-solutions, sub-solutions,
and analogous notions for (L2H).

The following Lemma is a special case of the parabolic maximum principle [16].

Lemma 5.2. Assume z is a strict stationary super-solution of (I2d) on (tg,t1), —o0 < tg < t1 < 00,
assume q = (u,v) € €, and let u(t) < z(t) for all t € (to,t1). Then for all t € (to,t1), u(t) < z(t).

Analogous statements hold for strict stationary sub-solutions.
Proof. Assume the contrary and find t2 € (¢o,t1) such that u(t2) = z(t2). Direct calculation yields that

’U,tt(tg) - auV(’u(tQ),’U(tg),tQ) < Ztt(tg) - auV(Z(tQ),’U(tQ),tQ) < O,

which is in contradiction to ¢ € £. a
Lemma 5.3. There exist 2~ : (—00,3/(4/€)] — R and 27 : [-3/(4y/€),00) = R, depending only on €, u,
satisfying for all t in the domain of definition:

(i) 0 < 27 (t) < 3m/2, m/2 < 27 (t) < 27, both are continuous and C? in the interior of the domain,

(ii) =~ (0) = 2+ (0) = m,

(i11) 2~ is a strict stationary super-solution on (—oo,3/(4+/€)) of (L2d), and =T is a strict stationary
sub-solution (L2d) on (—3/(4+/€),0). Furthermore, for any constant T >0, z=(t+T) and 27 (t —T) are

strict stationary super-, resp. sub-solutions in the interior of their domain of definition.
(v) 2=, 2T are strictly increasing and we have

(5.4) VE[2 < 2 (1), 55 (1) for allt € (~1/(4vE), 1/(4V5)).
(v) For allt € [1/(4v/2),3/(4V/2)], 2~ (t) < m+1/4 and 2 (—t) > 7w — 1/4,
(vi) There exists an absolute constant ca > 0 such that for all t in the domains of definition,

(5.5) |2~ ()] < cpe™2VEM, |2t () — 21| < cge™ 2 VeI,
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(vii) There exists an absolute constant cz > 0 such that
(5.6) |27 (1) — u®) (t)] < es /e, t <0, |2t (t) — u®(t)] < esy/Em, t >0,
where u(¢) (t) = 4arctg eV is the separatriz solution in the case u = 0.

An explicit construction of 27, 2+ and the proof of Lemma [5.3]is given in the Appendix B.

Proposition 5.4. Let (w,tg,v0) € R3. Then there exist one-sided minimizers ¢~ : (co,to] — R, ¢ :
[to, 00) = R, for which S (to,vo), ST (to,vo) attain their minimal value.

Furthermore, any such one-sided minimizers q— = (u=,v™), q¢* = (u",v") at (w,to,vo) satisfy the
following:

(i) They are C* and solutions of the FEuler-Lagrange equations on (—o0,tg), (tg, o0) respectively,

(i) For all 0 < T < 3/(4+/2),
(5.7) O<u (t)<z7(t—to+T) for all t < 1y,
(5.8) 2Pt —to—T)<u"(t) <2m for all t > to.

The proof is in the Appendix B. (Existence and (i) are a consequence of the Tonelli theorem [33, Appendix
1], and the a-priori bounds follow from Lemma applied to 27, 21 constructed in Lemma [5.3])

Combining (58), (7)) and (B.8) with 7= 0 we get:
Corollary 5.5. Any one-sided minimizers q—, q7 at (w,to,vo) satisfy (&1).
We finally deduce the Lipschitz constant for S~ and ST in the variable w.

Corollary 5.6. The functions S~, ST are continuous in tg,vo,w. Furthermore, there erists an absolute
constant ¢4 > 1 such that for any (to,vo) € R2?,

(59) |Soj(t0,?}0) —Sg(to,’l)oﬂ §C4,u|d)—w|, |S:(t0,’l)0) —S;(to,’l)oﬂ §C4,u|d)—w|.

Proof. We fix first (tg,vg) and show that the Lipschitz constant of S} (¢, vp) in w. Choose w,& € R, and let
q = (u,v) be a right-hand sided minimizer constructed in Proposition 54l at (w, tg, vo) respectively. Define

q(t) = (u(t), o(t)) := (u(t),v(t) + (@ — w)(t —to)),
defined for t € [tg,00). By definition of ¢, G, by applying 1 — cosu < (u — 2m)?/2, (&) and the standing
assumption (A2), we get

52 (to,v0) < / " La(@(t),d(0), it = / h

to to

= St (to,v0) + /OO(V(a,ﬁ,t) — V(u,v,t))dt

to

1 1

oo

< S5 (to,vo) +ep {1—COS(U(t))}{| sup fv(U(t),a,t)II@—wl(t—to)}dt

to a€lv(t),0(t)]

o0

< 57 (to,vo) + cw/ e~ VEET1) |5 — w|(t — to)dt < SF (to, vo) + cap|@ — wl,
to

where ¢4 (chosen to be > 1) is an absolute constant. The other inequalities in (5.9]) are proved analogously.

Continuity in tg, vg is follows similarly from the definitions of S—, S*. O

6. THE HETEROCLINIC ORBITS AND THE REGION OF INSTABILITY

We discuss first the notion of a region of instability defined in the Introduction. We then recall the fact
that, if w,w are sufficiently close and in the same region of instability, then there exists a heteroclinic orbit
connecting the tori T, and Tg. We also establish a-priori bounds on heteroclinic orbits, and show that the
set of heteroclinic orbits is compact in HZ (R)?. As we were unable to find in the literature the a-priori
bounds we need later, we give self-contained proofs.

We can write the function S, defined in the Introduction as S, (¢,v) = S (¢,v) + S (t,v).
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Definition 6.1. The region of instability is a connected component of the set of non-degenerate w € R,
where w is non-degenerate if every connected component of the set of global minima of S,, in R? is bounded.

One can easily show as a consequence of Corollary that a region of instability is open. We do not
require it here, as we take (S1) as the standing assumption. Thus for every global minimum (¢g,vg) of S, we
can find a closed, bounded set A (tg,vo) C R?, (tg,v0) € N(to,v0), such that for each (t1,v1) € ON(to, vo),
(T4) holds, and such that there is a constant R > sup{|z — y|, z,y € N (to,v0)} satisfying (LH).

Remark 6.1. By continuity and periodicity of S,,, if [w™,w™] is a segment in a region of instability, we can
always find Ay > 0, R > 0 satisfying ([L4]), uniform over w € [w™,w™], and uniform over (¢, vo) which are
global minimizers of S,,. The proof is analogous to the argument used in Lemma [6.6] and omitted as not
needed in the following.

Let [w™,w™] be an interval in the same region of instability satisfying (S1), and let @ = max{w~,w™,1}.
We fix Ay, R associated to [w™,w™] from now on. We define the action L, 5 : H} (R)> - RU{oc} and the
minimal action ¥, 5 : R — R along a trajectory of the heteroclinic orbit as:

0 e’}
(6.1) Loole) = / Lo(gs an t)dt + / Lo (g, an t)dt + (@ — w)o(0),
o 0
1
(6.2) Yu.o(to,vo) = S (to,vo) + ST (to, vo) + (@ — w)vo + 5(& — Hto.

The main result of the section is:

Proposition 6.1. Assume that w,o € [w™,w™] satisfy

- Ao
. —w| < —.
(6:3) o —ol < dey(RV 1) - w

(i) There exist ¢ = (u,v) € € and (to,vo) € [0,2m)? such that q(to) = (m,v0), and such that qli<t, and qli>t,
are one-sided minimizers at (w,to,vo), respectively (w,to, vo).

(1 urthermore, €re exists a cLosea, bounaea se - contarning (tog, Vo), O] raatus at mos , suc
ji) Furth th ists a closed, bounded set Ny C R? containing (t dius at most R, such
that for any (ti,v1) € ONg,

(64) Zwyg(tl, ’Ul) — Zwyo(to,vo) Z 2A0 > 0.

We denote by H the set of all ¢ € £ satisfying (i), (ii) in Proposition[6.1]for some w,® € [w™,w™] satisfying
63). We say that such ¢ € H is a heteroclinic minimizer connecting w,®. Within this section, denote by
(tw,vs) € [0,27)? a minimizer of S,,, fixed if non-unique, and by N, = N (s, v,,).

Lemma 6.2. If (623) holds, then X, 5 attains a local minimum (tg,vo) in the interior of N, such that for
any (t1,v1) € ON, (64) holds.

Proof. Note first that X, o is continuous by the definition and Corollary Thus by the definition and
compactness of N,,, it suffices to show that for some (t2,v2) in the interior of N, and any (t1,v1) € N,
Ywo(ti,v1) — Buo(te,v2) > 2A0 > 0. Let (t2,v2) = (tw,vy). Then by definition, because of |t; — t,| < R,
|[v1 — vy € R, ¢4 > 1 and ([E3) we obtain

Suwo(t1,v1) = Zwo(tw, vw) > S5 (t1,v1) — S (tw, vw) + S5 (t1,v1) — ST (tw, va)
— & —wl|vr = vy| — W@ — wl|t1 — tu]
(6.5) > S5 (t1,v1) — S5 (tw, v) + S3(t1,v1) — S3 (tw, vw) — Do/2.
From (£9) and w > 1 we deduce that
S (t1,v1) — 83 (tw,vw) > ST (t1,v1) — ST (tw, vw) — Ao /2,
which combined with (@3] and (T4) gives
Ywa(t1,v1) = Bo o (tw, Vw) = Su(t1,v1) — Sw(tw, vw) — Ao > 2A.
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Lemma 6.3. Assume (to,vo) is a local minimum of X, 5, and let

(6.6) olt) = {q_(t) t <o,

gt (t) t>to,

where g~ is the left-hand sided minimizer at (w,tg,vo), and ¢ the right-sided minimizers at (&, tg,vo). We
then have that q is a solution of (I3).

Proof. Let q and (tg,vg) be as in the statement of the Lemma. We first show that, if § = (@,7) € H'(R)?
such that for some (t1,v1) € R?, G(t1) = (m,v1), then

(6.7) Loo(q) = Low(q) = Bua(ti,v1) — Bos(to, vo)-
Indeed, by definitions and the partial integration,

Lool@) = [ Lo, 60,00+ [ L) 60,00+ @ - w)n + 37—t

t1
- 1 -
> S, (t1,v1) + S;r(tl,vl) + (@ —w)v + §(w2 — Mt = Yot v1).

By the definition of ¢, we obtain an equality in an analogous calculation for ¢, thus L, (q) = Zw,w«(to, vo)-
This gives (6.7).

We now claim that for any h € H'(R)?, dL(q)h = lims_,0 3 (L(q + 6h) — L(q)) is equal to 0. It suffices
to show that for any h = (u”,vh) € H'(R)? and sufficiently small § > 0, £(q + §h) > L(q), and that dL(q)h
exists. Consider an open neighborhood U of (tg,vo) in R? such that ¥y, o|v > Yw o (to, vo)-

We show first that for any h € H'(R)? we can find §y > 0 small enough, such that for any 0 < § < do,
there exists (t1,v1) € U such that (¢ + dh)(t1) = (7,v1). Let ¢ = (@,0) = ¢ + dh. Indeed, we can find t;
sufficiently close to to such that @(t1) = 7 for § small enough, because of (57), (B.8) with 7' = 0 and the fact
that 27, 2T are strictly increasing at ¢ = 0. We find v; = ©(t1) sufficiently close to vy by finding Jy small
enough so that all the terms in

th t 1/2
3(t1) — o] < / (Beldt + 5(to) — vo| < V2t1 — to]V/2 (/ <v3<t>+62<vh>?>dt) 1 81" (t0)]
to

to
are small enough. Now combining it with ([6.7)) and the fact that the right-hand side in ([@.7)) is > 0 on U,
we obtain L(q + 0h) > L(q) for 6 < §y. Now, a straightforward calculation and the fact from Proposition
B4l that g solves (IL3) for all ¢ except perhaps t = to yields

OL(q)h = (uy (to) — ug (to), vy (to) — v/ (t0)) - hlto),

and OL(q)h exists, thus OL(q)h = 0. As h is arbitrary, we get that q is C! at ¢y3. By the uniqueness of
solutions of the Euler-Lagrange equations, ¢ is a solution of (I3]) also at ¢t = t;. O

Proposition [E.1] now follows from Lemmas and [6.3] with NV, := N,.
Lemma 6.4. If g € H, then there exists a unique (to,vo) € [0, 27| such that q(to) = (w,v0).

Proof. Existence follows from the definition of H, and uniqueness from (E8) and the properties of 27, 2T
proved in Lemma O

Lemma 6.5. Let ¢ = (u,v) € H connecting w,®, such that q(tg) = (w,vo). Then there exists an absolute
constant cs > 0 such that for all t € R,

(68) |u(t) - 27T1[t0,00) (t)| < 056_%\/E|t_t0|5

(6.9) ug ()| < esy/ze 2 VeIt

6.10 v(t) —vg —w(t —to)| < cs5i, ve(t) —w Sc;,\/gue*\/at*to‘, t <to,
(

(6.11) [u(t) — vo — @(t —to)] < esp, o (t) — @] < esv/ep e VElt=tol t > to,
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(6.12) lug ()] < cse e~ 3 VElE—tol, l0se(£)] < esep e VElE—Ttol,
(6.13) e ()] < csem e VEITOL, v ()] < esepom e 2Vl

Proof. The absolute constant ¢5 may change from line to line in the proof. The relation (6.8) follows from
the definition of ¢ and (EI)). Now, by using sina < |x — 2kw| for k = 0,1, the fact that u is a solution of
(T3), and finally using (6.8]), we see that

lug(t)] < (1 — cosu(t) + |sinu(t)]) < e e zVelE—tol,

which is the left-hand side of (612]). By integrating it over [t,00) for ¢ > tg, alternatively over (—oo,t]
for t < 1o, and using limy_,oc us = 0, we get (6.3). Analogously, as v(t) is a solution of (L3)), by using
cosx < (z — 2km)?/2 for k = 0,1 and (6.8), we obtain

vet (8)] < ep(1 — cosu(t)) < epe™VEILtol

which is the right-hand side of of ([€12). As lim;—, o v¢(t) = w and lim;_, v;(t) = @, by integrating it over
(—o0, t] for t < tg, respectively over [t,00) for ¢ > to, we obtain the right-hand sides of (6.10) and ([@.I1]). We
use v(tg) = wo, integrate the right-hand side of (EI0) over [¢, o], respectively the right-hand side of (GI1))
over [tg,t], and obtain the left-hand sides of ([@I0) and (EI1]). Finally, to bound the third derivatives, by
careful differentiation, while using uniform bounds on f and its derivatives, and as p < 1 and w > 1, we
obtain

|ueee| = | D Vo, (u(t), v(t), t)| < epfue] + elue| + ep(1 — coswu + | sinu|)|(ve] + ep(l — cosu + | sinul|)
L elug] + €|ve — wl(Zoo,t0)(t) — @1 1,00y ()] + €[(1 — cosu + [ sinul)|w.

By inserting the bounds (6.8]), ([€9) and the right-hand sides of ([GI0), (GI1), we obtain the left-hand side
of (613). Similarly we get

veee| = [DeVi(u(t), v(t), )| < eplug| + eptvr — wl(oo.10)(t) = DL1y,00) (B)] + epwo(1 — cosu),
which analogously as above implies the right-hand side of (613). a

Lemma 6.6. The set H is compact in H? (R)?. Furthermore, for each q € H we have that ¢ € £ and
q: € HZZ(R>2

Proof. 1t is straightforward to observe that the closure in H2,_(R)? of all ¢ satisfying (6.8)-(6.13) and (to,vo) €
[0,27]? is compact. Thus it suffices to show that # is closed in HZ_(R)2. Assume g, € H connecting w,, and
@Ony qn(tn) = (m,v,), is a sequence converging to ¢ € HZ (R)?. We first show that ¢ € £. By construction,
q is a solution of (3], and by Lemma and the construction we easily show that ¢; € L>°(R)%2. Now

q € & follows from Lemma [[5.5] We see that ¢ must satisfy the condition (i) from the definition of H, as

the sequences ff;o L, (qn, (gn)s, t)dt, ftio L, (gn, (gn)t, t)dt are convergent by (6.8)-(611]) and the Lebesgue
dominated convergence theorem, and as ST, S~ are continuous.

To show (i), note that AV, is a family of compact sets with a bounded union, thus we can find a convergent
subsequence converging to a set N in the Hausdorff topology. By the construction, the sequence (t,, v;,)
converges to some (tg,vo) € N such that q(to) = (,vo). If (f0,70) € ON, it is a limit of a subsequence of
(t14, Dny ) lying on the boundaries of the convergent sub-sequence of 9N, . The relation (6.4) now follows
by the continuity of (w,®,t,v) — X, 5(t,v), established by the definition and Corollary .6l O

7. AN APPROXIMATE SHADOWING ORBIT

In this section we define an approximate shadowing orbit ¢° which can be understood as a suitable initial
condition for (IL2). Furthermore, we define the set A from Lemma [[L4] and introduce the constants L, Ly,
k € Z (the time between the jumps) and M (the magnitude of oscillations of v with respect to (L2H)) to
be optimized later, as a scaffolding for the proofs. Finally we show that ¢° € A, and evaluate bounds on
q° needed later. We will eventually see that essentially the only role of ¢" in the proofs is to show that the
constructed sets A, B are not empty.
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Fix a closed subset of a region of instability [w™,w™], with the uniform constants Ag, R as in (S1) and
@ as in Introduction. Assume wy, k € Z is a sequence in [w™,w™] such that for all k& € Z, (63) holds.
The constant 4L will be the minimal time between two ”jumps”. Let Lj be the approximate time of the
”jumps”, satisfying Ly = 0 mod 27 and Ek+1 — L > 4L + 27. Let g = (ug,vx) € H and (T, Vi) be such
that gx(Tx) = (m, Vi), and let Ny, C R? be the sets associated to gx as in the definition of . Note that if
(t1,v1) € ONy,, and if § = (@, 0) € H} . (R)? such that G(t1) = (m,v1), im0 @(t) = 0, limy_,00 a(t) = 2,
then by (6.4]) and (6.7)), we have

(7.1) Low () — Luw(q) =200 > 0.
Also, by the definition of Ay and ([5.2), we can easily deduce (using p < 1/16 by (A2)) the useful bound
(7.2) Ag < 9Vep.
We construct the required parameters, functions and sets inductively in |k| as follows: To = Ty, f/o = Vb,
o = (o, Vo) = qo, and

Tk =T, mod 2w, so that —ﬂ<Tk—Ek <m,

Gr(t) = (ug(t — Tp + Ti) + 2k, vp(t — T + Th) + Vi — Vi),

Vi =V, mod 21 so that — 7 < ﬁk,l(Tk) —Ve<mfork>1,

Vi =V, mod 21 so that — 7 < ﬁkH(Tk) — Ve <mfork<-—1,

Nie = Ny + (T = The, Vi = Vi),

Li = Tis1 — Tk,

where we always use the notation g, = (g, 0x). We now require "smoothening” functions ¢~, ¢T, defined
over an arbitrary interval [a,b], a < b:

1 t<a,
. exp(—(b—a)/ (1))
(7.3) ?ast) = | st/ rewe-ayeay L€ Lol
| 0 >0,

Pap(t) =1— 0 ().

By definition ¢, ¢t are C°°, with values in [0, 1], and with uniformly bounded derivatives

(7.4) <¢;b><k><t>,<¢;b><k><t>ok< L )

|b—al*

where the implicit constant depends only on k. Let
(75) qo(t) = cp%k,1+L,Tk—L(t>(ik71(t> + c'O;k,l-i-L,’fk—L(t)(ik (t) for all t € [kal, Tk]

Remark 7.1. Assume we fix a segment [w™,w™] in a region of instability, and that for each w,& € [w™,w™]
satisfying (6.3) we chose a single ¢ € H (as such ¢ is not necessarily unique). Then ¢° is uniquely defined
by the choice of L, (ik)keza (wk)kez (uniqueness of Ty, Vi, T, Vi, follows from Lemma [64). In the proofs of
the main theorems, we thus use the notation ¢°(L, (Lg)rez, (wi)rez). We fix ¢° for now and do not use such
notation until Section [[3]

Finally, let M be a constant chosen later, so that

(7.6) M > iug{lﬁk—l(fk)l — Vil [on(Ti-1)| = Vi [} + (@ + D
€
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The set A is defined as the set of all ¢ = (u,v) € HJ

loc

(R)?2N X such that ¢ € H2(R)?, and such that for all

ke,
(.7) [u(e) - (2k+ V)] < 3,

Lemma 7.1. We have that ¢° € A.

Proof. The smoothness of ¢° and ¢f € H%(RR)? follow from the construction, Lemma and Remark 0511
By definition, u(T}) = (2k + 1)7 and v(T}) = Vi, which trivially implies (T.1), ([Z3]). a

Let k(t) = j for t € (Tj—1,T;] and ||t|| = min{t — Ty)—1, Ty — t} = min{ |t — Tx|, k € Z}. Furthermore,
let

- Vi = Vi1

C{Jk; = =——=.

Ty —Th—1

Lemma 7.2. There exist an absolute constant cg > 1 so that any ¢° = (u®,v°) given by (7.3)) satisfies:

(7.9) WO () — 2k ()| < cge— 3V,
(7.10) [0 () = Viey—1 = Dreey () = Triry—1)| < eo (1A M),
_1 1 1 1
A1) 0] s (VR4 T) 0 -l < o (VERe A4 ),
L Lo
1 1
(7.12) ufy (£)] < c6 (e 2VEI 4 ——— ) 00, (1)) < c6 [ epe3VEIH 4 )
k(t) i o)
and finally
1
(7.13a) g (t)] < cow (5 em2 Vel 4 3 ) )
k(t)
: 1
(7.13b) |Ut0tt(t)| < G (‘EM ez Vel 4 3 ) :
k(t)

Proof. We write (73] in an abbreviated form ¢ = ¢~ Gx_1 + ¢ qx for t € [Tk,l, Tk]. Then
(7.14)  u® = o~ (Ug_1 — 2k7) + T (g — 2k7) + 2k,
(7.15) W = o (V-1 — ‘7}@71 — wg(t — kal)) + (,0+(’(~Lk — kal — wg(t — kal)) + ‘7}4—1 + @kt — Tk*l)-

To obtain (7.9), the left-hand side of (C.I1)), and (TI12), (.I3)), it suffices to differentiate (ZI4]), (C.I3) and
insert (G.8)-([G.13) as required and (T.4).

From the left-hand sides of (GI0), (€11]) and the definition of ¥, Tk, Vi, we easily obtain that for all
te [Tk—laTk]a

(7.16&) |1~)k_1(t) — f/k—l — wk(t — Tk—1)| < W,
(7.16b) |01 () — Vi — wi(t — T1)| < e
By inserting t = T}, in (ZI6a), we get

Op—1(T3) — Vi
_1c1~(1c)~1c1<<~u~ _
Tk — kal Tk - kal

Wk
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By definition and (Z.6) we know that [V}, — 951 (Tk)] < 1 A M. As also u < 1A M, we have

1AM
T = Tr-r

Ok—1(T) — Vi
Ukl(k) k1Jr

Vie — O—1(T)
Ty — Tk

(717) |wk - C:Jk| S Wg — =
Ty — Tk

Combining it with (ZI€]), and using Vi1 + Wt — Tk,l) =Vi + W (t — Tk) and p < 1A M, we obtain

(7.18a) [Op—1(t) = Vi1 — @p(t — Th—1)| < 1AM,
(7.18b) |0k (t) = Vi1 — @p(t — Th—1)| < 1A M.
Now (ZI0Q) follows from (ZI5]) and (ZI8). The right-hand side of (ZI1)) is obtained easily by differentiating
(T13), using the right-hand sides of (€.10), (CII)) and finally (T.I7). O

8. INVARIANT SETS WITH L° BOUNDS

We now construct A-relatively ¢-invariant sets with respect to the dynamics (2] satisfying a-priori L™
bounds. More specifically, we construct B; such that any ¢ = (u,v) € B; satisfies for all ¢t € R

(81) lu(t) — 2k(t)m| < cre=BVEIH
(82) |’U(t) _ ’Uo(t)| < CgM,

where c¢7,cg > 0 are absolute constants. We first define the set By, then show that it is A-relatively &-
invariant, that ¢° € By, and finally we deduce (81)) and (8.2).
Let vy ,v; ¢ [Tk, Tt1) — R be the unique C? functions satisfying

v (Tx) = Vi + c6 M, o (Tx) = Vi — e M,
vg (Thy1) = Vi1 + c6 M, 0 (Ths1) = Viy1 — c6M,
and
—(vp)u(t) = () (t) = 3e® epeVEIL
We define B; to be the set of all ¢ € A satisfying
(83)  zt(t— Ty —3/(4vE)) + 2km < u(t) < 27 (t — Thp1 4+ 3/(4VE) + 2(k + V), t € [Tk, Tesa],
(8.4) v (1) < w(t) < v (t), t € [Th, Thy1)-
Lemma 8.1. The set By is A-relatively &-invariant.

Proof. We apply twice the parabolic maximum principle [I6] Sec. 7, Theorem 12]. Assume that ¢(sg) € By,
and that for all s € [so, 51], ¢(s) € A. We have already shown in Lemma[5.3] (iii), that 2 (. — T}, — 3/(4v/€))
is a strict stationary sub-solution, and z~ (. — Ty 1 + 3/(4y/€)) a strict stationary super-solution of (LZal) on
(Tx, Tr1)- The assumptions and Lemma 5.2 (v) imply that

2Tt =Ty —3/(4v2) + 2(k — V)7 < u(t,s) < 27 (t — Tpy1 + 3/(4VE)) + 2km
holds on the parabolic boundary
(8.5) (t,s) € {[Tk,s],s € [s0,s1]} U{[t, s0],t € [Tk, Tes1]} U{[Ths1,5], s € [s0,51]},

thus by the parabolic maximum principle, ([83]) holds for all s € [sg, s1] and all k € Z.
Consider now the bounds on 27, 2. By Lemma 5.2l (vi), we that for ¢ € [Tk, Tk11],

|2 (t — T, — 3/(4/2)) — 27| < coe #VEIETRITE < opp em 2 VEI

We obtain analogous bounds on |2~ (t — Tj11 +3/(4+/2))|. We deduce that whenever u(t) satisfies (83), then
(BI) holds for some absolute c7 = cae.



24 SINISA SLIJEPCEVIC, ZAGREB

We now show that whenever u(t, s) satisfies (81]), v~ is a super-solution, and v+ a sub-solution of (L.2h)
on (T, Tk41). Consider v~. By using the definition of (v} ), the relation (1 — cosz) < (z — 2k(t)1)?/2,
() with ¢ = coe and the standing assumption (A1), we get that for t € (Th, Tr41),

(v )it — Vi (u, v, t) = —c3e? epeVEI 4 epu(1 — cosu(t))| £ (u, vy, )]
< *0262 Eue_‘/g Il 0262 sﬂe_‘/g Il < .
Analogously we get that (v; )y — Vi (u, v} ,t) > 0. Furthermore, by the definition of A, we have that for

all k € Z, v (Ty) < v(Ty) < vy (Tx) and v (Thy1) < v(Ths1) < v (Thy1). Tt suffices now to apply the
parabolic maximum principle to (L2h) for all k¥ € Z, with the same parabolic boundary (8.35). O

Lemma 8.2. We have that ¢° € B;.

Proof. Use the notation g = (@, ;) and Gryr1 = (@k+1,0k+1). From Proposition 4] we see that for
t € [Tk, Ti+1],

2Tt — T — 3/(4VE)) + 2km < g (t) < 2(k + 1) < 27 (t — Thp1 + 3/(4vE)) + 2(k + ),
2Tt =Ty — 3/(4vE)) + 2km < 2(k + 1)1 < g1 (t) < 27 (t — Teyr + 3/(4VE)) + 2(k + 1)m.

As 4 is a convex combination of iy (t), @gy1(t) on [Th, Ths1], ®3) holds for u = uP.
The relation (84) for v = v° follows from (7I0) and the definitions of v; , v} (as v, is concave and v;"
is convex). O

Lemma 8.3. The relations (81]), (82) hold for all q € B;.

Proof. The relation (8] has already been established in the proof of LemmaBIl As v(t),v°(t) satisfy (84,
we have that

(8.6) [u(t) — o°(0)] < sup{[o (1) — v ()], k € Zot € [T, Tira]).

To establish a bound on |v} (t) — v, ()], we introduce w(t) = vy (t) — Vi — (Viey1 — Vk)(t —T3) — M. As
w(Ty) = w(Tks1) = 0, by symmetry w,(T) = 0, where T = (T}, + Tk+1)/2. Consider T € [T, Tjy1].

T
|wi(T)| = c3e? E[L/T exp(—ve (Ty, — t))dt < 8e*\/z pexp(—ve(Ty, — T)),
0lT) = wlT) < e VEn [ esp(—VE(TL )it < e

As w(T) is decreasing on [T Tk+1] we get that |w( )| < cde?u. By analogy, the same holds on [T}, T]. We see
that v, ()= Vi —(Vie1 — Vi) (t—Tk)| < M+c3e?p. Analogously, |vf (t)—Vi—(Vig1 — Vi) (t—T)| < M +c3e2p,
thus

[ (t) — vy (8)] < 2M + 2c3e? pu, for all t € [T, Thia),

which is by (T6) < cgM, with cg = 2c3e? + 2. It suffices to insert this in (88]). O

9. BOUNDS ON THE DERIVATIVES

Here we show that there is a A-relatively &-invariant set such that the norms of the first, second and third
order derivatives of u, v all behave as O, (log(||¢]|)/]|t]]). Let

(9.1) A(T) = \/Tg p Bloelrll

il

where A is the minimum. In this section we use the weighted L? norm

]2 g ::/Re_’\(T)|t_T‘w2(t)dt.
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Let B be the set of all ¢ € By such that

(9.2a) [lue = ugll2z m)> < co A7),

(9.2b) [lor — vy ||L2 )2 < co(M? 4+ 1) \(7),

for all 7 € R. Let B3 be the set of all ¢ € By such that for all 7 € R,

(9.33) el — w22 gz + usel B ye < cro(M? + m2)e A(7),

(9.3b) ellve = V01122 ye + lveelZe ye < c10(M? + ) A7),
Finally, let B4 be the set of all ¢ € Bs such that for all 7 € R,

(9.42) ellue — w122 gys + el 32 yo + el B rye < en1 (M* + @)z A7),
(9.4b) ellve = v 172 ryz + vl T2 my2 + |lvere| 72 mye < cin(M* + wh)e A(7).

Proposition 9.1. There exist absolute constants cg, c19 and ci1 so that the sets By, Bs and By are A-
relatively &-invariant, and such that ¢° € By.

The proof of Proposition is routine but technical, and as such postponed to the Appendix C. In essence,
by differentiating the weighted integral versions of ([2al), (L2h), we obtain a differential inequality which
by the Gronwall’s lemma implies invariance of the sets as required. An important step is use of a variant of
the Poincaré inequality (Lemma [I74]) which relies on the L bounds obtained in the previous section. We
do the procedure iteratively for the three sets.

The main implication needed in the following is that we can for each k approximate ¢ — g close to T}
with a ”well-behaved” h vanishing at +oc.

Lemma 9.2. Assume that q € B4. Then there exists an absolute constant cio > 0 such that for each k € 7
there exist h = (ah,o") € H} (R)? satisfying the following:
(i) For allt € [Tk — L, Ty + L], h(t) = q(t) — qr(t),
(i) Fort>Tk+L(1+1/logL and for t < Ty — L(1 4 1/log L) we have h(t) =0,
(iii) For allt € R, |a"(t)| < crpe— 2 VEIE- Tl
(iv) For allt € [T}, — 2, Ty, + 27, we have that |0"(t)] < csM,
(v) For allT >0,

- log? T \/¢|loge]|
2 4
1 By ey + W By < cra0r* %) (15T VLB,

(vi) Specifically, for T = L, we have

log L
||ht||H2(( 00, Th— )2+||ht||H2(Tk+L 0))? _012(M4+w4) :
We will use the following simple Lemma:

Lemma 9.3. Assume yo > 4 and let yj41 = y; (1 +1/logy;). Then for some absolute implicit constant,

Zlogyg 10g Yo
=0 Y; Yo

Proof. We first show inductively in j = 0,1, ... that y; > e%””, where x is chosen so that yy = e%ﬁ, i.e.
T = 410g2 1o. Indeed, by the Mean Value Theorem, there is a real number 2z, j < z < j + 1, so that

éx/erz e < yi + Yj =y
—F o T —— VY5 = Yj+1-
4y/x + z 8 %\/.’L'—i-_j J log y; J
Now as logy/y is decreasing for y > 4,

> logy; 1 > 1 ) 1 ) 1 log? log?
Z 8Yj - ogyo+/ L e tVig, < 198%0  —tve_logwo , logmyo logyo
= Vi Yo z 2 Yo Yo Yo Yo

ezVEFIHT — o3VaFi 4
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Proof of Lemmal2.2. Let

+ .
h(t) = {QPT'“_L(”l/log - - ()

(p%k+L,Tk+L(1+1/1ogL)(t) ~(q(t)

— (1), t>Th
Now, (i) and (ii) follow from the definition of the smoothening functions (Z3]), and (iii) from (8], the
definition of ¢ and (BI]). We claim that for each T' > 4/4/¢,
logT
T

For T < L, this follows directly from ([@.4]) with 7 = T), + T, where the bounds on G, follow from its definition
(as it is a translate of ¢ € H), the bounds on g from (EI0)-(EI3), and finally by using (Z4). To show (iv),
we use (i), and the fact that for all t € [T}, — 27, Ty + 27, ¢°(¢) = ¢* (), thus by §2)

(8" ()] = [o(t) — Bk(t)] = |v(t) — o°(t)] < esM.

As by (ii), h(t) vanishes for ¢t > L(1+ 1/log L), the claim holds for T'> L(1+ 1/log L). For T € [L,L(1 +
1/log L)], (@3] similarly follows from the case T'= L. Analogously we obtain for such T,

72 4 4
(9.5) ||ht||H2([Tk+T,fk+T(1+1/logT)])2 <(M™+ =)

7 log T
2 4., 4
(©.6) el ez (7, 1141/ 108 7 B -2 << (M7 + @7 T
and
(9.7) ||ﬁt||§12([74/\/5,o])2 < (M*'+ @) Ve, ||Bt||§{2([o,4/\/a)2 < (M*+ =) Ve

Now (vi) follows from (@) and (%6) with 7 = L, and again by noting that by (ii), h(t) vanishes for
t <Tp—L(1+41/logL) and t > Ty, + L(1 + 1/log L). We obtain (v) as follows: in the case T > 4/\/z,
we combine ([@.5) and (@.0) while inserting a sequence of yo = T, y; = y;—1(1 + 1/logy;) instead of T, and
applying Lemma[@3l If T < 4/,/e, we add another term in the that estimate by using (@.1). a

10. LOWER BOUND ON THE ACTION DISSIPATION

In this section we develop a lower bound for the dissipation of the action with respect to the dynamics

(@2).

We now fix the constant M with
(10.1) M =27 + 2(w + 1)(R + p) + 6RY 21/%,

(clearly M satisfies (.6) as required). Let C be the closure in H2,_(R)? of the set of all h = (u”,v") € H? (R)?
satisfiying for all ¢t € R and all T" > 0,

(10.2) ()] < c1a e*%\/atPrQﬂ"
(10.3) [v"(0)] < s M,

log? T \/¢|loge]
(104) ||ht||?ﬁ12((—oo,—T])2 + ||ht||%I2([T,oo))2 < 2012(M4 + ’W4) < T A 3 .

Consider for (q,h) € H x C, ¢ = (u,v), h = (u", "),

0 [e%)
zzmri/ au@m+hﬂtwmwa+[;meﬂq+m%+m¢>+wﬂ@w(@xmm+v%m»

— 00
oo
Dyt = [ (a+ i,
— 00
where we take w™(q) = limy_, o vy and wt(q) = lims_,o v¢, and qs is evaluated by inserting (C2). We
establish an uniform lower bound on the action dissipation D, on a certain level of action:
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Proposition 10.1. There exists a constant Ay > 0, 0 < Ay < Ag/2, depending on the region of instability
[w™,wT], R, Ag and f, and constants 0 < Ag(q) < Ag/2 defined for all ¢ € H, so that for all (q,h) € H xC,
if

|Eq(h) — Eq(0) — Ao(q)| < Ay,

then
Dy(h) > Ay
To obtain Ay we introduce for any ¢ € H:
(10.5) Ai(q,e) =inf {Dy(h), h €C, E,(h) = E4(0) + e},
(10.6) Ai(g) = sup Aq(g,e).

e€[0,A¢]

We prove the Proposition in several steps. First we recall an infinite-dimensional version of the Morse-Sard
theorem, which will enable us to deduce that A;(g) > 0 for all ¢ € H. We then in several lemmas establish
various continuity and lower semi-continuity properties, which combined with compactness of H, C enables
us to complete the proof.

Recall first the Pohozaev infinite-dimensional version of the Morse-Sard theorem. Consider a real func-
tional E on a real, separable, reflexive Banach space ). We say that E is Fredholm, if it is C? (in the sense
of Fréchet derivatives), and the dimension of Ker D?E(h), D?E(h) : Y — Y* is finite dimensional for any
h € Y. (Equivalently, D?FE is Fredholm, as in this case it suffices to check finite dimensionality of the kernel
[38].) A critical value of E is any value e € R for which there exists h € Y so that E(h) = e and DE(h) = 0.

Lemma 10.2. Morse-Sard-Pohozaev [38]. Assume that E:) — R is a real, C* functional defined on a
real, separable, reflerive Banach space Y. Assume that dim(Ker D?E(h)) < m < oo for any h € Y, and let
k > max{m,2}. Then the set of critical values of E has Lebesgue measure 0.

We will apply Lemma to the functionals h — E,(h) for ¢ € H. Let ) be the set of all ¢ = (u,v) €

H; (R)? such that [|¢||y < oo, where
* 1/2
(10.7) llally = (/ enVEllu(t)2dt + [v(0)|* + [[uel3 gy + ||vt||§,1(R)> :

The space ) is a Hilbert space, as the norm (I0.7)) is induced by a scalar product defined in a straight-forward
way. Thus ) is separable and reflexive.

Let us establish compactness of H and C and continuity of Dy, E;. Recall that assumed topology on H
and C is induced by HZ .(R)?. It is straightforward to verify that on C it coincides with the topology induced
by the Y-norm.

Lemma 10.3. (i) The sets H and C are compact,
(i1) The functions (q,h) — E4(h), Dy(h) are well-defined and continuous on H x C.

Proof. We have showed compactness of H in Lemma Compactness of C follows directly from the
definition, the compact embedding theorem applied to h restricted to any bounded closed interval, and a
diagonalization argument. The claim (ii) follows easily from the definitions of E;, D, the uniform bounds
on ¢ € H in Lemma 6.0 the definition of C and the assumed localized topologies on the sets H and C. [

Lemma 10.4. For any q € H,
(i) B, : Y — R is C4,
(ii) E, is Fredholm and the dimension of Ker D*E, is at most 4,
(it1) If DEy(h) # 0, then Dq(h) > 0.
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Proof. Let ¢ = (u,v), h = (u",v") € ¥, and g™V, g, g3 ¢ € Y, ¢ = (u0) v()). We will show that
the Fréchet derivatives of E, are for given with

0 oo
DE,(h)gV) = / (vp —w+ Uf)vil)dt + / (v —@+ Uf)vil)dt + (@ — w)M(0)
0

(10.8) + /OO {(ut +ulyufY + DoV (q(t) + h(t), t)g(l)(t)} dt,
(10.9) D2E,(h)(g", %) = / {9 + D2, Vig(t) + (1) 0)(a V(1)) } .

oo

(10.10) Dqu(h)(g(l)a---ag(k)):/

— 00

{DE V@ + 0,06 (1), gD 1) } dt,

where k£ = 3,4. We first show that the integrals on the right-hand sides are finite. Consider the terms
containing u¢, ul', v, vl in (I08). They are absolutely integrable by Cauchy-Schwartz, as [|u}'||2. ®) < 00
||Uf||i2(R) < o0 by the definition of Y, and by Lemma applied to wus, |vr — w|, v — ©|. Analogously

the term gt(l) gt@) in (I0.9) is absolutely integrable. Thus it suffices to show that for any integers i,j > 0,

i+7)=k k=1,2,3,4, the integral
(10.11) X ::/ {0107V (q(t) + h(t), t)u’ (t)..u’ ()T (8)..0"(t) } dt
is absolutely integrable. It is straightforward to check that for (/) = (u() v)) € Y,
WD ()] < [[u]| ooy < [[uD] 1wy < 119911y,
t . .
(1)) < [ (0)] + / o ()ldr < (1+ 1Y) 1]
0

If ¢ > 1, we thus have by applying uniform bounds on derivatives of V,

X < Py lg®ly [ @1+
2 k > 1 k—1 12 1 1 2 1/2
< gl ([~ A ar) (3 o)
1012 < lsOllg® - llg®lly.

Analogously, in the case 1 = 0,

X < ||g(1)||y~--||9(k>||y/ OV (a(t) + k(D) )] (L + [¢]'/?)*dt

— 00

< gDy 1lg® 1y / (1 — cos(u(t) + uP(£))) (1 + [t]1/2)dt

— 00

e _1 —
< llg W lyeellg®lly [ (WA L 02) (14 12,

— 00

where in the last row we applied 1 — cos(u(t) + u(t)) < (u(t) — 271y, o0)(t))? + u(t)? and then (EJ).
Analogously to (II.IZ) we establish bound on the remaining terms containing u" and get

(10.13) X < llgDlly--[lg™ 1y 1+ lIR13).

We now show that (I1LF) is indeed the Fréchet derivative of Eg; the proof for higher order derivatives is
analogous (we use Holder continuity of fourth derivatives assumed in (A1) for D*E,). By the Mean Value
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theorem and analogously as when evaluating (I0.12), (I0.I3]), we obtain
1, a
{367 + 1020 + n. 0l  a

<ge (L+[RI13)19M13
which by the definition of the Fréchet derivative gives the claim.

To show (ii), we observe that the kernel of D?E,(h) is by partial integration the set of all g € Y such
that —gt(tl) + D2, V(q(t)+h(t),t)g") (t) = 0 for all t € R. This is a system of four linear ordinary differential
equations (a linearization of ((L3))), so the space of its solutions in Y is at most four-dimensional.

By partial integration and (L2)), we can write (I0.8) as DE,(h)g*) = ffooo —(q+h)sg™Mdt, which is clearly
= 0 if and only if (¢ + h)s = 0, which implies (iii). O

B(h +9%) = E,(h) — DE, (g < |

— 00

We are now ready to apply the Morse-Sard-Pohozaev Lemma.
Lemma 10.5. For any q € H, there exists e, 0 < e < Ag such that A1(q,e) > 0.

Proof. Because of Lemma [[0.4] (i) and (ii), we can apply the Morse-Sard-Pohozaev Lemma to the
functional E,, and find any level set E (h) = e, 0 < e < Ay, so that for any h € Y, E,;(h) = E,0) + ¢
implies that DE,(h) # 0. By Lemma [[0.4) (iii), for any h € Y, D,(h) > 0.

By Lemma [I0.3] (i) and (ii), the level set {E,(h) = E4(0)+ ¢} NC is a compact subset of . By continuity
of Dy, we can bound Dgy(h) away from zero on that level set, which by definition of A;(g, e) completes the
proof. O

Lemma 10.6. The function (q,e) — A1(q, e) is lower semi-continuous on H x [0, Ag].

Proof. Choose a sequence (¢n, en) € H % [0, Ag] converging to (g, e). As the level sets {E,(h) = E,(0)+e}NC
are compact, we can find h, € C, n € N so that E, (h,) = Eq, (0) + e, and Dg, (hyn) = A1(gn, en).
Find a subsequence k,, so that liminf, . A1(qn, en) = lim,— 00 A1(qk, , €k, ), and a further subsequence

(denoted again by k) so that hy, is convergent in C. Let h = lim, o hg,. Now because of continuity of
q,h) — D, (h) by Lemma [I0.3] (ii), we have
q

liminf Ay (gn, en) = lim Ai(gr,, ex,) = lm Dq, (hn) = Dq(h).

Again by Lemma [[03 (ii), E4(h) = E4(0) + e, thus by definition Dy(h) > Aq(h,e), which completes the
proof. O

Proof of Proposition [I0 1. We prove it by using several times the well-known properties of lower semi-
continuous functions. As ¢ — Aj(q) is by definition a supremum of a family of lower semi-continuous
functions, it is lower-semi continuous. By Lemma[I0.0] Aq(g) > 0 for every ¢ € H. As lower semi-continuous
functions on a compact set attain a minimum, and A is compact, there exists A; > 0 so that Aq(q) > Ay
for all g € H.

Now consider the set {A1(g,e) > A1/2} € H x [0, A¢/2]. By lower semi-continuity of (¢,e) — Ai(q, e), it
is an open subset of H X [0, Ag/2]. We can find its open cover consisting of sets U; x B(e;,r;), i € Z, where
U; C H is open in H, and B(e;,7;) are open balls in R. By choice of Ay, the set {A;(g,e) > Ay/2} projects
in the first coordinate to the entire H, so U;, i € Z is an open cover of H. By compactness, we find its finite
subcover. Denote it by Uy, ..., Uy, and its associated open balls by B(e1,71), ..., B(€n, 7).

We now set A; = min{A;/2,71,...,r,}, and set for ¢ € Uj, Ao(q) = e; (we choose any j if ¢ is in more
than one Uj). It is straightforward to check that this completes the proof. O

11. LOCAL UPPER BOUNDS ON THE ACTION

This section contains the core of the argument, as we show that the action within two ”intersections”, or
more precisely in the segment [Tk — L, T, + L], can not increase more than an arbitrarily small constant,
proportional to log L/L. This will complete our method of control of the dynamics. The proof relies on an
action-balance law, stating that the change of action with respect to ([L2)) is equal to the action dissipation
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and action flux. Let E’k, f)k, F}, : X = R be the truncated action, action dissipation and action flux near Tk,
defined for g = (u,v) as

Tw—L Ty

~ Tk Tk+L ~
Ey (Q) = / ka (Qa qt, t)dt + / ka+1 (Qa qt, t)dt + (Wk-i-l - wk)U(Tk)’

T,—L

~ TkJrL
Dy.(q) =/ {u? + 07} dt,

Fr(q) = u(Ty, + L)us(Ty + L) + (ve(Th, + L) — wi1)vs(Th, + L)
— ut(Tk — L)us(fk —L)— (Ut(Tk —-L)- wk)vs(Tk —L).

Let Bs be the set of all ¢ € By so that for all k € Z,

(11.1) Ex(q) < Ex(dr) + Dolgr),

where Ag(gr), A1 are as constructed in Proposition 0.1

Proposition 11.1. There exists an absolute constant c13 > 0 such that, if

|log A4

(11.2) L>cig(w’ + M°) 7
Aq

then Bs is A-relatively -invariant. Furthermore, ¢° € Bs.

(Recall that M in (IT2)) is given by ([I01]).) To prove it, we first establish the action-balance law (T3],
then find upper bounds on the action flux, lower bounds on the action dissipation on the energy level
Er(q) = Ex(gr) + Ao(Gr), and then complete the proof. The constant c¢;3 may change throughout the
section.

Lemma 11.2. For any q € X,

d ~ ~ ~
(11.3) 73 Er(@) = =Di(q) + Fi(a)-
Proof. The proof is straightforward, by differentiating Fj(q), partial integration and inserting (L2). O

Lemma 11.3. There exists an absolute constant c13 > 0 such that if (IL2) holds, then for any q € By and
any k € Z, |Fr(q)| < Ar/4.

Proof. By (I1)), (@.3a)), the definition of A(7), using that 7] < Ly(;) and € < 1, we obtain

lue(T)] < el g2 (rrt1)y) << (M A+ @)AT)Y2 + Ul L2fr 1)

log |||\ /2
(11.4) < (M +w) < Il ) ;
and analogously
log |||\ "/*
(11.5) |Ut(T) - wk(‘l’)' < (M + w) ||7_|| :

Because of (IZ12) and (IZI3) in the Appendix C, we get for all ¢ € By C By, |Vi| < e VEIU/2 «
(log |t /IIEIN'2, Vo] < e VeIl < (log]t]l/|[¢]})*/?.  Using this and (@da), @.5) applied to |ugl, [vu|
analogously as above, we get

1 1/2
(11.6) ] < Juse] + Vil < (M? + ?) ( Og”T”) ,

il

1 1/2
a7 j0s] < fore] + Vol < (M2 + w2) ( Og”T”) .

il
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As by definition, for 7 = Ty, £ L, ||7|| = L, we deduce that for any ¢q € By,

-~ log L
(118) Fk(q) < 013(M3 +w3) og

for some absolute constant cy3 > 0. Now it is straightforward to check that

|log A
AL

|log A4|

L 54+ M°
> (w’ + M) A

(@® + M?)log(w® + M?)

suffices for the right-hand side of (IL8)) to be < A;, which completes the proof for a large enough absolute
constant 3. O

Lemma 11.4. There exists an absolute constant c13 > 0 such that if (IL2Z) holds, then for any ¢ = (u,v) €
By and any k € Z, there exists h € C, so that

(11.9) |Ex(q) = Eq(h) = Ti(wi — wit1)/2 = (wis1 — wi) (Vi — Vi) < A1/2,
(11.10) [Di(g) = Dy, (B)] < Ay /2.

Furthermore, for all k € Z,
(11.11) |Ex(d@r) = Eqi.(0) = Tilwit — wig1)/2 = (wis1 — wi) (Vi = Vi)l < Ay /2.

Proof. Fix k € Z. We define h as in Lemma @2 and let h(t) = h(t + Tj — T}). We first show that h € C. As
by definition |Tj| < 27, by inserting the definition of A in the bounds in Lemma[0.2] we easily see that (I0.2])
and ([I03) follow from Lemma[@.2 (iii) and (iv). Analogously we show that (I0.4) follows from Lemma [0.2
(vi).

Denote by X = Tj,(w? — w2, 1)/2 + (wkt1 — wi)(Vi — Vi) (a constant independent of g). By definitions,
the partial integration to change the range of integration in the second line, and substitution ¢ — t + T}, — Ty
in the third line, and finally by using Lemma 0.2 (i), we obtain

0 %S
E% (h) = / ka (qk + h’ﬂ (qk)t + htv t)dt + /0 ka+1 (qk + hv (qk)t + htﬂ t) + (warl - wk)(vk (0) + vh(o))

T} oo
= / ka (qk + h’a (qk)t + htv t)dt + / ka+1 (qk + h7 (Qk)t + htﬂ t)
o Tk
+ (w1 — wi) (Ve + 0" (Tk)) + (Wi — wiy1)Tk/2
[ - - 0o ~ ~ ~
= / ka (qk + h’v (qk)t + htv t)dt + / ka+1 ((jk + h7 ((ik)t + htﬂ t)dt + (warl - wk)v(Tk) + Xk
—o0 Ty

oo

i FuL y 5
(11.12) = Ex(q) +/ Lo, (G + Dy (Gr)e + he, t)dt +/

— 00

ka+1 (qk + ila ((jk)t + ilt, t)dt —+ Xk-

By the definition of V, g, and then (G.8) and Lemma (@.2)), (iii), we obtain

T—L

T,—L _ T—L N -
/ V(G + h,t)dt < 5/ (1 —cos(qx + h))|It]| < s/ qi(t)dt + s/ hi(t)dt

— 00 — 00 — 00 — 00

Te—L

T, —L Ti—L ~
< 5/ ' e~ 2 VElt=Tkl +€/ ' e~ 2Velt=Tkl \/ge_%\/gL < %.

— 00 — 00
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Inserting it in the definition of L,, and combining with (69, (€I0) and Lemma (@2, (vi), we get

Th—L ~ ~
/ ka (qk +h, ((jk)t + htvt)dt < ||(ﬂk)t||2L2((—oo,fk—L]) + ||(’Dk)t - wkHQL?((—oo,i“k—L])

~ log L
2 E—
+ ||ht||L2([Tk7L(1+1/L)7Tk*L])2 * L

log L
< (M*+ =) Oi :

By proving an analogous statement for the second integral in (ITI2]) and combining all the relations above,
we see that
~ log L
|Bi(q) — By (h) — Xp| < (M* + %) 222,
We complete the claim analogously as in Lemma The proof for (ITI0) is analogous, as we also by
Lemmas and control the second derivatives of g and h. We get (ILII)) by inserting h = 0 in

D). 0

Proof of Proposition [I1.1l Let ci3 be the larger of the constants in Lemmas [[1.21 and [T.4l Let for some
k € Z, s1 be the supremum of all the times s such that (ITI]) holds. Then by continuity,

(11.13) Ex(q) = Ex(dr) + Dolgr)-

Combining (IT.9)), (ITII) and (ITI3)), we obtain |E,, (k) — Eq, (0) — Ao(gx)| < Aq. By Proposition [I0.1] we
thus obtain Dy, (h) > A1, so by (III0), Dk(q) > A1/2. Inserting this and the bound from Lemma [I1.3] in
the action balance law (T1.3), we get

d =~
d—Ek(q) < —A1/2 + A1/4 < —A1/4 < 0,

s
which is in contradiction with the assumption. To show @ € Bs, we recall that q° and ¢, coincide on
[Ty, — L, Ty + L]. As we always have Ag(qx) > 0, we conclude that Ex(¢°) = Ex(Gr) < Er(dr) + Ao(gk), so

q° € Bs by definition. O

12. COMPLETION OF CONSTRUCTION OF AN INVARIANT SET

In this section we complete the construction of an invariant set B with respect to (2] by finally applying
Lemma [[4

Proposition 12.1. Assume wy, is a sequence in a closed subset [w™,w™] satisfying (6.3), and that L satisfies

log A
(12.1) L> ey 10881
Ay

for some large enough absolute constant ci4. Then there exists a &-invariant set B C Bs C X, such that
0
q° € B.

Remark 12.1. Assume that as in the Remark [ZJ] we fix a segment [w™,w™] in a region of instability, and
that for each w,@ € [w™,w™] satisfying ([6.3]) we chose a single ¢ € H (as such ¢ is not necessarily unique).
We also fix N, associated to such ¢ as in the definition of . We will see that the set B is then uniquely
defined by the choice of L, (Ek)kez and (wg)rez, and satisfies all the relations in the definitions of B1-Bs. In
the proofs of the main theorems, we thus use the notation B(L, (Lg)rez, (Wk)kez)-

We say that g intersects the set N, C R? at k, if there exists (t,v) € N}, such that q(t) = ((2k + 1), v).
Analogously we define the notion of ¢ intersecting ONy at k. We first in two lemmas establish that ¢ € Bs
can not intersect ON} at k, then define Bg and prove its &-relative invariance, and finally complete the proof
of Proposition 1211
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Lemma 12.2. There exists an absolute constant c15 such that, if

| log pu
\/g 9

then the following holds: for each q € Bs intersecting ONy at k, we have

(12.3) Ey(q) > Ei(@) + Ao

(122) L Z C15

Proof. To prove (IZ3), we will approximate q(t — Ty + T) — (2km, Vi — Vi) with a § = (,9) € HL,_ so that
we can apply (ZI)). Indeed, let G(t) = q(t — Tx + Tx) — 27k, Vi, — Vi) for t € [T, — L, T}, + L]. We define 9(t)
uniquely for all ¢ € R by v, = wy, for t < Ty, — L, ¥y = w1 for t > Ty + L, v continuous. Let

i) =a-e 3VEITRl < — L, G(t) =2 —b-e 2V ¢ > T 4 L,

where the constants a, b are uniquely chosen so that @ is continuous. By construction, (81]) and the definition
of V, we have

- Ty—L o)
|Ek (Q) - ‘ka,wk+1 ((j)| = / ka ((jv qta t)dt + / ka+1 (qa (itv t)dt
—00 Tp+L
T =L 1 > 1 1 1
(12.4) < e/ e 2VEl=Tklgy 4 5/ e VAT g <« \feeT2VEL < e3VEL,
—o00 Tir+L

Similarly, we obtain
(12.5) | E(@) — Lo onss (a1)| < e 2VEL,

By (B2) and the definition of Ay, we have Ay < /e ¢ < p. Thus we can choose L > |logu|/\/e >
|log Ag|/+/€ for a large enough absolute constant, so that the left-hand sides od (I2Z4) and (IZ3) are
bounded by Ag/2. Combining it with (TI]), we complete the proof. O

Lemma 12.3. If g € Bs, then for all k € Z, q can not intersect N}, at k.

Proof. As q € Bs, (ILT) holds. If ¢ would intersect N}, at k, this would contradict (I2.3]) and Ag(Gr) < Ag/2
established in Proposition [0l O

We now define the number of times ¢ intersects of Ny, at k. Let 7% (as a function of ¢ = (u,v) € X) be
the set of all ¢ € R satifying

1. = {Tk,1 U TkJrl} U {t S [kal, Tk+1]7 (t, ’U(t)) S 8Bk}

By the definition of A, u(Tj_1) < (2k+ 1)7 and u(Ty41) > (2k+1)7. Now by Lemma (I23), for any t € 1},
u(t) # (2k + 1)w. Let ~j be a relation of equivalence on 7}, defined with t; ~ to whenever for all t3 € 7}
such that t; < t3 < to, we have that u(ty) — (2k+ 1), u(t2) — (2k + 1) and u(t3) — (2k + 1)7 have the same
sign. Let e =1 / ~. with the induced topology. As by assumptions, 7} is a closed subset of a compact set,
7} is compact. By definition, continuity of ¢ and compactness of N, we see that 1}, is totally disconnected
and compact, thus finite, and 1| > 2. Consider |V;| — 1 intervals (¢;,t;+1) € ¢, where t;,t;.1 € 7}, and
tj %k tj+1. We say that ¢ intersects NV}, at k exactly m-number of times, if m is the number of such intervals,
for which ¢ intersects NV}, at k for some (¢,v) € Ny such that t € (¢;,tj41).

Let B be the set of all ¢ € By, such that for each k € Z, q intersects Ny at k odd number of times (i.e.
that m in the definition of the number of intersections is odd).

Lemma 12.4. The set Bg is A-relatively &-invariant, and ¢° € Bg.

The proof relies on somewhat subtle topological considerations, and is postponed to the Appendix D. We
note that the proof uses in a fundamental way the existence of a continuous semiflow which solves (2.
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Proof of Proposition [IZ1l Assume that L satisfies m) and (I222), and that M is given as in (I0]). Let
B = Bs and B = BN A. Tt suffices to show that ¢° € B, and that the conditions (B1), (B2) hold, as the
claim will then hold by Lemma[L4l We have already shown (B1) and ¢° € B in Lemma 124 We now show
(B2). The smoothness requirement in the definition of A4 follows from Theorem 2] (iv). We now show that

(T1) and (7.8) hold. )
Let q € Bg, fix k € Bg, and find (¢, v(t)) € N such that u(t) = (2k + 1)7 (this exists by the definition of

Bs). By definition of N, Ty and Vj, we have that |t — Tj| < R, |v(t) — Vi| < R. Without loss of generality,
let ¢ < Tk, v(t) < T} (the other cases are analogous). Then by the definition of Ag and (5.2]),

Tk
/ (uf + (vp —wp)?)dt < max__Su(to,vo) < 8y/e(1+ p) < 9ve.
t (to,vo)€R?

We thus have
_ - 1/2

_ T Tk
|u(Tk)—(2k+1)7r|§/ lus|dt < RY/? </ ufdt> < 3RY2e1/4
t t
~ 1/2

- - Ty Ty
|o(Ty) — Vi < R+/ lvg|dt < R(1 + |w]) + R'/? (/ (vg — wk)th>
t t

< R(1 + |w|) + 3RY/2c1/4,

By the assumptions (ILH) and ([I01), we thus have |u(T}) — (2k + )| < 1/4, |[v(Tk) — Vi| < M/2. Let
q(s0) = ¢, and consider the solution ¢(s) of (L2) with the initial condition ¢(sp) at s = so. By ({II7) and
the definition of M in (I0), we have |us| <c o 1, |vs| Ke . 1, thus the upper bound on |us(t)|, |vs(t)| is
independent of the choice of t = T}, and ¢ = (u,v) € Bg. We conclude that for any A > 0, there exists A > 0,
independent of the choice of q(sg) € Bs, such that for all s € [so, s0-+A], we have |u(T}) — (2k+1)7| < 1/44 ),
|v(T%) — Vi| < M/2+ X. By the definition of A, this proves (B2). We conclude that B := B N A is indeed
&-invariant.

It remains to show that (I2Z) suffices for (II.2) and (IZ2) to hold. By definition of M in (0.1,
c(w) < @, thus ([L2) is satisfied. As by definition of A; in Proposition [0l (Z2) and (A2), we know that
A < Ap/2 < 4yep < /e, we deduce |log u|/+/e < |log+/2|/v/€ < |log Aq]/A1, which was required. O

III: PROOFS OF THE MAIN THEOREMS

13. PROOFS OF THE SHADOWING THEOREM, THEOREMS [[.1] AND

We first prove a ”classical” shadowing theorem, showing existence of a solution of (I3)) shadowing an
arbitrary sequence of tori T,,, and then Theorems [[LT] and Prior to all of it, we establish useful a-priori
bounds on the derivatives of ¢ € B. The constant ¢y may change from line to line within the section.

Lemma 13.1. Assume q € B. Then for all t € R and some absolute ¢y > 0,

o 1/2 o 1/2
(181)  Ju)] < <¢EA (=) ) ) -l < o <\/5A () ) |

Specifically, ([I7) holds.
Proof. We first establish the following fact: assume w € H!([r, 7 + 4/1/2]) and A > 0 a constant, such that

(13.2) Nl ayymy S AVE NwellZarrpay my < A2

Then we have ||w|| e ((r,r14/ 7)) < A'/2,/g (for some absolute implicit constant). Indeed, by substitution
W(t) = w(T + 4t/\/€), we obtain by direct calculation ||®|| g1 (jo,1)) < AY/2\/€, which implies ||@||1(jo,1)) <
A2, /e, thus the claim.
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By (1), for any 7 € R we have that ||ut0||%2([7,7+4/\/5]) < /£ and |[[v) — wk(»)||2L2([r,r+4/ﬁ]) < e
Inserting that in ([@3a)) and (0.3D), and in the view of the definition (I0) of M and that A(7) < \/z/4, we
get that for any 7 € R the relations (I3.2)) hold with w = u;, and also with w = v; — wy(.), with A = cow?,
for some absolute cp. This yields the coww+/e upper bound in (I3J). The other bound has already been
established (by an analogous argument) in (IT4) and (IT.3). O

Theorem 13.2. Let [w™,w™] be such that (S1) holds. Let wy, k € Z be a sequence in [w™,w™], and choose
arbitrarily small 0, > 0, k € Z. Then there exists ¢ = (u,v) € £ and a sequence of times ty, such that for all
kelZ

(133) |u(tk) — 2]{37T| < 5k7 |’U,t| < 5k; |’Ut(tk) — wk| < 5k-

Proof. We set L large enough so that (IZ.]) holds. Choose Ly, so that l~/k+1 —L; > 4LV c16w?|log 6k |2 /67 +2m
for some ¢16 > 0 to be determined later, and then Ly > 4L V ¢16 @w?|log 61| /0%. Let ¢°(L, (Ly)kez, (Wi)kez)
as in Remark [} and let B = B(L, (Li)rez, (Wi )rez) as in Remark 20l Then by Proposition T2 B is
&-invariant, non-empty, and by Theorem Bl there is a ¢ € £ which is also in the closure of B in Xjg.. Let
te = (Tp—1 +T1)/2) = Th—1 + L /2. By BJ) (the bound on ) and (I31) (the bounds on wuy, v;), inserting
T = ty, thus ||7|| = Lk /2, it follows that we can choose an absolute constant ci6 large enough so that (I33)
holds. 0

We prove first Theorem as the construction is simpler and illustrative, and then Theorem [Tl

Proof of Theorem L3, (i). Let L =0 mod 27 be such that 017% <L< 017“0—\5;'—1—277 for some c17 > ¢y,
i.e. such that (I2)) holds, for some absolute ¢17 to be determined later.

To prove (i), we will embed the standard Bernoulli shift in X in such a way that the Theorem 4]
can be applied by using the construction of &-invariant sets in Proposition [211 Let (0, Fo, to, s) be the
standard Bernoulli shift, where Qg is the set of all x = (x;)jez, x; € {0,1}, Fo is the o-algebra on
induced by finite cylinders, po is the product measure, where 0 and 1 have the same probability 1/2, and
s : Qg — Qg is the right shift. The mapping tg : Q¢ — X and the induced map igp = to g : Qp — X
is defined as follows: we associate to each y € Qo a sequence wy(x) and Li(x), k € Z. We then define
o = ¢°(L, (L (X)) kezs (wr(X))rez) as in Remark [ZI} and the &-invariant sets B, containing ¢y, By =
B(L, (Li(x))kezs (wr(X))rez) as in Remark M2l Let gy, By be their embeddings in the quotient set X.

Choose arbitrary wy = w € [w™,w™] fixed for all k € Z. We set Ly, so that g, has a ”jump” at T = 4nL if
and only if x, = 0. More precisely, let o be the subset of g of y with infinitely many 0 (clearly measurable
and ,uo(flo) = 1), and for x € Qo, let k;(x) be the increasing sequence of integers of ”positions” of zeros
in y, uniquely defined by the requirement ko(x) < 0, k1(x) > 1. We now set L;(x) = 4L - k;(x), and
complete the definition of ¢, By. By the definition of the induced localized topology on X L0 Qo — X is
continuous (assuming the product topology on €, QO), thus measurable. Also note that by construction,
ds(x) = SAL/27 (g, BS(X) = S4L27(B). Let ji = (io)*po be the pulled measure, and let M; = ().

As the entropy h,,(s) = log2 [A&7], by construction we have h;(S*/27) = log2. Finally we define a
measure u ”to be shadowed” by

4L/27—1 AL/2m—1
p= Y (SR My= |J SM(My).
n=0 n=0

By construction, p is S-invariant. By [47], Theorem 4.13, (i), h,(S) = 27 log 2/(4L).

To apply Theorem [£4] and establish existence of a shadowing measure v, we need to construct a o-
subalgebra G. First we define the sets D; C X, i € Z, where Z = {(j, k,n), j € {0,1}, k € {0,1,...,4L /27 —
1}, n € Z}, as the set of all ¢ = (u,v) € X satisfying the following conditions

[f—1,7+1] mod2r j=0,

134 AnL + 2km) €
(134) u(dnL + Zkr) {[—1,1] mod 27 j=1.
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Now let G be the o-subalgebra generated by D; i € Z. As each g € M; can be represented as Sko ¢y for some
ko =0,..,4L/27 — 1, x € Qp, we define

00 4L/27—1
Dy = m Dy ko.n ﬂ Dok ¢ B, = S*B,.
S k?zko

By construction we can choose an absolute constant c17 > ¢;5 large enough so that B, C D, for all ¢ € M;.
The reason is as follows: (i) in the case j = 0 in (I34]), because of the relations (T.7)), (83]) and the properties
of zt, 2~ (as there is some T},, such that |T},, — (4nL +2km)| < 27), and (ii) in the case j = 1, because of (&3)
and the exponentially fast decay of 27, 2~ towards 0 mod 27. Thus by Proposition I21] for all ¢ € M;
and all s > 0, £5(q) € D,. By construction we have that if ¢ € DN M; and D € G, then D, C D. This
completes the proof of the condition (M2). By construction, (M1), (M3) hold. To verify (M4), it suffices to
note that for fixed k,n, Dy k., and Dy i, are disjoint and cover the entire M;. As this completes the proof
of conditions (Ml) (M4), we can apply Theorem F4 and obtain a v € M(E) which shadows p. By Lemma
3 we get h,(S) > h,(S) ~ 1/L. The claim now follows from (2] and the variational principle for the
topological and metric entropy [47]. a

Proof of Theorem [, (ii). Choose L =0 mod 27 satisfying 015% <L< 015% + 27, i.e. such that
(T2J)) holds. Choose an increasing sequence wy = w™, ..., W, = w™, such that wg —wr_1 < Ag/(deg(RV p)w)
for k =2, ...,n (as required by ([6.3])), with equality for all except possnbly k =n. Choose wy, for k ¢ {1,...,n}
in an arb1trary way as long as wy € [w™,w™] and as long as 6.3) holds. Let L1 — Ly = 4L + 2n for all k
except k =1 and k = n for which we set

ogd|?
52
for ¢q large enough to be chosen later. By Proposition [ZIl B = B(L, (Lx(x))kez, (wi(X))rez) is &-invariant,
and by Theorem [BI] there is a ¢ € £ which lies in the closure of B in Xjqc.

Lett™ = (Tl —|—T2)/2 =T +L1/2,and tT = (Tn—l—fn_,_l)/Q = Tn—i—Ln/Q. Now by (3D, as ||t~ || = L1/2,
[1tT]| = Ln/2, as Ly, L, > c0w2|l°§;—25|2, and finally as wy;-) = w1 = w™ and wy+) = W, = wT; we can
choose ¢ in ([I33) to be a a large enough absolute constant such that |v:(t™) —w™| < 4, v (tT) —w™| < 4.
Now as n ~ w(RV p)(wt — w*)/AO, and by (IZ1)) and (I35),

2|logdl”  sllog Au|(RV p) (w

. . 1
(13.5) Ly — Ly = cow2| + 4L + 27,

| _
— < Ly nL —
| E < w +nl < w5 AA; w”)
log A
< w6 )—| o8 A10|(A]?v D) (wh —w?),
where we can set &(8) = |logd|?/62 as nL > w?. The proof is completed. O

Proof of Theorem[I1l We first complete the proof in the case when the entire O C [0~,0%] C [w™,wT],
such that @t — &0~ < Ag/(4cs(RV p) - w) (i.e. we can by Proposition [6.1] connect any two w, @ in O with
a heteroclinic orbit with only one ”jump”). The only modification as compared to the proof of Theorem
is now the choice of the sequence wy. Let {@;, j € P}, P finite or countable, be a dense subset of
O. Let p : N — P be any function such that for each j € P, p~1(j) is infinite (constructed e.g. by a
diagonalization procedure). By keeping the notation as in the proof of Theorem [[.2] (i), for a given x we
define wj = @p(x,,,—k,) (Where by definition k;41 — k; — 1 is the number of consecutive ”ones” between the
zeroes at positions j and j + 1 in a chosen y € QO). The rest of the construction is analogous to the proof of
Theorem [T}, by which we obtain v € M(€), which is supported on the closure of the union of &-invariant
sets B(L, (Li)rez, (wi(x))rez) (considered as subsets of X), for x € Qo. It is easy to check by construction
and (I3J) that supp #*v intersects T, for every w € O (which implies the first part of (L)), and that for
every w ¢ O, supp #*v NT, = 0.
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Consider now the general case, and let n be an integer such that

. dey(RV 1) - w
2 A,

(i.e. m is the minimal number of ”jumps” required by the Proposition [21] and (G3]) to cross the entire
[w™,w™]). Consider the subshift of finite type (Q1, F1,u1,s) ((21,F1) a subspace of (Qo,Fp)), 1 the s-
invariant probability measure, where we ”allow” only sequences with no less than n consecutive zeros. The
only change in the construction above is that we associate to each consecutive sequence of m > n zeros in
a chosen x € ) a sequence wi, wa, ..., Wy, in an arbitrary, s-invariant way, such that (63) holds for any
W= wg, @ = wgt+1, k € Z (this is possible by the choice of n). The rest of the proof is analogous. O

(wh —w7)

Remark 13.1. We could have sharpened the definition of the subalgebra G in the proof of Theorem [}
to be able to use the notion of the conditional support from Section @ More specifically, we could obtain
that 7(supp(v|G)) intersects all T,,, w € O, and that U,ecr—o C #(supp(v|G)). This would, however,
unnecessarily complicate the proof.

14. PROOF oF THEOREM [1.3]

In this section we first state an analogue of Lemma [5.3] which will enable us more precise control for small
1, then evaluate the error term when approximating S,, with M, and finally we prove Theorem [[3}

Lemma 14.1. There exist a constant T > 0 and functions 3~ : [—T, 0) >R and 27 : [O,T] — R, depending
only on e, u, satisfying for all t in the domain of definition:
(i) 2=, Z% are continuous and C? in the interior of the domain,

(ii) 27 (0) = 2+(0) = 7, 2= (-T) = — /e, 27(T) = 27 + /2R,

(ii) = is a strict stationary sub-solution on (=T,0) of (LZd), and 3% is a strict stationary super-solution
(@Zd) on (0,T). Furthermore, for any constant T € R, = (t +T) and 27 (t + T) are strict stationary sub-,
resp. super-solutions in the interior of their domain,

(iv) 2=, ZT are strictly increasing,

(v) There exists an absolute constant c1s > 0 such that

(14.1) 127(t) —u'® (t)] < cisy/Em, t € [=T,0], |27(t) —u'®(t)] < c1sv/ER, t € [0,T),
where u(®) (t) = 4arctg eV is the separatriz solution in the case u = 0.

The proof is a relatively straightforward modification of the proof of Lemma [£.3] thus also done in the
Appendix B.

Lemma 14.2. (i) There exists an absolute constant cig > 0 such that if ¢ = (u,v) is a two-sided minimizer
at (w,to,v0) € R3, then for all t € R,

(14.2) [u(t) — ul® (t — to)| < cr0v/20,
(ii) For all (to,vo), (t1,v1) € R?, and all w € R,
(14.3) |Su(tr, v1) = S o, v0) — p(Ma(tr, v1) = Mo(to,v0))| = Of(ei®?).

Proof. We first note that analogously to the proof of Proposition 4] (ii) we can show that for all ¢ €
[to — T, to], we have u(t) > Z=(t — to), thus by Proposition 5.4 (ii), 2= (t — to) < u(t) < 2z~ (t — to). We
deduce that

u(t) = ul (t = to)] < |27 (t —to) — u' (t — to)| + |27 (t — to) — u'® (t — to)]

which implies (IZ2) by and (5.6) and (IZI). The case t < —T + to follows from 2 (T) = —,/En and
0 <wu(t) <z (t —to), 2~ increasing. The proof for ¢ > ¢ is analogous, which completes (i).
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Let ¢ = (u,v) € HL (R)? be a two-sided minimizer at (w, to, vo), and let G(t) = (u(t+to—t1),v(t+to—t1)+
vy — vg) (i.e. we translate ¢ in ¢, v so that g(¢;) = (7, v1)). As by definition, ffooo Lo(q, G, t)dt > S, (t1,v1),

we by straightforward calculation have

Sw(ti,v1) — Su(to, vo) — p(My(t1,v1) — Mu(to, v0)) < 2ep

/OO (1 —cosu)f(u,v,t)dt

— 00

(14.4) - /OO (1 = cos(u®(t —to))) f(u®(t —to),vo + w(t — to), t)dt| .

— 00

By the Mean Value Theorem, ([@.9)), by the left-sides of (610), (€11 (which also hold for two-sided minimizers
which are not necessarily homoclinics) and (I4.2), the absolute value of the difference of the integrands in

(&) is < e~ 2VElt=tol /zq, thus ([44) is < s p®/2. The other inequality in (IZ4) is obtained analogously,
by starting with a two-sided minimizer at (w,t1,v1). a
Proof of Theorem [L.3. This follows from (I4.3]), as we choose 1o to be small enough, so that for u < pg, the
Oy (ep®?) term is < pAy. Then for all 0 < p < pg, (S1) holds with Ay = pA,. O

IV: APPENDICES

15. APPENDIX A: THE FUNCTION SPACES AND EXISTENCE OF SOLUTIONS

This section is dedicated to the proof of Theorem 2.} We first recall definition of the required function
spaces (see [19] and references therein for details), then prove the theorem in four separate lemmas: on local
existence and uniqueness, global existence, continuous dependence on initial conditions and regularity of
solutions.

Let ¢¥(q)(t) = q(t + y) be the translation, y € R. The uniformly local norms and spaces are given with:

1/2
([ o)
yeR R

||Q||L§1(R)N =
Ly®)Y = {qeLﬁﬂ@WIMhmMN<@%5%HWq—dMMMN=O}
HER)N = {u € L4 (R)N | &u € L2,(R)N for all j < k} ,
. 1/2
||‘Z||H§1(R)N = Z ||agq||2Lal(]R)N
=0

Remark 15.1. For our purposes it suffices to note that if ¢ : RV — R is Lipschitz continuous and bounded in
L®(R)N | then it is in L2 (R)V. Specifically, the Lipschitz continuity implies that lim,_,o ||s0yq7q||L21(R)N =0
holds, i.e. that ¢¥(q) is continuous in y € R.

Denote by A : H2_(R)N — L2 _
in a compact form
(15.1) gs = —Agq+ F(q),
F(q)(t) = 0V (q(t),t)/dq. Fix an initial condition ¢ € X. We substitute § = ¢ — ¢°, and consider

G = A+ F(9),
q(0) =0,
where F(§) = F(§+ q°) — Aq®, and A is the restriction of A to HA(R)N, A : HL(R)N — L2,(R)V. Tt is
straightforward to check that F is well-defined as F' : HL(R)Y — L2 (R)Y, and uniformly Lipschitz (for a

fixed ¢") on the entire domain. Without loss of generality, we assume that the initial condition is given at
50 = 0, and fix ¢° throughout the proofs.

(R)Y the linear operator Aq = —q;;. The system (Z1I]) can then be written

(15.2)
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Lemma 15.1. For some S > 0 small enough, there exists an unique solution ¢ of (I522) on (0,5),
(j € CO([Oa S) ) HzlLl(R)N) n Cl((oa S) ) HzlLl(R)N) n CO((Oa S) ) H’?Ll(R)N)'

Proof. We follow [26, Chap. 3]. First note that A generates an analytic semigroup S(s) = exp(—sA) of
bounded linear operators in L2, (R)", which can for example be verified by using the explicit expression of
the heat kernel (see e.g. [19] for details). As F is uniformly, thus locally Lipschitz in ¢, and constant in s, the
claim follows from [26, Theorem 3.3.3] with (using the notation from [26]) X = L2,(R)N, D(A) = H(R)Y,
a=1/2, X2 = H (R)V. O

We now require the well-known fact [26] that § is a (”classical”) solution of (I5.2) on (0, .S) if and only if
it is a mild solution, i.e. if for any 0 < s7 < S, ¢ satisfies the integral equation

(15.3) d(s1) = / e=A51=5) fo((s))ds.
0
Lemma 15.2. The solution ¢ of {I52) exists on (0, 00).

Proof. As F(§) is uniformly bounded in L2 (R)N by some constant A, we have that if the solution of (I5.2)
exists on (0,5), then for all s € (0,5), [|g(s)[z2, @~ < e¥ - A. The claim now follows from [26, Corollary
3.3.5], as ”blow-up” is not possible. ([

Lemma 15.3. The solution of (IZ1) is continuous with respect to initial conditions in both X, and Xjpe.

Proof. We substitute back ¢ instead of ¢ in (IE3), and obtain

S1 ~
(15.4) o) = o+ [ A0 (Plas) - Ad°) ds
0
Consider a sequence of initial conditions qov(") converging in either X, or Xj,. norm to ¢°, and consider
associated solutions ¢(™(s), ¢(s). Continuity is then shown by bounding the difference of the right-hand
sides of (I5.4)), for g™ (s1) and ¢(s1) for n large enough and s; > 0 small enough, in either Xy~ or Xjoe-norm

(see also [26, Corollary 3.4.1] for details). O
Lemma 15.4. If V € H*(TN*Y), k > 2, then for all s > 0, if q is the solution of (I51), then q(s) €
T (R)™

Proof. We prove it inductively. In the proofs of Lemmas [[5.0] [5.2] we already established the case k = 2.
Consider the case k& > 3, and assume the claim holds for a given k—1. Let r = d*~2¢/dt*~2. By the inductive
assumption, r(s) € H(R)" for all s > 0. For arbitrarily small § > 0, consider the system of equations

ry = —Ar + FF=2)(s),
(155) dk72
r(d) = W‘I@)

where F(=2)(s) = %%V(q(s, .),.) is a fixed function. One can verify by using the inductive assumption
q € Hllffl(R)N , the assumed regularity of V' and the embedding properties of the uniformly local spaces
[19], that F*=2)(s) € L2 (R)N for all s € (0,00), and that it is uniformly bounded in L2 (R)" on (4, 5] for
any S > ¢. Now by repeating the argument of existence and uniqueness of solutions as in Lemma [[5.1] we
deduce that for any s € (8,00), r(s) is a solution of (5], thus 7(s) € H3(R)Y and ¢(s) € HE(R)N. As
0 > 0 is arbitrarily small, the claim is proved. a

Theorem 2.1l now follows from Lemmas 5.1 [5.2] and [I5.41

We close the section with a frequently required result that the solutions of (I3]) we construct are indeed
in X.

Lemma 15.5. If q is a solution of (31) such that either go € L=(R)N or q; € L?,(R)Y, then ¢ € X (and
by definition, q € £).
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Proof. First we note that as 9V (q,t)/dq is C' and periodic, g is continuous and in L>(R)YN. We easily

deduce that also in the case ¢; € L?(R)", we have ¢ € L°(R)". The Mean Value Theorem shows that the
Lipschitz constant for gy is bounded with [|02V/8¢?|| oo ()~ ||qe|| oo ()~ +[|0%V/OqOt|| oo ()~ , Which is finite
as V is C? and periodic in all the variables. By Remark [5.1] we now have ¢: € L2 (R)V, g € L2 (R)Y,
thus ¢ € &. O

16. APPENDIX B: A-PRIORI BOUNDS ON ONE-SIDED MINIMIZERS

This Appendix is dedicated to the proofs of Lemma 5.3 and Proposition 5.4 in Section [l and Lemma [T4.7]
in Section[I4] i.e. the construction of one-sided minimizers in Section [B] and calculation of a-priori bounds.

16.1. Proofs from Section Bl
Lemma 16.1. Define w(t) = 4arctgexp(/e(1 — 2ul/2) t), and

t) 4+ 3 2ut 2 (ty — 1)t <ty

where ty is chosen so that w(t) = w4+ 2u'/?. Then

(i) 0 < t1 < 24/ufe,

(ii) w is is C?, for all t € [—1/(24/€),00), 0 < wy < 2+/€, and for all t € [—1/(2y/2),1/(2+/2)],
(16.1) Ve/2 <,

(iii) There is a unique to satisfying w(to) = 7 on [—1/y/€,00), and it satisfies 0 > tq > —pu'/?,
(iv) w is a strict stationary sub-solution of (L2d) on [—1/+/e,00). Furthermore, for any T > 0, w(t —T)
is a strict stationary sub-solution of (L2d) on [—1/+/e + T, 00).

Proof. (1) As w is strictly increasing and w(0) = m, clearly ¢; is unique and t; > 0. To show t; < 24/pu/e, it
suffices to show that @ (t*) > 7 + 2u!/? for t* = 2,/u/e. This is straightforward by the mean-value theorem
and by noting that the derivative of 4arctge is > 9/5 on [0,v/2/4].

(ii) This follows by elementary calculation, applying (i) and the standing assumption /i < 1/4.

(i) As w(0) > , it suffices to show that @w(—p!/2/2) > 7. For t* = —pl/2/2, |t* —t1| < \/i/\/E, thus then
value of the polynomial in the definition of w is < 27u2. Tt is elementary to show that @ (—u'/?/2) < 7—27u2,
applying (A2).

(iv) It is easy to see that it suffices to show that

F(w) = wy —esinw(t) — ep|sinw(t)| — ep(l — cosw(t)) > 0

for t € [~1//g,00). Note that Wy = (e(1 —2u'/?))sinw(t). For t > t;, sinw(t) = sinw(t) by definition. For
t € [=1/+/€,t1], by the strict monotonicity of both w(t),w(t) we see that /2 < w(t) < w(t) < 37/2, thus
sinw(t) > sinw(t). In both cases we thus get

F(w) = (e(1 — 2uY/?)) sin(t) + 6% 2u/2((ty —t) V 0) — esinw(t) — ep|sinw(t)] — ep(1l — cosw(t))
(16.2) > 6e32uM2((ty — t) V0) — 2ep*/ 2 sinw(t) — ep|sinw(t)] — ep(1 — cosw(t)).

Denote the expression (I6.2) by F(w(t)). It suffices to show now that F(w(t)) > 0.
Consider first the case w(t) > 7 + 2411/2, which is equivalent to t > ¢;. As in this case, sinw < 0, and
always p < pu'/?, we have

(16.3) F(w) > ept’?|sinw| — ep(1 — cosw).
For any w € (0,7), the inequality

1
(16.4) |sinw| > §|w —7|(1 — cosw).

holds. Inserting this and |w — 7| > 2u/? in (I6.3) we get F(w) > 0.
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Let w € [m,7 + 2u!/?], or equivalently t € [to,t1]. As F(w(t1)) > 0, it suffices to show that F(w(t)) —
F(w(ty)) > 0. Calculating we get

(16.5) F(w(t))—F(w(ty)) > 63 2u 2|t —t1]| — (2ep/? + ep)| sinw(t) —sin w(ty )| — ep| cos w(t) — cos w(ty)].
Using the mean-value theorem, (I6.1) and p'/? < 1/2, we get

5
(2ept? 4 ep)| sinw(t) — sinw(t;)| < 55u1/2 22t — | = 52t 2|t — 1],

1
ep| cosw(t) — cosw(ty)] < §5u1/2 22t — ] <322t — ).
We combine it with (I6.3]) to get F(w(t)) — F(w(ty)) > 0.
We now also know that F(w(tg)) > 0. In the case t € [—1/4/€, to] which is equivalent to sinw(t) € [7/2, 7,
it suffices to show that F(w(t)) — F(w(to)). We again obtain that F(w(t)) — F(w(to)) is equal to the right-
hand side of (I6.5]) with ¢o instead of t1. The rest of the proof is analogous to the previous case. O

Proof of Lemma[53. We take w constructed in Lemma [[6.J] and set 2T = w(t — to), 2~ = 27 — w(—t + to).
The claims (i)-(iv) are now straightforward, (v) can be easily checked by direct calculation, and (vi) follows
from the definition and the relations 27 —4 arctgx < 4/x, 4 arctg(l/x) = 2w —4 arctgx, holding for all > 0.
By the Mean Value Theorem, by noting that |d(arctge®)/dt| < 4e~1*!, the construction and bounds on ¢,
t1, we easily get that for t > 0,

w(t —to) —u® (@) < e 2V (et + VER) < VERL
which completes the proof. |

We now construct one-sided minimizers and prove Proposition 5.4 We fix ¢, tg, vg until the end of the
section, and construct ¢, ¢~ is analogous. For a positive integer k, we consider the functional

to+k
(16.6) Lorla) = [ Lolut), o).t

to

We construct minimizers g of (I6.6), and then obtain ¢ as their limit.

Lemma 16.2. The functional L. attains its minimum g over all ¢ = (u,v) € H'([to,to + k|)? such that
(16.7) q(to) = (m,vp), u(t1) = 2m.

Then qi. € H?([to, to + k])?, and is a solution of Euler-Lagrange equations on (to,to + k).

Proof. The Tonelli theorem [33] Appendix 1] implies that for a fixed v1, such a minimum is attained over all
q = (u,v) such that v(t1) = v1, as the conditions for the Tonelli theorem to hold in the non-autonomous case
are satisfied. It is easy to show that it suffices to consider v; from a closed interval, which by compactness
and continuity of the minimum of (I6.6]) in v; implies existence of such a minimizing ¢;. Furthermore, by the
Tonelli theorem, g € H?([tg,to+k])?, and g is a solution of the Euler-Lagrange equations on (tg,to+k). [

We denote by gi the (not necessarily unique) minimizer of (I6.6) satisfying (I6.7). We always set uy(t) =
21 for t > tg + k.

Lemma 16.3. The minimizer q, = (uk, vx) satisfies for all k > ko, ko sufficiently large:
(i) For all t € [to,to + k), 0 < ug(t) < 2m,
(ii) For all t > to + 4u/\/e, up(t) > m,
(11) For all t > to, ug(t) > m—1/4,
() For all t > to, ug(t) > 2T (t —to). Furthermore, for all 0 < T < 3/(4+/€),

up >z (t—tg —T).
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Proof. (i) Assume that for some tg < t* < tg + k, ug(t) = 2m. We define

- q(t) = qr (%) for t € [to, t*],
q(t) = (2m,v*(t*)) for t € [t* to + K.

Now it is easy to check by direct calculation that L. x(q) < L. r(qr), thus ¢ minimizes L. and must be a
solution of the Euler-Lagrange equations on (¢, tp + k). We deduce that & = 27 which is in contradiction to
w(to) = uk(tp) = w. By continuity we get the right-hand side of (i). Similarly we show ug(t) > 0, otherwise
we replace the segment between two intersections of 0 with u*(t) = 0 and get a contradiction.

(ii) By (52), we can find ko large enough so that for any k > ko,

(16.8) Ler(gr) < 4v/e(1 4 3u/2).
Assume uy(to + d) = 7 for some tg +d € (to,to + k). Again by (5.2), as ¢* is a minimizer, we see that
to+k
(16.9) / L, (g, (qr)e, t)dt > 4y/e(1 — p).
to+d

From (I6.8) and (I69) and the standing assumption p < 1/16 we obtain the upper bound

to+d
(16.10) / Lo (qr, (qr)e, t)dt < 4y/e(1+3pu/2) — 4y/e(1 — p) < 6y/ep.

to

Let t* = (d/2) A1, and let ™ — a be the minimal value of uy on [to,to +t*], 0 < a < 7. It is easy to see that

to+t” to+t*
/ Lo (qr, (qr)t, t)dt 2/

to to

1 5 a?
> 1-— 2— — | t*
> 50 +&( u)< 2)

3
>2e(1—p)t" > 551&*.

(%((uk)t)Q +e(l—p)(1- cosuk)) dt

Repeating that over [to+d —t*, to + d] we get ftiﬁd L, (g, (qr)t, t) > 3et*, thus by [I6I0), t* < 2u/e < 1.
By definition, d < 4u/+/¢. The claim follows by continuity of ug.
(iii) Using the same notation as in (ii) and by (I6.10), we easily see that

to+d \/_
6\/5u2/ Lo(q", gy t)dt > da > —112

to
thus a? < 12u2. By (A2), a < 1/4.
(iv) We prove it by using Lemma in two steps. First we show that

(16.11) up(t) > 2T (t —tog—T) for all t > to + T — 3/(4\/¢)

and all T > 3/(4y/¢). By definition and Lemma 53] (i), (I611) holds for 7' = k + 3/(4/¢). Assume the
contrary and find the infimum T™* of T' > 3/(4+/¢) for which (I6.I1]) holds. By compactness and continuity,
we have that (I6.10]) holds for 7' = T™ with > instead of >. However, by construction, (ii),(iii) and Lemma
B3 (v), the strict inequality in (IG.IT) holds for ¢t € {to + T — 3/(4y/€), to + k}, thus by Lemma 5.2l we must
have strict inequality in (IG.I1) and T* = 3/(4+/%).

Now we show that

(16.12) u(t) > 2T (t —to —T) for all t > ¢

for all T € (0,3/(4v/2)]. Again we find the infimum 7* for which (I612) holds. We obtain contradiction
analogously to the previous step, using uy(t) > 27 (t —tg —T) for t € {to,to + k}; unless T* = 0 and (16.12)
holds with > instead of >, which we need to show. O
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Proof of Proposition [5.4 It is easy to check that for k > ko, ko as in Lemma [[6.3 ¢ is uniformly bounded
in H2 ([to,00))?, i.e. that for any T' > ko, we have that g, k > T', is uniformly bounded in H?([to, to +1])*.
Indeed, uniform bounds in k on [|(qx)¢[z2(jte,to+7))> follow from the fact that L. x(qx) is by definition
decreasing in k, and the uniform bound [V (g, )| < &(1 4 ). The uniform bound in & on ||qx||r2([ty,t0+17)2
follows from that and ¢(to) = (m,v0). The uniform bound in k on |[(qx)et|[22(jt,t0+77)2 i deduced from the
fact that gy is a solution of Euler-Lagrange equations, and the uniform bounds |V, | < e(1 + u), |V,| < ep.

Now by diagonalization we find a convergent subsequence of g in H([to, o0))? converging to some ¢° €
H ([to,00))?. It is straightforward to show that limy_ Lo k(qe) = St (to,vo), as Lo, k(qk) is decreasing,
bounded by S (to,vo) from below, and we can arbitrarily well approximate S} (to,vo) with L, x(gx) for k
large enough.

By construction and Lemma 063, (iv), lim; o u°(t) = 27. By the Fatou Lemma, ftzo Lu(q% ¢f,t) <
S (to, vo), thus by the definition of S (to,vo), the equality must hold, and the existence is proved.

Now, if g7 is any one-sided minimizer at (c,tg,vg), it must be by the Tonelli theorem a solution of
Euler-Lagrange equations on (ty,00), and C* because of the regularity of solutions of ordinary differential
equations.

The proof of (ii) is analogous to the proof of Lemma [I6.3] (iv). O

16.2. Proof from Section M4l Let & = /(1 + 241/2), and let § = 2y/Zx. Denote by u(®) = 4arctg(eVe?)
the separatrix solution of the unperturbed pendulum u;; = €sinu.

Lemma 16.4. If @ is a solution of uy = ésinu, u(0) = m, uz(0) = 2v/E(1 + 62), then for some absolute
c3o > 0, we can find t; > 0 such that

(16.13) tr < 2| log |,
g

we have 2w+ 6/2 < @(ty) < 27 + 326, and for all t € [0,t1], |a(t) — u'® (t)| < 326.

Proof. Let w") = @& —u(® let t > 0, and let t; > 0 be the unique (by monotocity) ¢ such that @(t;) =
21 + 6. Clearly a(t) > u®(t), thus w®(t) > 0. By definition, w() is solves the differential inequality
wt(tl)(t) < glat) — u® @) = ew®(t). Now if w? = wt(l) — VEwM | w® = wt(l) + VEw | we have
w® 0) = w®) (0) = 2v/¢ - 62, and they are solutions of wt@) < —VEw®, wt(g) < VEw® . Thus by the
Gronwall Lemma,

(16.14) w® () <2VES? eV w® (1) < 2vES Ve

By the conservation of energy H(u) = u?/2 — (1 — cosu), and by a(t) > u®(t) and a, ugé) > 0 we easily
obtain that wt(l) > 0, thus the right-hand side of (I6.14) implies for all ¢ € [0, 4],

(16.15) wh(t) <262 Ve

By the conservation of energy, it is easy to show that for all ¢ > 0, @:(¢) > 2VE 6. Inserting that in the
left-and side of (I6.14) we obtain

(16.16) w (ty) > 26 — \/i:ugé)(tl) — 252 e VEN,
5

Now for all ¢ > 0, as 27 — 4 arctgx < 4/z, we have 2 — u(® (t) < de~ Vet By the conservation of energy and
(1 — cos(2m — z)) < 2%/2, we now get that u\” (t) < 4e~VE. Thus choosing #; so that 4e=V&t = §/4, we get
2m — 6/4 < u®(t;) < 27, ([615) becomes w)(t) < 326, and as 6% < 1, (I6.16) becomes w) (t) > §, which
implies the claim. O

Proof of Lemma[1-1] Take @ from Lemma [I6.4] and set
u(t t>t
w(t) = {zf( ) =

a(t) — e32ut 2ty — )3t <ty,
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where t; is chosen so that w(t) = m + 2u'/2. Then as in Lemma 6.1 we can find 0 < ¢y < u'/? such that

w(ty) = m. We set 2T (t) = w(t —to), T = t1 — to, and 2= = 27 — w(—t + to). The rest of the proof is
analogous to the proof of Lemma [5.3] using also the relation |u(®) — u(®)| < \/E/ to obtain (v). O
17. APPENDIX C: PROOFS OF BOUNDS ON DERIVATIVES

This Appendix is dedicated to the proof of Proposition In the first subsection we obtain weighted
a-priori bounds on ¢° and the potential V and its derivatives. In the second subsection we by careful
differentiation we obtain a differential inequality which proves the invariance of sets.

17.1. A-priori bounds on weighted integrals. Throughout the subsection we assume g € Bj.

Lemma 17.1. Let j,m € {1,2,3,4,5,6}. Then for some absolute constant cz; > 0,

(17.1) E(j+1)/2/efA(T)Ith\ef%\/EHtlldtS e\ (7Y,
R

1 s |

(17.2) /RL”le ADIE=Tl gt < eq A7)

k()
Proof. To show (1)), without loss of generality let
(173) T E [Tk — 2L+, Tk—i—l + 2Lk]

for a fixed k € Z, i.e. ||7|| = |7 — Tx|. By applying the definition of ||t|| and substituting ¢t — T; + T}, instead
of ¢ in the second line below, we get

/e—x<r>|t—r\€—%\/ént||dt: S
R

T;+2L; .
/ oM t=T] = B VElE=Ty gy
J

e =20,
e TkJrQLj . 5
(17.4) _ / oM E=Tt Ty —r| =3 V=Tl gy
j=—o0? Tk—2Lj—1

Now by the assumption (IZ3), for j = k — 1,k,k + 1 we have [T; — 7| > |Ty — 7|. For j > k + 1,
Ty — 7| > |Tj — Th1| + [T — 7| > 4L(|j — k| — 1) 4 |T}, — 7|. By analogous consideration for j < k — 1, we
conclude that for all j € Z,

(17.5) Ty =7l = [T = 7[ +4L(lj = k[ = 1) = ||7[| + 4L((|5 — k[ = 1) V 0).

Now by definition of (), we have e m/2 > \/¢/2 > A7) + /¢/4. Combining it with (IZH), we can
estimate the exponent in (I7.4):

~ ~ ~ m ~
Nt =T+ Ty = 7l + 2Vl = Tl 2 NIT; = 7l = At = Tl + 5 vEl = T

. 1 -
> MO+ A)AL((l7 — k[ = 1) v 0) + Z\/E|t — Tyl
Thus (T74) is less or equal than

= , <, . 4 1
=AMl —A(T)4L-j —gVEl=Tk| — = Xl -~
(17.6) e 2+ _ E e /_Ooe \/ge (= YA
Jj=—00

If \(7) = /2/4, then 4L\(7) > 1, thus right-hand side of (IT.6) is < ¢~!/2. This implies (IZ.I)). Otherwise
A(T) = 8log||7||/|I7]l, so the right-hand side of (I7.6) becomes

4

VET= [l

Now by substitution z = (1/||7]|)log(1/||7||), noting that by all the assumptions, z € (—1/2,0), we easily
show by Taylor expansion that the denominator in (IZ.7) is < ||7||log(1/||7||)] < ||7||?. Thus [I7.2) is
< e V2| |7]|76 < e=¥/2\(7)%, which implies (ITZ.I).

(17.7)
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To show (I72), let 7 € [T, Tyy1] for fixed k € Z. As Ly > 4L > 1/./E,

L xm)e=r| 1T At B =Tl [ arle—T]
1 e dt S W _ e dt +ec 2 e e dt
R L?v(t) Lk T —o00

. ~ oo ~
+€%e*/\(r)hfﬂc+1l/ e AOl= Tyl gy

Tk-+1
2 2T
17.8 < — Al
17.8) o) I T

As Ly > 1/X(7), the first summand in (I7.8) is always < A(7)7. If A\(7) = /£/8, the second summand is
< &/?2 < \(1)7. Otherwise, as ¢ < 1, and as ||7]| > 1/(8\(7)),

odtl
€7 il « L stoglirl « L

& < . < 1
A(T) A(T) [[T][*A(T)

which completes (I7.2). O

< AM1)8 < N(1),

Lemma 17.2. There exists an absolute constant czo > 0 so that

(17.9) IVall72 ) < €32A(7)%, VollZ2my < caah(r)?.
Proof. As q € By, by &), we get

(17.10) [sinu(t)] < |u—2k(t)7r| < eiéﬁllt”,
(17.11) 11— cosu(t)| < %|u — 2k(t)m|* < e~ VeI

By definition and uniform bounds on f and its derivatives, we have

|V (u,v,t) <2e(1 —cosu(t)) < e e~ Vel

(17.12) [V (u,v,8)| < 2e(1 — cosu(t) + |sinu(t)]) < e e~z VeI
(17.13) Vo (u, v, )| < ep(1 — cosu(t)) < epe” VeI,
It suffices now to apply (IZ.1)). a

Lemma 17.3. There exists an absolute constant czz > 0 so that

(17.14) [u? |72 @y < casA(7), [[vf = wr() |72 ) < casA(7),

(17.15) ||ut0t||%§_(]R) < 033/\(7)37 ||U?t||%g(uq<) < 033/\(7)37

(17.16) ||u(t)tt||%§_(]R) < egz(@® + DA(T)?, ||v?tt||%§_(]R) < cgz(@? + DA(1)?.

Proof. This follows by a straightforward calculation from Lemmas and [[7.11 O

17.2. Proof of invariance of B, Bs, B4. By assumption that g € A, we have that ¢ € H? (R)?. Whenever
we require higher derivatives in the proofs to follow, we assume that we evaluate all on a dense, sufficiently
smooth subset and then extend the claims of the Lemmas by continuity to the entire set as required.

Lemma 17.4. If ¢ = (u,v) € Ba, then

(17.17) [ = uflE gy < ean (M) + A0l — wy B2 my)
(17.18) [loe = v81lEe ) < e3s (MT)2MY+ A7) Mo = 0§y ) -

for some absolute constants csq,css > 1.
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Proof. Denote by X = ||u; — u?| |2L2(R) and by Y = |Jug — udy||2, (r)- By partial integration and the Cauchy-
Schwartz inequality, we get

X = / O (1) — (1))l

< A(t)/ e M) — ()| () — uO(¢)]dt + / e MO au(8) — O (8) [ Juee (1) — ugy (£)|dt
R R
(17.19) < AX1)Y2|Ju — u|| ooy X2+ A7) 72 Ju — w0 | oo r) Y2
Now either X < A(7)[[u — u’|[F oy or X < A7)~V ju — u0||Loo(R), thus
(17.20) X2 < MN7)?||lu — u0||im(R) + A7) 7w — u0||%m(]R).

From (Z9) and ®J) we have |[u — u®|| = (®) < ¢6 + ¢7, which gives (IZIT).
To show (IZIY), it suffices to note that by ®2), [[v — v°||L=®) < csM. The rest of the proof is
analogous. 0

Lemma 17.5. The set of all ¢ € By such that ||us — ug||%2(R) < eg (1) is A-relatively &-invariant for some
absolute constant cg > 0.

Proof. First note that
us — (U — ugt) =-Vu+ utotv
thus by squaring it we get
(17.21) — 2ug (g — udy) < —u? — (uge — ud)? +2V2 +2(u?)?,
where we write V,, = 9,V (u,v,t). Differentiating with respect to s, by partial integration and taking into

account that u® is constant , we obtain

d —X(T)|[t—7
EHW — )72 ) = Q/Re ATl 0y —  Juysdt

(17.22) < -2 / e MOl — 4l ugedt 4 20(7)
R

/ e MOy — ud)udt

R

The first summand is by inserting (I721),

(17.23)  — 2/]1{6_“7)“_7‘(% —ugp)ursdt < —lJusll72 gy — lluee — uillZz gy + 21 VallZ2 @) + 2lluilZ2 @
By Young’s inequality, we have that

e~ ] < NP = ey + e e

Inserting (T7C.23)) and (I724)) into (TC22]), we see that

d
(17.25) EHW Ut||L2(R) —Juer — Utt||L2(R) + 22 (7)Jug — U?H%z(R) + 2||VU||%E(]R) + 2||“?t||%3(]R)'

(17.24) 2A(7)

By substituting X = ||u; — u}|[3. ®y Y = lluee — utt||L2(R)7 and using (I79) and (I3, we obtain from
Z23)

d
(17.26) XY+ N (T)X + 2(cz2 + c33)A\(T)?.
(TTI7) can be written as
1 AT) 2
17.2 —-Y<-——=X
(17.27) 2 T 2c34 + 2)\( )
Clearly
A

) %2 on(r2X 4 203 (7).

17.28 0<
(17.28) = e
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thus by summing (I7.27) and (7.28]) we see that
1
5V + MT)2X < —M71)%X + (234 + 1/2)A\(7)3.
Summing it with (I7.26]) and substituting back X and Y, we obtain a differential inequality

d 1 .
(17.29) £||ut — ug||%3(R) < f§||utt - utt”%f_(R) = A(7)?Jus — ug”%g(R) + coA(7)?
(17.30) < A7) [ug — U?H%g(u@) + coA(7)?,

where cg = 2(c32 + ¢33 + ¢34) + 1/2. The claim follows from the Gronwall’s lemma and Lemma [B] i.e.
A-relative invariance of Bj. O

Lemma 17.6. The set of all q € By such that |[v; — v}||2, ® < co(M? + 1) X(7) is A-relatively &-invariant
for some absolute constant cg > 0.

Proof. Denote by X = [|v; — v[|2, (®)> Y = |jvg — |72 )~ All the steps in the proof are analogous to the
proof of Lemma [I7H up to the equations (I7.27), (I'T.28)), instead of which we have

1 A1) oo 1 372
——Y < - X = M
oV S o AT
A7) 5o 2 v 372
X“ =2\ X 4+ 2c35A M=.
= 2e35 M2 ()X + 2e33A(7)
We thus obtain the differential inequality
d 1
(17.31) E”Ut - 'U?”%E(]R) < —§||Utt - U?t”%g(n@) — A(7)?|ve — 'U?”%E(]R) + co(M? + 1)A(7)°
(17.32) < =72 |y — v?||2L3(R) + co(M? + 1)A(7)3.
which completes the proof analogously as in Lemma a

Lemmas [[7.5] and [[7.6] compete the proof of A-relative &-invariance of Bs.

Lemma 17.7. There exists a constant c1p > 0 such that the set of all ¢ € By satisfying (2.3d), (2.38) is an
A-relative £-invariant set.

Proof. The constant c3g may change from line to line in the proof. As wuys — uye = DV, we get

—2Ugpugs = *Ugtt - U%s + (Dtvu)27
thus
d o 2 2 2
Eutt = 2UUsrs = 2(uttuts)t — 2UppUps = 2(uttuts)t — Uppy — Uzg + (DtVu) .
Calculating the weighted integral, we get by partial integration and the Young’s inequality:
g g g g g g
d —A(T)|t—7
£||Utt||2L3(]R) = e [72 r) — [les] |72 ) + 2/R€ MO gy )dt + | Dy V|72 k)
< _||Uttt||%3(]R) - ||Uts||2Lg(R) + )\(T)2||Utt||2Lg(R) + ||Uts||%z(1R) + ||DtVU||%E(]R)
(17.33) < _||Uttt||%g(1R) + )‘(T)QHuttH%E(R) + ||DtVu||%§,(]R)'

By careful differentiation, while using uniform bounds on f and its derivatives, and as p <1 and w > 1
by definition, we get

| DV, < ep|ue| + elug| + ep(1 — cosu + | sinu|)|ve]| + ep(l — cosu + | sinul))
<L elup — ud| + elug| + elve — v + e|v) — wiey| + (1 — cosu + [ sinul)w.
Now by weighted integration and applying (I7.10), (I7.I1), (I7.1), [@.2a) and (.20 we obtain
(17.34) I1DVal[72 () < €36 €2 (M? + @) A(7).
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From (I7158), (I7.29) and A(7) < /¢ we get
d 1 1
(17.35) Jallue = w72y < —gluee = ugp|[72 m) + caceA(T) < *Z||Utt||2L3(R) + 36 A(T).

Now, as ¢ € By, we have that 0 < —[[us — uf|[L2(®) + coA(7). Multipying it with ¢* and (IZ.35) with e
and summing it, we obtain

d 1
(17.36) Zocllue = ug|f2m) < *ZEHU“H%?(R) — &®|lur — uf|| 2 m) + 365> (7).

Denote by Z = [|us]|2. ®) tellue— u?||2L2(R). Summing (I7.33)), (I7.34) and ([I7.36) and using A\(7)? < &/8,
we obtain
d

1
(1737) EZ < _||Uttt||2L72_(]R) — ZEZ + 036(M2 + w2)52)\(7')

1
S *ZEZ + 03662(M2 + w2)/\(7'),

which by the Gronwall’s lemma and A-relative £-invariance of By proves the first part of the claim.
Analogously we obtain

(17.38) %HvttHQL?_(R) < — vl 72 ) + AT |veel T2 gy + 1DVl 72wy

1DVo| < epp (Jup — | + ]| + e = 0] | + [0 = wie| + (1 = cosu)w) ,
thus as u <1,
(17.39) ||Dth||2L3(R) < ez 2 (M2 + w?)A\(T).

If Z = ||’Utt||2L2(R) + &]|ve — vP]2. (r)» We analogously to (IZ.37) obtain

d - 1 -
(1740) EZ < _||’Uttt||2L72_(]R) — ZEZ + 03652(M2 + w2))\(7')

1 -
< *ZEZ + 03652(M2 + w2)/\(7'),
which completes the proof analogously as for Z. O

Lemma 17.8. There exists a constant c11 > 0 such that the set of all g € B3 satisfying (9-4d]), is an
A-relative £-invariant set.

Proof. Analogously as in (I7.33), (IZ38)), and as A(7) we easily get

d €

(17.41) EHutttHQLE(R) < _||Utttt||%3(]R) + 1—6||Uttt||%z(R) + ||DttVU||%E(]R)’
d €

(17.42) EHUHtHQLE(R) < —[vseee |72 my + 1_6||Uttt||%3(]R) +|[DeVoll72 m)-

By the Sobolev inequalities and as q € By and A(7) < /e, we easily deduce that for q € Bs,
[ul| L ®) < (M + @)VE,
v — wi()llLe @) <K (M + w@)v/e.

Using that and analogously as in the Proof of Lemma 14.7 (the calculation is analogous and routine, thus
omitted), we see that

(17.43) 1DVl 72 ) < (M* + w)e®A(7),
(17.44) 1DetVol[F 2y < (M* 4 w)e? (7).
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Setting
W= ||Uttt||%g(ua) + ||Utt||%g(uq<) + elfue — U?H%g(m) = ||Uttt||%g(ua) + 2,
W= ||Uttt||2L3(R) + ||Utt||%g(R) +ellve — U?HQLg(R) = ||vttt||%§(R) + 7,
and summing ([.33)),([[TT41) and (I7.43); respectively (I738), (IT.42) and ([IT.44)), we obtain
d 1
WS-+ care? (M* + )\ (1),
s
d - 1 -
WS —eW+ care? (M* + A (7).
s
which by the Gronwall’s lemma and A-relative £-invariance of Bs completes the proof. g

18. APPENDIX D: THE PARITY LEMMA

This Appendix is dedicated to the proof of Lemma [[2.4] in Section For clarity of the argument, we
give definitions and prove a generalized claim in an abstract setting.

Assume U is an open, bounded subset of R?. Let i, ¥ : [sq, s1] X [to, t1] be continuous functions satisfying
the following properties:

(i) If @(t, s) = 0, then (¢,9(s,t)) ¢ OU),

(ii) For all s € [so, s1], u(s0,t0) < 0 and u(sg,t1) > 0.

We say that @, 0 intersect U for some s € [so, s1], if there exists t € [to,t1] such that a(s,t) = 0 and
(t,0(s,t)) € U (clearly by (i), (¢,0(s,t)) is then in the interior of U). We can count the number of times
@, v intersect U in the following sense. For a fixed s, let Y'(s) = {to,t1} U {t € [to, t1], (¢,v(s,t)) € OU)}.
By assumptions, 4(t, s) # 0 for all ¢ € 7(s). We define the relation of equivalence ~ on Y'(s) with ¢ ~ o
whenever for all t3 € 7°(s) such that t; < t3 < t3, we have that a(t1,s), @(te,s) and @(ts, s) have the same
sign. Let 7(s) = Y (s)/ ~ with the induced topology. As by assumptions 7'(s) is a closed subset of a compact
set, T'(s) is compact. By (i) and the compactness of U, we see that 1'(s) is totally disconnected, thus 7'(s)
is finite. By (ii), [T(s)] > 2.

Consider |T(s)| — 1 segments (tg,tr11) C T(s)¢, where ty,tp1 € T(s) and tg o tgy1. Then there exists
at least one zero t € (tx,tr+1) (i.e. 4(t,s) = 0), and all the zeroes ¢ € (t,tr+1) are either all in U or all in
Ue¢ (i.e. for all t € (tg,tx+1) such that @(t, s) = 0, we have either that for all such ¢, (t,(s,t)) € U, or for all
such t, (t,9(s,t)) € U°).

Definition 18.1. We say that @, ¥ as above for a given s € [sg, $1] intersect U exactly n(s) times, if n(s) is
the number of segments (tg,tx+1) C T'(s)¢ for which t,tx+1 € 1'(s) and tx 7 tgy1, such that all the zeroes
te (tk7tk+1) are in U.

Now we have:
Proposition 18.1. The Parity Lemma. The parity of n(s) is constant for all s € [s, s1].

In particular, we have that if n(sp) is odd, then @, ¢ intersect U for all s € [sg, $1].

Proof. Consider for some § > 0 the closed d-neighborhood of OU, denoted by U(4) (clearly U(0) = oU). By
the assumptions, U(d) is compact; and by compactness, there exists o > 0 so that there are no zeroes in
U(do) (i-e. for all (s,t) € [so,s1] X [to,t1], if (¢,0(s,t)) € U(do), then a(s,t) # 0).

If 0 < § < 6o, let T(s,0) be all ¢t such that (¢,v(s,t)) € U(5). Analogously as in the case § = 0,
7(s,0) = T'(s), we define T'(s, §) which is again finite with cardinality > 2, and n(s,8) < |Y(s,d)| — 1.

Fix s € [sg,s1] for now. Note that & — |7 (s,8)|, § — n(s,d) are non-decreasing for & € [0,80]. This
follows from the construction and the natural continuous embedding 7(s,d) — 7(s,d’) for § < ¢§’. Thus
|T(s,8)|, n(s,d) strictly increase for at most finitely many times 0 < §1(s) < ... < Oi(s)(8) € 10,00]. Again by
construction it is easy to see that these d;(s), 7 = 1,...,k(s) are characterized as these § € [0, d] for which
at least one entire equivalence class in 1'(s, d) lies on the boundary of U(J).
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Furthermore, for some §,(s) > 0, we have that n(s,d;(s)) — n(s,d;(s)”) is even. Indeed, by considering
the equivalence classes which are in 7(s,d;(s)), but are not in 7(s,d;(s)~), we see that the number of
equivalence classes must increase by an even number (as the signs of u(s, t) alternate on equivalence classes),
and also n(s,d;(s)) — n(s,d;(s)”) must be an even number (as the zeroes "appear” in pairs of zeroes in U,
respectively U®).

Now, if 0 & {01(s),...0k(s)(5)}, it is easy to see that for some small neighborhood (s — v,s +v), v > 0,
we have that for all s* € (s — v,s + v), |T(s*,8)| and n(s*,d) are constant. This is clearly true, as then
no equivalence classes in 7(s,d) are entirely on the boundary of U(d), thus persist for sufficiently small
(uniformly by finiteness) perturbation. Also [T(s,d)| = |[T(s,d")| for sufficiently small & — § > 0, so there
can be no new equivalence classes in ¥'(s*, ) for sufficiently small v.

We deduce from all that that the parity of n(s) does not change on some small interval (s — v, s+ v). We
see that by choosing some ¢ # §;(s), 0 < § < dp. Then the parity of n(s) = n(s,0) and n(s,d) is the same,
and n(s,d) does not change for sufficiently small v > 0. The claim follows easily by contradiction. d

Proof of Lemma[T2.7. We set (s, t) = u(s,t) — (2k 4+ )7, 0(s,t) = v(s,t), to = Th1, t1 = Thy1, and
U = Ny. Now the property (i) follows from the definition of A, and (ii) by Lemma [[2.3 Proposition I81]
thus implies Lemma 2.4 O
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